
RESEARCHȱSTRATEGYȱ

Significanceȱ
Inȱthisȱproposal,ȱweȱfocusȱonȱelectronicȱ(bothȱretinalȱandȱcortical)ȱandȱoptogeneticȱsightȱrecoveryȱtechnologies.ȱ
Forȱallȱtheseȱtechnologies,ȱinteractionsȱbetweenȱimplantȱtechnologyȱandȱtheȱunderlyingȱneurophysiologyȱofȱtheȱ
retinaȱandȱcortexȱresultȱinȱvisionȱthatȱdiffersȱsubstantiallyȱfromȱnormalȱsight25.ȱCurrently,ȱdeviceȱdevelopersȱtendȱ
toȱoptimisticallyȱpronounceȱthatȱ‘patientsȱwillȱlearnȱtoȱmakeȱuseȱofȱtheirȱprostheticȱvision’.ȱThisȱclaimȱisȱprimarilyȱ
motivatedȱbyȱtheȱsuccessȱofȱcochlearȱimplants.ȱAlthoughȱtheȱauditoryȱsignalȱfromȱtheȱearliestȱcochlearȱimplantsȱ
wasȱtooȱdiminishedȱtoȱallowȱforȱspeechȱperception37,ȱcurrentȱcochlearȱ implantsȱprovideȱmostȱadultȬdeafenedȱ
patientsȱwithȱsurprisinglyȱgoodȱspeechȱrecognition;ȱthereȱareȱrapidȱimprovementsȱwithinȱhours,ȱfollowedȱbyȱ
moreȱgradualȱimprovementȱoverȱapproximatelyȱaȱyear38.ȱȱ
However,ȱplasticityȱmayȱ beȱ veryȱdifferentȱ forȱ visualȱ thanȱ forȱ cochlearȱ implants.ȱEarlyȱ stagesȱ ofȱ theȱ visualȱ
hierarchyȱ(V1)ȱshowȱfarȱlessȱplasticityȱthanȱA1ȱorȱS139,40.ȱTheȱreasonȱforȱthisȱisȱsomewhatȱmysterious,ȱbutȱoneȱ
possibleȱexplanationȱisȱthatȱthereȱisȱsignificantlyȱmoreȱsubcorticalȱprocessingȱwithinȱsomatosensoryȱandȱauditoryȱ
thanȱwithinȱvisualȱpathways.ȱThus,ȱA1ȱ andȱ S1ȱ canȱbeȱ consideredȱ asȱ ‘higher’ȱ inȱ theirȱ respectiveȱprocessingȱ
pathwaysȱthanȱV1ȱisȱwithinȱtheȱvisualȱprocessingȱhierarchy.ȱRegardlessȱofȱtheȱcause,ȱtheȱrestrictedȱplasticityȱthatȱ
isȱobservedȱinȱV1ȱsuggestsȱthatȱweȱshouldȱbeȱcautiousȱinȱourȱexpectationsȱwhenȱhopingȱthatȱpatientsȱcanȱlearnȱ
toȱinterpretȱtheȱinputȱfromȱvisualȱprosthetics.ȱ
Previousȱresearchȱexaminingȱtheȱabilityȱofȱindividualsȱtoȱmakeȱuseȱofȱprostheticȱvisionȱhaveȱfocusedȱonȱtheȱlossȱ
ofȱresolutionȱdueȱtoȱaȱlimitedȱnumberȱofȱelectrodes41Ȭ47,ȱandȱhaveȱassumedȱthatȱeachȱelectrodeȱproducesȱaȱwellȬ
behavedȱ‘spot’ȱofȱlight.ȱWeȱcallȱthisȱassumptionȱtheȱ‘pixelatedȱscoreboard’ȱmodel,ȱsinceȱitȱresemblesȱhowȱimagesȱ
areȱgeneratedȱusingȱaȱmatrixȱofȱlightsȱonȱaȱstadiumȱscoreboard.ȱAȱpredictionȱofȱtheȱscoreboardȱmodelȱisȱthatȱ
perfectȱ(grayscale)ȱvisionȱshouldȱbeȱachievedȱ inȱ theȱ limitȱasȱelectrodesȱbecomeȱsmallerȱandȱ theȱ fieldȱofȱviewȱ
increases.ȱȱȱThus,ȱunderȱtheȱscoreboardȱmodel,ȱengineeringȱisȱtheȱlimitingȱfactorȱforȱsightȱrestoration.ȱTheȱworkȱ
proposedȱhereȱisȱdifferentȱbecauseȱitȱfocusesȱonȱmoreȱrealisticȱspatiotemporalȱdistortionsȱcausedȱbyȱinteractionsȱ
betweenȱ theȱ technologyȱ andȱ theȱ underlyingȱ neurophysiology:ȱ distortionsȱ thatȱ cannotȱ beȱ correctedȱ simplyȱ byȱ
increasingȱtheȱnumberȱofȱelectrodes.ȱȱ
Previousȱworkȱhasȱalsoȱdemonstratedȱthatȱindividualsȱrapidlyȱimproveȱinȱtheirȱabilityȱtoȱcompensateȱforȱlowȱ
resolutionȱpixelatedȱvision43,ȱlowȱpassȱfilteredȱimages48,ȱorȱexternalȱnoise49,ȱandȱtheȱmechanismsȱunderlyingȱtheseȱ
typesȱ ofȱ perceptualȱ learningȱ areȱ fairlyȱwellȱ understood.ȱAsȱ describedȱ below,ȱ adaptationȱ toȱ theȱ distortionsȱ
simulatedȱhereȱareȱlikelyȱtoȱrelyȱonȱveryȱdifferentȱmechanisms,ȱwhichȱhaveȱbarelyȱbeenȱexplored.ȱȱ
Weȱfocusȱhereȱonȱgeneratingȱvirtualȱpatientsȱforȱ‘idealized’ȱimplantsȱofȱextremelyȱhighȱresolutionȱ–ȱaȱbestȬcaseȱ
scenarioȱforȱfutureȱtechnology.ȱOnceȱweȱhaveȱcharacterizedȱtheȱlimitsȱofȱplasticityȱusingȱtheseȱidealizedȱdevices,ȱ
aȱgoalȱforȱfutureȱfundingȱperiodsȱwillȱbeȱtoȱexamineȱperceptualȱlearningȱforȱneurophysiologicalȱdistortionsȱthatȱ
areȱmatchedȱtoȱdevicesȱimplantedȱinȱactualȱpatients.ȱ
Ourȱgoalȱisȱtoȱtrainȱvisuallyȱnormalȱindividualsȱusingȱdistortedȱinputȱthatȱsimulatesȱfourȱofȱtheȱcriticalȱdistortionsȱ
thatȱwillȱbeȱinherentȱinȱsightȱrestorationȱtechnologiesȱwithinȱtheȱforeseeableȱfuture.ȱForȱeachȱdistortion,ȱweȱwillȱ
examineȱtheȱextentȱtoȱwhichȱourȱ‘virtualȱpatients’ȱcanȱadaptȱasȱaȱresultȱofȱtraining.ȱTrainingȱwillȱbeȱdoneȱinȱtheȱ
contextȱofȱbilateralȱvisualȱdeprivationȱand/orȱvideoȱgameȱplaying,ȱsinceȱbothȱmethodsȱhaveȱbeenȱshownȱtoȱbeȱ
surprisinglyȱeffectiveȱatȱelicitingȱplasticity,ȱseeȱGeneralȱMethods.ȱȱ
Thereȱare,ȱofȱcourse,ȱmajorȱdifferencesȱbetweenȱanyȱprotocolȱ thatȱcanȱbeȱcarriedȱoutȱ inȱneurotypicalȱsightedȱ
participantsȱandȱtheȱexperienceȱofȱsightȱrecoveryȱpatients.ȱOneȱmajorȱdifferenceȱisȱthatȱsightȱrecoveryȱpatientsȱ
haveȱaccessȱtoȱdistortedȱinformationȱforȱmuchȱmoreȱthanȱ1ȱhour/day.ȱHowever,ȱitȱisȱworthȱnotingȱthatȱcurrentȱ
ArgusȱIIȱretinalȱimplantȱpatients,ȱbyȱchoice,ȱtendȱtoȱuseȱtheirȱimplantȱforȱonlyȱaȱcoupleȱofȱhoursȱaȱday.ȱTheȱreasonȱ
forȱthisȱisȱunclear,ȱbutȱitȱseemsȱplausibleȱthatȱtheȱcognitiveȱeffortȱofȱdecodingȱdistortedȱinputȱisȱaȱfactor.ȱȱ
Aȱsecondȱdifferenceȱisȱthatȱforȱrealȱpatientsȱtheȱalternativeȱtoȱdistortedȱinputȱisȱnoȱinput,ȱwhereasȱourȱvirtualȱ
patientsȱwillȱspendȱmostȱofȱ theirȱdayȱwithȱnormalȱvision.ȱThisȱ isȱ likelyȱ toȱ impactȱplasticityȱ inȱ twoȱways.ȱ (1)ȱ
Deprivationȱhasȱbeenȱshownȱtoȱhaveȱdramaticȱeffectsȱonȱneurotransmittersȱassociatedȱwithȱresponsivenessȱandȱ
plasticity.ȱCongenitalȱblindnessȱhasȱbeenȱassociatedȱwithȱaȱ~50ȱ%ȱreductionȱinȱGABA50ȱ(thoughȱsee51).ȱHowever,ȱ
theseȱ effectsȱ ofȱ deprivationȱ onȱ neurotransmitterȱ levelsȱ mayȱ beȱ primarilyȱ mediatedȱ onȱ aȱ relativelyȱ shortȱ
timescale52Ȭ55.ȱThus,ȱitȱseemsȱplausibleȱthatȱshortȱtermȱbinocularȱdeprivationȱcanȱatȱleastȱprovideȱaȱweakerȱproxyȱ
forȱ theȱ effectsȱ ofȱ adultȱ longȬtermȱ deprivation.ȱ (2)ȱDailyȱ alternationȱwithȱ normalȱ visualȱ inputȱmayȱ impairȱ
adaptationȱtoȱdistortedȱinput.ȱInȱmacaques,ȱtrainingȱtoȱdetectȱelectricalȱstimulationȱofȱtheȱcortexȱcausesȱaȱlarge,ȱ



reversible,ȱretinotopicallyȱlocalizedȱimpairmentȱofȱthresholdsȱforȱdetectingȱvisualȱstimuli.ȱRetrainingȱonȱvisualȱ
detectionȱrestoresȱnormalȱlightȱthresholds,ȱbutȱatȱtheȱcostȱofȱincreasedȱthresholdsȱforȱdetectingȱmicroȱstimulation.ȱ
Theseȱ resultsȱnaturallyȱ raiseȱ theȱconcernȱ thatȱoptimizedȱdecodingȱ forȱelectricalȱandȱ lightȱstimulationȱcannotȱ
simultaneouslyȱ coȬexistȱ withinȱ aȱ localȱ corticalȱ region56.ȱ However,ȱ theȱ macaquesȱ wereȱ notȱ trainedȱ underȱ
conditionsȱthatȱwouldȱbeȱdesignedȱtoȱpromoteȱgeneralizationȱacrossȱtheȱtwoȱtypesȱofȱinput,ȱandȱmacaquesȱareȱ
frustratinglyȱnotoriousȱforȱfailingȱtoȱshowȱgeneralizationȱofȱlearningȱunderȱconditionsȱwhereȱhumansȱgeneralizeȱ
effortlessly.ȱWorkȱ doneȱwithȱ prisms57,ȱ coloredȱ lenses58,ȱ andȱ selectiveȱ attenuationȱ ofȱ certainȱ orientations59,60ȱ
suggestsȱthatȱhumansȱareȱveryȱcapableȱofȱ‘switchingȱbetweenȱperceptualȱmodes’,ȱandȱofȱcourseȱanyȱwearerȱofȱ
correctiveȱlensesȱisȱsimilarlyȱusedȱtoȱrapidlyȱswitchingȱbetweenȱmodesȱofȱperceptualȱdistortion.ȱȱ

Innovationȱ
x Measurementsȱofȱperceptualȱ learningȱ inȱ theȱ contextȱofȱprostheticȱ simulationsȱ thatȱ includeȱ theȱ effectsȱofȱ
neurophysiologicalȱspatiotemporalȱdistortions.ȱTheȱArgusȱIȱ(SecondȱSight),ȱtheȱfirstȱretinalȱprosthesisȱtoȱreachȱ
clinicalȱ trialsȱ (inȱ 2003),ȱwasȱheavilyȱbasedȱonȱ theȱ technologyȱofȱ aȱ 16Ȭelectrodeȱ cochlearȱ implantȱ (Advancedȱ
Bionics).ȱClinicalȱtrialsȱwithȱthisȱinitialȱprototypeȱimmediatelyȱrevealedȱsignificantȱperceptualȱspatiotemporalȱ
distortions,ȱasȱextensivelyȱcharacterizedȱbyȱcoȬPIȱFine35,61Ȭ66.ȱStimulatingȱaȱsingleȱelectrodeȱrarelyȱproducedȱ
theȱexperienceȱofȱaȱ‘dot’ȱofȱlight,ȱinsteadȱleadingȱtoȱperceptsȱthatȱdrasticallyȱvariedȱinȱshapeȱ(describedȱasȱ‘blobs’,ȱ
‘streaks’,ȱ orȱ ‘halfȬmoons’).ȱAsȱ aȱ result,ȱ patientsȱ didȱ notȱ reportȱ seeingȱ anȱ interpretableȱworld.ȱ Theȱ secondȬ
generationȱprototype,ȱtheȱArgusȱII,ȱhadȱ60ȱelectrodes,ȱandȱhadȱaȱdevelopmentȱcostȱestimatedȱatȱ~200ȱmillionȱ
dollars,ȱofȱwhichȱatȱleastȱ10%ȱwasȱfundedȱbyȱtheȱgovernment.ȱTheseȱspatiotemporalȱdistortionsȱ(alongȱwithȱtheȱ
difficultyȱ inȱ obtainingȱ consistentlyȱ optimalȱ surgicalȱ placement)ȱ resultedȱ inȱ performanceȱ enhancementsȱ forȱ
patientsȱbeingȱconsiderablyȱ lessȱ thanȱmightȱbeȱexpectedȱ fromȱaȱscoreboardȱmodel,ȱgivenȱ theȱ increaseȱ inȱ theȱ
numberȱofȱelectrodesȱfromȱ16ȱtoȱ60.ȱIndeed,ȱtheȱrecognitionȱthatȱincreasingȱtheȱnumberȱofȱelectrodesȱwasȱlikelyȱ
toȱ resultȱ inȱonlyȱmarginalȱvisualȱbenefitsȱplayedȱaȱsignificantȱ roleȱ inȱSecondȱSightȱMedicalȱProducts’ȱ recentȱ
decisionȱ toȱhaltȱproductionȱofȱ theȱArgusȱ II,ȱ curtailȱdevelopmentȱofȱhigherȱ resolutionȱdevices,ȱandȱ focusȱonȱ
developmentȱofȱtheȱOrionȱcorticalȱimplant.ȱȱ
x Currently,ȱworldwide,ȱthereȱareȱoverȱ42ȱcompanies/universityȱgroupsȱthatȱareȱactivelyȱdevelopingȱretinalȱ
andȱcorticalȱimplants.ȱTheȱcostȱofȱallȱcurrentȱsightȱrestorationȱtechnologiesȱisȱlikelyȱtoȱsurpassȱaȱbillionȱdollarsȱinȱ
theȱnextȱdecade,ȱwithȱaȱsignificantȱproportionȱfundedȱbyȱtaxpayers.ȱThisȱwillȱbeȱtheȱfirstȱworkȱtoȱsystematicallyȱ
examineȱplasticityȱinȱresponseȱtoȱtheȱabnormalȱinputȱresultingȱfromȱprostheticȱvision.ȱEngineeringȱdecisionsȱareȱ
stillȱmadeȱbyȱ‘bestȬguessing’ȱtheȱcomplexȱinteractionsȱbetweenȱelectronicsȱandȱneurophysiology.ȱWeȱwillȱbeȱtheȱ
firstȱtoȱcharacterizeȱtheseȱdistortions,ȱandȱdetermineȱwhichȱspatiotemporalȱdistortionsȱcanȱbeȱcompensatedȱforȱ
byȱplasticity,ȱandȱwhichȱmustȱbeȱcompensatedȱforȱinȱdeviceȱdesign.ȱȱ
x Aȱnewȱframeworkȱforȱconceptualizingȱplasticity.ȱThisȱproposalȱ isȱequallyȱ innovativeȱfromȱaȱbasicȱscienceȱ
perspective.ȱ Theȱ previousȱ literatureȱ onȱ perceptualȱ learningȱ andȱ plasticityȱ hasȱ mainlyȱ focusedȱ onȱ twoȱ
frameworks.ȱTheȱfirstȱexaminesȱhowȱindividualsȱlearnȱtoȱperceptuallyȱidentifyȱorȱdiscriminateȱaȱparticularȱsetȱ
ofȱstimuliȱorȱtasksȱ(e.g.ȱtheȱdirectionȱofȱaȱfieldȱofȱmovingȱdots,ȱidentifyingȱanȱobjectȱinȱnoise67)ȱ–ȱtheȱdevelopmentȱ
ofȱperceptualȱ‘templates’.ȱTheȱsecondȱexaminesȱexperientialȱ(i.e.ȱnaturalisticȱviewingȱconditions)ȱadaptationȱtoȱ
sensoryȱ loss,ȱ forȱexample,ȱwithinȱaȱ regionȱofȱ theȱvisualȱ field68Ȭ73,ȱwithinȱoneȱeye55,74,75ȱ ,ȱorȱbyȱ removingȱ
orientation59,76,ȱorȱspatialȱfrequency77,78ȱinformation.ȱOurȱproposalȱframesȱtheȱroleȱofȱplasticityȱinȱaȱnovelȱway:ȱ
Isȱ itȱpossibleȱ toȱreconfigureȱ theȱfundamentalȱbuildingȱblocksȱofȱvisualȱperceptionȱ inȱadults?ȱThisȱ isȱaȱcentralȱ
question:ȱbothȱbecauseȱofȱ itsȱtranslationalȱ importance,ȱandȱbecauseȱweȱwillȱbeȱtheȱfirstȱtoȱexamineȱtheȱadultȬ
analogueȱofȱprocessesȱthatȱareȱfundamentalȱtoȱearlyȱvisualȱdevelopment.ȱ
x Realisticȱ simulationsȱ ofȱ prostheticȱ performance.ȱ Theȱ prevailingȱ ‘pixelatedȱ scoreboard’ȱ approachȱ toȱ
simulatingȱprostheticȱvisionȱisȱtoȱassumeȱthatȱeachȱelectrodeȱproducesȱaȱ‘dotȱofȱlight’ȱinȱtheȱvisualȱfieldȱlocationȱ
correspondingȱ toȱ theȱ positionȱ ofȱ theȱ electrodeȱ onȱ theȱ retina,ȱwhoseȱ brightnessȱ scalesȱ linearlyȱwithȱ currentȱ
amplitude41,43.ȱPerformanceȱpredictionsȱresultingȱfromȱsuchȱstudiesȱandȱsimulationsȱareȱmisleading,ȱbecauseȱ
theyȱdoȱnotȱtakeȱaccountȱofȱtheȱsubstantialȱdistortionsȱinȱspaceȱandȱtimeȱobservedȱbyȱactualȱpatients.ȱThisȱlackȱ
ofȱrealismȱisȱaȱseriousȱissue:ȱitȱmisleadsȱtheȱpress,ȱsurgeonsȱandȱpatients.ȱWhileȱourȱperceptualȱlearningȱstudiesȱ
willȱfocusȱonȱidealizedȱdevices,ȱourȱsimulationsȱwillȱalsoȱallowȱusȱtoȱgenerateȱreasonableȱprostheticȱsimulationsȱ
forȱaȱwideȱrangeȱofȱcurrentȱdevices.ȱTheseȱsimulationsȱwillȱ (1)ȱhelpȱmanufacturersȱoptimizeȱphysicalȱdeviceȱ
designȱ andȱ stimulationȱ protocols,ȱ (2)ȱ helpȱ theȱ FDAȱ designȱ testsȱ thatȱ areȱ suitableȱ forȱ assessingȱ prostheticȱ
performance,ȱ(3)ȱguideȱrehabilitationȱspecialistsȱaboutȱhowȱbestȱtoȱtrainȱpatientsȱtoȱmakeȱuseȱofȱdevices,ȱandȱ(4)ȱ
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guideȱtheȱpublic,ȱpatientȱfamiliesȱandȱdoctorsȱtowardsȱrealisticȱexpectationsȱaboutȱwhenȱanȱimplantȱisȱlikelyȱtoȱ
beȱ helpful.ȱ Anȱ R00ȱ toȱ Michaelȱ Beyelerȱ supportsȱ thisȱ optimization/simulationȱ workȱ forȱ retinalȱ implants.ȱ
Cortical/optogeneticȱ implantȱ optimizationȱ simulationsȱ willȱ beȱ aȱ likelyȱ additionalȱ byproductȱ ofȱ theȱ workȱ
describedȱ inȱ thisȱ proposal.ȱ Becauseȱ simulationsȱ ofȱ specificȱ devicesȱ areȱ heavilyȱ contingentȱ onȱ currentȱ
collaborationsȱwithȱdeviceȱmanufacturers,ȱweȱhaveȱnotȱincludedȱthisȱworkȱasȱaȱSpecificȱAim,ȱthusȱourȱabilityȱtoȱ
completeȱourȱAimsȱisȱnotȱdependentȱonȱcollaborationsȱwithȱdeviceȱmanufacturers.ȱ
x Openȱscience.ȱTheȱ fieldȱofȱsightȱ restorationȱ isȱdominatedȱbyȱdeviceȱmanufacturersȱ thatȱownȱmostȱofȱ theȱ
intellectualȱpropertyȱandȱcontrolȱaccessȱtoȱpatients.ȱWhileȱweȱhaveȱbeenȱveryȱfortunateȱtoȱbeȱableȱtoȱcollaborateȱ
withȱSecondȱSight,ȱPixiumȱVision,ȱCORTVis,ȱandȱVedere,ȱtheyȱareȱcommercialȱcompetitors.ȱToȱavoidȱanyȱconflictȱ
ofȱinterestȱandȱtoȱaccelerateȱscientificȱinsight,ȱallȱtheȱsoftwareȱandȱtoolsȱresultingȱfromȱthisȱworkȱ(likeȱourȱcurrentȱ
software)ȱwillȱbeȱopenlyȱavailableȱtoȱtheȱresearchȱcommunityȱ(seeȱResourceȱSharingȱPlan).ȱOneȱimportantȱoutcomeȱ
willȱbeȱopenȬsourceȱsoftwareȱthatȱallowsȱothersȱtoȱcarryȱoutȱsimulationsȱofȱanyȱdeviceȱofȱtheirȱchoice.ȱOurȱcurrentȱ
softwareȱthatȱsimulatesȱretinalȱprostheticȱdeviceȱoutputȱisȱavailableȱonȱGitHub,ȱisȱbeingȱusedȱbyȱseveralȱresearchȱ
groups,ȱandȱhasȱguidedȱorȱisȱbeingȱusedȱtoȱguideȱdevelopmentȱofȱfiveȱdevicesȱ(2ȱretinal,ȱ2ȱcortical,ȱ1ȱoptogenetic).ȱ

Approachȱ
Stimulusȱdisplayȱȱ

Videoȱmonitorsȱwillȱbeȱtheȱonlyȱlightȱsourceȱinȱtheȱroom.ȱDichoptic.ȱInȱ
Aimȱ1ȱweȱwillȱpresentȱdichopticȱ stimuliȱ (differentȱ imageȱ toȱeachȱeye)ȱ
usingȱaȱcustomȬbuiltȱstereoscope,ȱFigureȱ2.ȱTheȱdeviceȱconsistsȱofȱ twoȱ
coldȱmirrorsȱ (usedȱ toȱ separateȱ infraredȱ lightȱ fromȱ nonȬinfraredȱ light,ȱ
allowingȱforȱeyeȬtracking)ȱmountedȱbyȱtwoȱposts,ȱrotatedȱatȱaȱ45ȱdegreeȱ
angleȱ toȱcaptureȱ inputȱ fromȱ twoȱ32”ȱLEDȱmonitorsȱ (2560ȱxȱ1440ȱpixelȱ
resolution)ȱandȱreflectȱtheȱmonitorȱimagesȱseparatelyȱintoȱeachȱeyeȱofȱtheȱ
observer.ȱTheȱregionȱofȱmonitorȱreflectedȱbyȱtheȱcoldȱmirrorsȱisȱ8.84°ȱhighȱ
×ȱ8.84°ȱwide,ȱandȱsubtendsȱ768ȱxȱ768ȱpixels,ȱeachȱsubtendingȱ0.69ȱminȱofȱ
visualȱangle.ȱSingleȱmonitor.ȱInȱAimsȱ2ȱȬȱ4ȱparticipantsȱwillȱdirectlyȱviewȱ
aȱ largeȱ singleȱmonitorȱ (70ȱ xȱ 39ȱ cm)ȱ atȱ aȱ viewingȱ distanceȱ ofȱ 57cm,ȱ
resultingȱinȱaȱ63ȱxȱ37ȱdegreeȱdisplay,ȱwithȱeachȱpixelȱsubtendingȱ~1ȱminȱ
ofȱvisualȱangle.ȱ
RealȬtimeȱgazeȬcontingentȱimageȱdistortionsȱ
TheȱeyeȬpositionȱofȱ theȱparticipantȱwillȱbeȱcapturedȱusingȱanȱEyeLinkȱ
1000ȱPlusȱatȱ~2000Hz.ȱOurȱrealȬtimeȱfilteringȱsystem,ȱFigureȱ2,ȱwasȱbuiltȱ
withȱtheȱongoingȱcollaborationȱofȱNVIDIAȱResearchȱ(DavidȱLuebke).ȱAȱ

separateȱcomputerȱrunsȱtheȱvideoȱgame,ȱcontrolledȱviaȱaȱstandardȱgamingȱcontroller.ȱAȱKONAȱ4ȬChannelȱHDMIȱ
CaptureȱCardȱisȱusedȱtoȱstreamȱtheȱHDMIȱoutputȱofȱtheȱgamingȱcomputerȱtoȱaȱstimulusȱprocessingȱcomputerȱatȱ
30ȱHz.ȱOnboardȱtheȱstimulusȱcomputer,ȱtheȱCaptureȱCardȱdirectlyȱpassesȱeachȱframeȱtoȱaȱhighȬpoweredȱNVIDIAȱ
QuadroȱRTXȱ6000ȱgraphicsȱprocessingȱunitȱ(GPU)ȱwithoutȱtheȱinvolvementȱofȱtheȱcentralȱprocessingȱunitȱ(CPU).ȱ
TheȱGPUȱ filtersȱ eachȱ frame,ȱ incorporatingȱ eyeȬpositionȱ informationȱ (Aimsȱ2Ȭ4),ȱusingȱ theȱComputeȱUnifiedȱ
Deviceȱ Architectureȱ (CUDA),ȱ aȱ parallelȱ programmingȱ frameworkȱ developedȱ byȱ NVIDIA,ȱ usingȱ softwareȱ
developedȱinȬhouse.ȱThisȱarchitectureȱcanȱpreserveȱtheȱ30ȱHzȱstreamȱrateȱwithȱminimalȱlagȱ(~1ȱframe).ȱȱ
Aimȱ1ȱdistortionsȱareȱnotȱdependentȱonȱeyeȬposition.ȱInȱAimsȱ2ȱandȱ3ȱtheȱdistortionsȱdueȱtoȱaxonalȱcometsȱandȱ
corticalȱ neuronalȱ architectureȱ dependȱ uponȱ theȱ retinotopicȱ locationȱ ofȱ theȱ stimulus.ȱ InȱAimȱ 4ȱ eyeȬpositionȱ
informationȱisȱnecessaryȱbecauseȱtheȱmagnitudeȱofȱtheȱtemporalȱdistortionsȱdependȱonȱhowȱrapidlyȱtheȱstimulusȱ
changesȱonȱtheȱretina.ȱ
VideoȱGameȱPerceptualȱTrainingȱ
Theȱprotocolȱconsistsȱofȱtwoȱmainȱcomponents.ȱVideoȱgameȱtraining,ȱwhichȱisȱusedȱtoȱtryȱtoȱinduceȱplasticityȱ
(whichȱmayȱbeȱprecededȱorȱfollowedȱbyȱbriefȱvisualȱdeprivation),ȱandȱtestsȱofȱobjectȱrecognitionȱwhichȱwillȱbeȱ
carriedȱoutȱbyȱaskingȱparticipantsȱtoȱdetectȱwhetherȱorȱnotȱanȱobjectȱisȱpresentȱinȱaȱscene,ȱseeȱTableȱ1.ȱȱ
1.ȱ Familiarization:ȱParticipantsȱwillȱ trainȱ onȱ theȱ gameȱ FruitȱNinjaȱwithȱundistortedȱ inputȱuntilȱ theyȱ reachȱ
proficiency,ȱquantifiedȱasȱbeingȱableȱtoȱslashȱ60ȱfruitȱbeforeȱtheȱgameȱends,ȱforȱthreeȱgamesȱinȱaȱrowȱ(gameȱoverȱ
isȱtriggeredȱbyȱaccidentallyȱslashingȱaȱbombȱorȱfailingȱtoȱslashȱthreeȱfruit).ȱ
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2,ȱ3b,ȱ4.ȱTestsȱofȱobjectȱ recognition:ȱWeȱwillȱ
askȱparticipantsȱ toȱ identifyȱwhetherȱorȱnotȱaȱ
cuedȱobjectȱisȱpresentȱinȱaȱdynamicȱscene.ȱTheȱ
objectȱdatasetȱcurrentlyȱconsistsȱofȱ17ȱscenes,ȱ
andȱ 45ȱ objects.ȱ Asȱ shownȱ inȱ Figureȱ 3,ȱ
Participantsȱwillȱbeȱcuedȱtoȱreportȱwhetherȱorȱ
notȱ aȱ specificȱ objectȱ isȱ presentȱ inȱ theȱ scene.ȱ
Targetȱobjectȱabsentȱtrialsȱcontainȱaȱdistractorȱ
object.ȱ Theȱ sceneȱwillȱ appearȱ forȱ 2sȱ andȱ isȱ
‘panned’ȱ (includingȱ bothȱ anȱ
expansion/contractionȱ zoomȱ andȱ aȱ randomȱ
directionȱ ofȱ translationalȱmotion)ȱ overȱ timeȱ
withȱ variableȱ speedsȱ toȱ createȱ aȱ dynamicȱ
image.ȱUnlikeȱFruitȱNinja,ȱtheȱobjectȱwillȱnotȱ
beȱ movingȱ inȱ relationȱ toȱ theȱ background,ȱ
forcingȱtheȱparticipantȱtoȱrelyȱonȱstaticȱobjectȱ
recognitionȱcues.ȱEachȱ testȱ trialȱconsistsȱofȱaȱ
randomȱobjectȬsceneȱpairȱ(17ȱscenes,ȱ45ȱobjects,ȱ5ȱpossibleȱobjectȱsizes,ȱ5ȱdifferentȱzoomȱspeeds,ȱresultingȱinȱaȱ
totalȱofȱ19125ȱpossibleȱcombinations.ȱMoreover,ȱonȱeachȱtrialȱbothȱtheȱlocationȱofȱtheȱobjectȱinȱtheȱsceneȱandȱitsȱ
angleȱ(+/Ȭȱ30ȱdegrees)ȱisȱalsoȱvariedȱrandomly,ȱmakingȱitȱimpossibleȱtoȱlearnȱtheȱtaskȱbyȱmemorizingȱexemplars.ȱ
Hits,ȱcorrectȱrejections,ȱfalseȱalarmsȱandȱmissesȱwillȱbeȱconvertedȱintoȱmeasuresȱofȱdȬprime.ȱ
Trained distortions:ȱInȱaȱpreȬȱandȱpostȬtrainingȱtest,ȱandȱinȱinterleavedȱtestȱintervalsȱ(afterȱeveryȱ10ȱ1Ȭhrȱblocksȱofȱ
videoȱgameȱtraining)ȱweȱwillȱmeasureȱperformanceȱforȱobjectȱrecognitionȱwithȱtrainedȱdistortions.ȱThis,ȱalongȱ
withȱfruitȱslashingȱscores,ȱwillȱtrackȱtheȱtimeȬcourseȱofȱlearning.ȱ
Transfer of learning to novel distortions: Oneȱpossibilityȱisȱthatȱplasticityȱwillȱameliorateȱtheȱspecificȱspatiotemporalȱ
distortionsȱ onȱ whichȱ participantsȱ haveȱ beenȱ trained.ȱ Anȱ alternativeȱ (nonȬexclusive)ȱ possibilityȱ isȱ thatȱ
participantsȱwillȱ simplyȱ getȱ betterȱ atȱ extractingȱ informationȱ fromȱ distortedȱ input.ȱ Toȱ examineȱ this,ȱ atȱ theȱ
beginningȱandȱendȱofȱtrainingȱweȱwillȱmeasureȱtestȱperformanceȱusingȱuntrainedȱdistortions,ȱdescribedȱmoreȱ
specificallyȱforȱeachȱspecificȱAim.ȱ

3a.ȱ Videoȱ gameȱ training. Learning,ȱ especiallyȱ forȱ lowȱ levelȱ visualȱ featuresȱ thatȱ areȱ normallyȱ resistantȱ toȱ
generalizableȱ learning,ȱcanȱbeȱenhancedȱ throughȱgamification79.ȱVideoȱgamesȱenhanceȱvisualȱperformanceȱ inȱ
normallyȱsightedȱadultsȱacrossȱaȱwideȱrangeȱofȱtasks80Ȭ82ȱwithȱeffectsȱthatȱseemȱtoȱbeȱlongȬlasting;ȱremainingȱevenȱ
twoȱyearsȱafterȱtheȱendȱofȱintervention83,84.ȱMoreȱrecently,ȱvideoȱgamesȱhaveȱbegunȱtoȱbeȱusedȱtoȱtreatȱbothȱadultsȱ
andȱchildrenȱwithȱamblyopia85Ȭ90.ȱȱ
AlthoughȱtraditionallyȱfirstȬpersonȱshooterȱvideoȱgamesȱareȱusedȱforȱperceptualȱtraining91,92ȱweȱwillȱuseȱanȱinȬ
houseȱ customizedȱ versionȱ ofȱ FruitȱNinja.ȱ FruitȱNinjaȱhasȱ allȱ ofȱ theȱ qualitiesȱ thoughtȱ toȱ elicitȱ generalizableȱ

Tableȱ1.ȱTrainingȱandȱtestingȱprotocolȱ

protocolȱ inputȱ taskȱ durationȱ

1.ȱFamiliarizationȱ Undistortedȱ FruitȱNinjaȱ 2ȱxȱ1ȱhr.ȱsessionsȱ

2.ȱPreȬtestȱ Undistorted,ȱ trainedȱ &ȱ
transferȱconditionsȱ

Objectȱrecognitionȱ 3ȱxȱ1ȱhr.ȱsessionsȱ

In
te
rl
ea
ve
dȱ 3a.ȱ Fruitȱ Ninjaȱ

distortionȱtrainingȱ
Trainedȱdistortionsȱ FruitȱNinjaȱ 3ȱsets.ȱ

10ȱxȱ1ȱhr.ȱsessionsȱȱ

3b.ȱ Intermediateȱ
objectȱrecognitionȱ

Trainedȱdistortionsȱ Objectȱrecognitionȱ 2ȱsets,ȱ
1ȱxȱ1ȱhr.ȱsessionsȱȱ

4.ȱPostȬtestȱ Undistorted,ȱ trainedȱ &ȱ
transferȱconditionsȱ

Objectȱrecognitionȱ 3ȱxȱ1ȱhr.ȱsessionsȱ
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perceptualȱ learning:ȱ“constantlyȱmonitoringȱ theȱperipheryȱ forȱ frequent,ȱwidelyȱdistributed,ȱunpredictableȱeventsȱ thatȱ
requireȱquickȱandȱaccurateȱaimingȱresponses”80,ȱitȱisȱeasyȱtoȱlearnȱandȱplayȱ(evenȱinȱgrayscale)ȱandȱrequiresȱrapidȱ
discriminationȱbetweenȱsimilarȱobjectsȱ(somethingȱmostȱfirstȱpersonȱactionȬbasedȱgamesȱlack).ȱTheȱgameȱhasȱaȱ
simpleȱinterface,ȱusesȱaȱfirstȬpersonȱpointȱofȱview,ȱrequiresȱeffectiveȱmonitoringȱofȱtheȱentireȱfieldȱofȱview,ȱhasȱaȱ
unidimensionalȱmeasureȱofȱperformanceȱ(numberȱofȱslicedȱfruit),ȱallowsȱforȱmoreȱfineȬgrainedȱmeasurementsȱ
(e.g.ȱperformanceȱasȱaȱfunctionȱofȱfruitȱsize/speed),ȱandȱmodifiableȱopenȬsourceȱversionsȱinȱUnityȱareȱavailableȱ
(sinceȱparticipantsȱareȱplayingȱgrayscaleȱwithȱdistortedȱinputȱweȱwillȱcreateȱaȱversionȱinȱwhichȱtheȱvariousȱfruitȱ
andȱtheȱbombȱareȱmoreȱdistinctȱinȱshape).ȱ
OnceȱparticipantsȱareȱfamiliarȱwithȱFruitȱNinjaȱusingȱundistortedȱinput,ȱweȱwillȱtrainȱparticipantsȱusingȱdistortedȱ
visualȱinput.ȱOurȱgoalȱisȱtoȱcarryȱoutȱ30ȱhoursȱofȱdistortedȱFruitȱNinjaȱtrainingȱperȱparticipant.ȱThisȱtrainingȱwillȱ
beȱcarriedȱoutȱinȱ3ȱsetsȱofȱ10ȱoneȬhourȱblocks.ȱPerformanceȱ(theȱnumberȱofȱfruitȱslashedȱinȱeachȱgame)ȱwillȱbeȱ
recorded.ȱ
AcrossȱallȱAims,ȱpilotȱsimulationsȱconfirmedȱthat,ȱforȱtheȱparametersȱspecifiedȱinȱthisȱproposal,ȱtheȱabilityȱtoȱ
playȱFruitȱNinjaȱandȱperformȱtheȱobjectȱrecognitionȱtaskȱ isȱ limitedȱbyȱtheȱ ‘neurophysiologicalȱdistortions”ȱofȱ
interestȱinȱthisȱproposal,ȱratherȱthanȱengineeringȱdeviceȱlimitsȱsuchȱasȱelectrodeȱsize,ȱresolutionȱorȱfieldȱofȱviewȱ
–ȱi.e.ȱincreasingȱtheȱnumberȱofȱelectrodesȱdidȱnotȱresultȱinȱappreciableȱimprovementȱinȱperceptȱquality.ȱ
VisualȱDeprivationȱ
Anȱinitialȱseriesȱofȱexperimentsȱwillȱbeȱusedȱtoȱfinalizeȱwhetherȱorȱnotȱweȱuseȱdeprivationȱduringȱtrainingȱinȱ
SpecificȱAimsȱ1Ȭ4.ȱWeȱwillȱexamineȱwhetherȱshortȬtermȱdeprivation,ȱviaȱblindfolding,ȱenhancesȱ theȱeffectsȱofȱ
videoȱgameȱtrainingȱusingȱdistortedȱ input.ȱWeȱwillȱassignȱparticipantsȱtoȱtwoȱgroupsȱ(N=20ȱforȱeachȱgroup).ȱ
Bothȱgroupsȱwillȱundergoȱ10ȱhoursȱofȱvideoȱgameȱtrainingȱusingȱtheȱspatiallyȱdistortedȱinputȱofȱSpecificȱAimȱ2ȱ
(axonalȱdistortions).ȱOneȱofȱtheȱtwoȱparticipantȱgroupsȱwillȱundergoȱvisualȱdeprivationȱbeforeȱ(120ȱminutes)ȱandȱ
afterȱ(120ȱminutes)ȱeachȱvideoȬgamingȱtrainingȱandȱtestȱsession.ȱȱ
Previousȱstudiesȱhaveȱsuggestedȱthatȱbothȱlongȱterm68Ȭ73ȱandȱshortȱtermȱ(daysȱorȱhours55,59,74Ȭ76)ȱdeprivationȱcanȱ
induceȱplasticity.ȱHoweverȱallȱofȱtheseȱstudiesȱfocusedȱonȱadaptationsȱtoȱsensoryȱloss,ȱsuchȱasȱlossȱofȱinputȱtoȱ
oneȱeye.ȱConsequently,ȱweȱdoȱnotȱyetȱknowȱwhetherȱtheȱeffectsȱofȱdeprivationȬinducedȱplasticityȱareȱlimitedȱtoȱ
homeostaticȱ alterationsȱ ofȱ neuralȱ responsivenessȱ and/orȱ scalingȱ ofȱ theȱ populationȱ ofȱ receptiveȱ fieldȱ sizesȱ
influencingȱperception93.ȱImportantly,ȱtheȱdistortionsȱofȱSpecificȱAimȱ2ȱdoȱnotȱincludeȱlossȱofȱinputȱandȱcannotȱbeȱ
compensatedȱforȱviaȱsuppression.ȱThus,ȱperceptualȱplasticityȱcannotȱbeȱmediatedȱbyȱhomeostaticȱregulationȱofȱ
sensitivityȱand/orȱaȱsimpleȱincreaseȱinȱtheȱsensitivityȱorȱsizeȱofȱreceptiveȱfields93.ȱIfȱweȱseeȱenhancedȱplasticityȱwithȱ
deprivationȱthenȱthisȱwouldȱimplyȱthatȱshortȱtermȱdeprivationȱcanȱfacilitateȱfundamentalȱshiftsȱinȱhowȱearlyȱvisualȱfeaturesȱ
areȱdecoded.ȱ
Ifȱweȱ seeȱ strongerȱ learningȱwhenȱparticipantsȱ areȱdeprivedȱbeforeȱ andȱ afterȱ trainingȱ thenȱweȱwillȱ examineȱ
whetherȱitȱisȱtheȱpreȬdeprivation,ȱtheȱpostȬdeprivationȱorȱbothȱthatȱareȱcritical,ȱandȱweȱwillȱutilizeȱtheȱoptimalȱ
deprivationȱregimeȱinȱtheȱexperimentsȱofȱSpecificȱAimsȱ1Ȭ4.ȱ
Participantsȱ
Forȱ eachȱ experimentȱweȱ planȱ toȱ collectȱ dataȱ onȱNȱ =ȱ 20ȱ participantsȱ (ageȱ 20Ȭ77).ȱ Pilotingȱwillȱ beȱ doneȱ inȱ
undergraduates,ȱbutȱtheȱmainȱexperimentsȱwillȱbeȱcarriedȱoutȱinȱindividualsȱagedȱ50Ȭ77.ȱȱ
Weȱdoȱnotȱanticipateȱdifficultiesȱ recruitingȱaȱparticipantȱpoolȱ thatȱ roughlyȱmatchesȱSeattleȱdemographicsȱ inȱ
regardȱtoȱraceȱandȱethnicity.ȱȱ
Ourȱhopeȱ isȱ thatȱFruitȱNinja,ȱdespiteȱbeingȱaȱ simpleȱgameȱ thatȱ requiresȱminimalȱpreȬtraining,ȱwillȱproduceȱ
similarȱamountsȱofȱperceptualȱlearningȱtoȱanȱactionȱRPG.ȱIfȱnot,ȱthenȱweȱwillȱuseȱanȱactionȱRPG,ȱandȱmodifyȱ
recruitmentȱaccordingly,ȱasȱdescribedȱinȱInclusionȱofȱWomenȱandȱMinorities,ȱandȱInclusionȱoverȱtheȱLifespan.ȱȱ
Controlȱgroupȱ
AsȱisȱdemonstratedȱbyȱpilotȱdataȱofȱFigureȱ4,ȱparticipantsȱimproveȱwithȱtrainingȱwhenȱrepeatedlyȱcarryingȱoutȱ
theȱobjectȱrecognitionȱtaskȱ(testingȱwasȱcarriedȱoutȱwithȱnovelȱobjects).ȱForȱeachȱSpecificȱAimȱweȱwillȱthereforeȱ
compareȱperformanceȱtoȱaȱcontrolȱgroupȱ(Nȱ=ȱ20)ȱwhoȱwillȱcarryȱoutȱwithȱfullȱprotocolȱexceptȱ3aȱ(videoȱgameȱ
trainingȱwithȱdistortedȱinput).ȱ
Statisticalȱanalysesȱ
SeeȱStatisticalȱDesignȱandȱPowerȱ
Aimȱ1.ȱAbnormalȱNeuronalȱPopulationȱResponses:ȱcanȱvirtualȱpatientsȱlearnȱtoȱinterpretȱsignalsȱgeneratedȱbyȱ
simultaneousȱstimulationȱofȱonȱandȱoffȱcells?ȱȱ
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Inȱ naturalȱ vision,ȱ theȱ onȱ andȱ offȬcellsȱ ofȱ theȱ earlyȱ
visualȱ systemȱ carryȱ complementaryȱ informationȱ –ȱ
regionsȱofȱtheȱimageȱthatȱproduceȱstrongȱonȬcenterȱcellȱ
activationȱdoȱnotȱexciteȱoffȬcenterȱcells,ȱandȱviceȱversa.ȱ
However,ȱ electronicȱ implantsȱ (bothȱ retinalȱ andȱ
cortical)ȱ simultaneouslyȱ stimulateȱ onȬȱ andȱ offȬcellsȱ
indiscriminatelyȱ (unlessȱ theȱ resolutionȱ permitsȱ forȱ
singleȱ cellȱ stimulation).ȱ Inȱ theȱ caseȱ ofȱ optogeneticȱ
proteins,ȱitȱmayȱbeȱpossibleȱtoȱselectivelyȱtargetȱeitherȱ
onȱorȱoffȬcells,ȱbutȱ itȱwouldȱbeȱextremelyȱdifficultȱ toȱ
targetȱ themȱbothȱ inȱ theȱcomplementaryȱmannerȱ thatȱ
wouldȱmimicȱnaturalȱcoding.ȱȱ
Itȱ isȱ possibleȱ toȱ successfullyȱ adaptȱ toȱ congenitallyȱ
abnormalȱ onȱ andȱ offȬcellȱ populationȱ responses.ȱ
Individualsȱ withȱ completeȱ Schubert–Bornscheinȱ
CSNB1ȱ geneticȱ deficitsȱ haveȱ severelyȱ compromisedȱ
onȬbipolarȱ pathways94,95.ȱ Yetȱ theseȱ patientsȱ showȱ
surprisinglyȱgoodȱvisualȱperformanceȱunderȱphotopicȱ
conditions,ȱ withȱ anȱ averageȱ visualȱ acuityȱ ofȱ 0.3ȱ
logMARȱ (Snellenȱ 20/40)96ȱ andȱ reportȱ noȱ perceptualȱ
difficultiesȱ beyondȱ theirȱ acuityȱ lossȱ (M.ȱNeitzȱ 2015,ȱ
personalȱcommunication).ȱȱ
However,ȱlittleȱisȱknownȱaboutȱwhetherȱitȱisȱpossibleȱ
toȱ learnȱ aȱ novelȱ decodingȱ ofȱ onȬȱ andȱ offȬcellsȱ inȱ
adulthood.ȱ Onlyȱ oneȱ experimentalȱ studyȱ hasȱ
specificallyȱ examinedȱ plasticityȱ inȱ accessingȱ
electricallyȱstimulatedȱpatternsȱofȱactivityȱwithinȱV1ȱinȱ
adultȱ animals.ȱ Niȱ andȱMaunsell56ȱ examinedȱ theȱ effectȱ ofȱ prolongedȱ trainingȱ onȱ detectionȱ thresholdsȱ forȱ
microstimulationȱwithinȱV1ȱofȱtheȱmacaque.ȱItȱwasȱpossibleȱtoȱtrainȱtheȱanimalsȱtoȱbecomeȱexpertsȱatȱdetectingȱ
V1ȱmicrostimulation,ȱbutȱthisȱcameȱatȱtheȱcostȱofȱimpairedȱdetectionȱofȱrealȱvisualȱstimuliȱatȱtheȱsameȱretinotopicȱ
location.ȱInterestingly,ȱthisȱeffectȱwasȱreversibleȱafterȱretrainingȱonȱdetectingȱtheȱvisualȱstimulusȱ–ȱsuggestingȱ
thatȱ theȱ localȱ circuitryȱ (whetherȱwithinȱV1ȱ itself,ȱorȱwithinȱaȱhigherȱ corticalȱareaȱdecodingȱV1ȱactivity)ȱwasȱ
capableȱofȱdynamicallyȱreconfiguringȱtoȱbetterȱdetectȱtaskȬrelevantȱpatternsȱofȱneuronalȱactivity.ȱȱ
Experimentalȱ design.ȱ Itȱ isȱnotȱpossibleȱ toȱuseȱnormalȱvisualȱ stimulationȱ toȱ simultaneouslyȱ exciteȱonȱ andȱoffȬ
centeredȱganglionȱcellsȱinȱtheȱretina.ȱInstead,ȱweȱwillȱuseȱdichopticȱstimulationȱtoȱproduceȱconflictingȱonȱandȱ
offȬcellȱpopulationȱresponsesȱwithinȱbinocularȱcellsȱ inȱ theȱprimaryȱvisualȱcortex.ȱWeȱassumeȱ thatȱconflictingȱ
contrastȬreversedȱimagesȱcan,ȱwithinȱV1,ȱactȱasȱaȱproxyȱforȱinappropriateȱonȱandȱoffȬcellȱpopulationȱresponses,ȱ
becauseȱ regionsȱ thatȱwould,ȱ inȱ theȱ originalȱ image,ȱ produceȱ strongȱ onȬresponsesȱwillȱ produceȱ strongȱ offȬ
responsesȱinȱtheȱcontrastȱreversedȱimage,ȱandȱviceȱversa.ȱAsȱshownȱinȱFigureȱ5,ȱconflictingȱdichopticȱonȬoffȱinputȱ
willȱbeȱinducedȱusingȱeachȱgreyscaleȱimageȱ(I)ȱandȱitsȱinverseȱ(I’),ȱfilteredȱusingȱaȱradialȱcheckerboardȱ(F)ȱandȱ
itsȱinverseȱ(F’)ȱinȱFourierȱspace.ȱTheȱoriginalȱ(I)ȱandȱit’sȱcontrastȬreversedȱequivalentȱ(I’)ȱwillȱbeȱconvertedȱinȱ
realȬtimeȱintoȱtheȱFourierȱdomain,ȱmultipliedȱbyȱoneȱofȱtheȱtwoȱFourierȱfilters,ȱandȱthenȱconvertedȱbackȱtoȱimageȱ
spaceȱusingȱtheȱinverseȱFourierȱtransform.ȱTheȱmiddleȱpanelsȱshowsȱtheȱ4ȱexamplesȱofȱpossibleȱfiltering:ȱIȱ*ȱF,ȱIȱ
*ȱFȝ,ȱIcr*F,ȱandȱIcr*ȱFȝȱ(whereȱ*ȱdenotesȱconvolution).ȱNoteȱthatȱtheȱsum,ȱ[Iȱ*ȱF]ȱ+ȱ[Iȱ*ȱFȝ],ȱequalsȱtheȱoriginalȱimageȱ
I.ȱTheȱsum,ȱ[Icrȱ*ȱF]ȱ+ȱ[Icrȱ*ȱFȝ],ȱequalsȱtheȱoriginalȱcontrastȱreversedȱimageȱIcr.ȱInȱoneȱeye,ȱweȱwillȱpresentȱtheȱsumȱ
ofȱtwoȱfilteredȱimages,ȱ[Iȱ*ȱFȝ]ȱ+ȱ[Icrȱ*ȱF],ȱsuchȱthatȱhalfȱtheȱspatialȱfrequencyȱandȱorientationȱcontentȱisȱbasedȱonȱ
theȱoriginalȱimageȱandȱtheȱotherȱhalfȱisȱbasedȱonȱtheȱcontrastȱreversedȱimage.ȱInȱtheȱotherȱeyeȱweȱwillȱpresentȱ
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theȱsumȱofȱtheȱcomplementaryȱfilteredȱimages,ȱ[Iȱ*ȱF]ȱ+ȱ[Icrȱ*ȱFȝ].ȱThus,ȱacrossȱbothȱeyes,ȱallȱtheȱspatialȱfrequencyȱandȱ
orientationȱinformationȱofȱbothȱtheȱoriginalȱandȱcontrastȱreversedȱimageȱisȱpreserved.ȱHowever,ȱtheȱsumȱofȱtheȱtwoȱeyesȱ
isȱaȱblankȱimage,ȱandȱtheȱimageȱpresentedȱtoȱeachȱeyeȱisȱheavilyȱdegradedȱ(seeȱrightmostȱpanels).ȱȱ
Thereȱareȱofȱcourseȱmajorȱdifferencesȱbetweenȱourȱdichopticȱparadigmȱandȱtheȱeffectsȱofȱelectricalȱstimulation.ȱ
Critically,ȱ inȱelectricalȱ stimulationȱ theȱunnaturalȱ stimulationȱpatternȱ isȱelicitedȱmonocularly,ȱwhereasȱ inȱourȱ
paradigmȱitȱisȱelicitedȱdichoptically.ȱDifferencesȱinȱinputȱbetweenȱtheȱtwoȱeyesȱareȱnormallyȱinterpretedȱasȱaȱ
depthȱcueȱorȱoneȱeyeȱisȱsuppressed.ȱHowever,ȱitȱisȱbelievedȱthatȱdepthȱsignalsȱemergeȱexclusivelyȱfromȱsameȬ
signȱ binocularȱ corticalȱ filters99.ȱGivenȱ thatȱ ourȱdichopticȱ inputȱ imagesȱ areȱ contrastȱ antiȬcorrelated,ȱ itȱ isȱnotȱ
surprisingȱthatȱourȱpilotȱparticipantsȱneverȱreportedȱperceivingȱapparentȱdepth.ȱ
Usingȱtheseȱfilters,ȱweȱwillȱdistortȱtheȱvideoȱstreamȱinȱrealȱtimeȱduringȱvideoȱgameȱtraining.ȱResolutionȱandȱfieldȱ
ofȱviewȱwillȱbeȱlimitedȱbyȱtheȱmonitorȱdisplayȱȱ[768x768ȱpixels,ȱeachȱpixelȱsubtendingȱ0.69ȱminȱofȱvisualȱangle,ȱ
correspondingȱtoȱaȱdeviceȱsubtendingȱ~20/14ȱSnellenȱacuity;ȱFieldȱofȱviewȱ=ȱ8.84°ȱhighȱ×ȱ8.84°ȱwide].ȱ
Inȱaȱpreliminaryȱstudy,ȱweȱmeasuredȱimprovementsȱinȱperformanceȱwithȱtrainingȱonȱanȱobjectȱrecognitionȱtask:ȱ
participantsȱ wereȱ presentedȱ withȱ onȬoffȱ scrambledȱ imagesȱ containingȱ aȱ sceneȱ thatȱ hadȱ aȱ 50%ȱ chanceȱ ofȱ
containingȱanȱembeddedȱobjectȱorȱaȱdistractorȱobject,ȱasȱdescribedȱabove,ȱandȱwereȱinstructedȱtoȱindicateȱifȱtheyȱ
sawȱtheȱembeddedȱobject.ȱPreliminaryȱresultsȱshowȱthatȱparticipantsȱshowȱrapidȱimprovementȱinȱidentifyingȱ
objectsȱacrossȱsessions,ȱFigureȱ4.ȱȱ
Experimentȱ1:ȱWeȱwillȱcompareȱperformanceȱacrossȱ3ȱconditions:ȱ
1.ȱTrainedȱconflictingȱonȬoffȱinput.ȱWeȱwillȱmeasureȱimprovementsȱinȱdȬprimeȱforȱobjectȱrecognitionȱwithȱtraining,ȱ
usingȱtheȱfiltersȱdescribedȱinȱFigureȱ5.ȱ
2.ȱTransferȱofȱlearningȱtoȱmonocularȱpresentationȱ(redȱsymbols,ȱFigureȱ4).ȱInȱourȱpilotȱdata,ȱperformanceȱwasȱveryȱ
similarȱforȱmonocularȱ(regardlessȱofȱeye/filter)ȱasȱforȱdichopticȱpresentation,ȱbothȱbeforeȱandȱafterȱtraining.ȱThisȱ
suggestsȱthatȱparticipantsȱareȱlearningȱtoȱextractȱonȬoffȱscrambledȱinformationȱindependentlyȱfromȱeachȱeyeȱ–ȱ
ratherȱthanȱbinocularlyȱcombiningȱinformation.ȱȱ
3.ȱ Transferȱ ofȱ learningȱ afterȱ switchingȱ theȱ filtersȱ acrossȱ eyesȱ (yellowȱ symbols,ȱ Figureȱ 4).ȱ Inȱ pilotȱ data,ȱ learningȱ
transferredȱ fullyȱwhenȱ filtersȱwereȱ switchedȱacrossȱ theȱ twoȱeyes,ȱ suggestingȱ thatȱperceptualȱ learningȱ isȱnotȱ
specificȱtoȱeachȱeye’sȱfilter.ȱȱ



Weȱwillȱexamineȱwhetherȱparticipantsȱareȱinȱfactȱsuppressingȱoneȱeyeȱthroughoutȱtheȱexperimentȱbyȱsettingȱtheȱ
imagesȱinȱeachȱmonitorȱtoȱbeȱredȱorȱgreen,ȱandȱaskingȱparticipantsȱtoȱreportȱonȱtheȱperceivedȱcolorȱofȱtheȱsceneȱ
asȱwellȱasȱtheȱidentityȱofȱtheȱobject.ȱIfȱtheȱsceneȱisȱconsistentlyȱredȱorȱgreenȱ(ratherȱthanȱyellow)ȱwithinȱeachȱtrialȱ
thenȱ thisȱwouldȱ suggestȱ thatȱparticipantsȱ areȱperformingȱ theȱ taskȱmonocularly,ȱ andȱ thatȱ learningȱ involvesȱ
suppressingȱmonocularȱcontrastȬreversedȱinformation.ȱȱAlthoughȱtheȱmonocularȱversionȱofȱthisȱtaskȱdoesȱnotȱ
involveȱdirectlyȱconflictingȱonȬȱoffȱstimulationȱ(inȱwhichȱonȬȱandȱoffȱcellsȱatȱtheȱsameȱlocation,ȱwithȱtheȱsameȱ
spatialȱfrequencyȱandȱorientationȱtuningȱareȱsimultaneouslyȱfiring),ȱadaptationȱdoesȱrequireȱaȱsimilarȱprocessȱofȱ
learningȱtoȱsuppressȱaȱsubpopulationȱofȱV1ȱcells,ȱbasedȱonȱtheirȱspatialȱfrequencyȱandȱorientationȱtuning.ȱ
4.ȱTransferȱofȱlearningȱtoȱdichopticȱstimulusȱwithȱ1/fȱnoiseȱ(greenȱsymbols,ȱFigureȱ4).ȱInȱourȱpilotȱdata,ȱbothȱpreȬȱandȱ
postȬtrainingȱperformanceȱwasȱbetterȱwhenȱtheȱcontrastȱreversedȱinformationȱ(I’)ȱwasȱreplacedȱwithȱ1/fȱnoise.ȱ
Withȱtraining,ȱtheȱdifferenceȱbetweenȱusingȱcontrastȬreversedȱandȱ1/fȱnoiseȱwasȱreduced,ȱshowingȱthatȱtrainingȱ
allowsȱparticipantsȱtoȱsuppressȱmonocularȱcontrastȬreversedȱinformationȱmoreȱeffectively.ȱȱ
Theseȱpreliminaryȱresultsȱrepresentȱaȱfundamentallyȱnewȱtypeȱofȱperceptualȱ learning.ȱItȱhasȱpreviouslyȱbeenȱ
shownȱ thatȱorientationȬspecificȱdeprivationȱresultsȱ inȱanȱ increaseȱ inȱresponsivenessȱofȱneuronsȱ tunedȱ toȱ thatȱ
orientation59,76,ȱ suggestingȱ thatȱ aȱ reweightingȱ ofȱ neuronalȱ populationsȱ onȱ theȱ basisȱ ofȱ visualȱ experienceȱ isȱ
possible.ȱOneȱcriticalȱdifferenceȱbetweenȱtheȱproposedȱstudyȱandȱtheseȱpreviousȱstudiesȱisȱthatȱourȱdistortionsȱ
doȱnotȱselectivelyȱdepriveȱcellsȱofȱinputȱatȱaȱcertainȱspatialȱfrequencyȱorȱorientation.ȱConsequently,ȱperceptualȱ
compensationȱcannotȱbeȱmediatedȱbyȱaȱsimpleȱhomeostaticȱincreaseȱinȱresponsivenessȱdueȱtoȱlossȱofȱinput93,ȱbutȱ
ratherȱrequiresȱdynamicȱexperientialȱreweightingȱonȱtheȱbasisȱofȱwhichȱcellsȱcontainȱaȱusefulȱvisualȱsignal.ȱItȱhasȱ
alsoȱbeenȱpreviouslyȱshownȱ thatȱperceptualȱ learningȱcanȱrefineȱparticipantȱ templatesȱsoȱasȱ toȱbetterȱmatchȱaȱ
particularȱvisualȱtarget49,98.ȱHowever,ȱthisȱlearningȱisȱthoughtȱtoȱinvolveȱ“reweightingȱofȱconnectionsȱbetweenȱ
basicȱvisualȱchannelȱoutputsȱandȱaȱlearnedȱcategorizationȱstructure”ȱ(i.e.ȱlearningȱaȱnovelȱtemplate)49,ȱratherȱthanȱ
beingȱmediatedȱbyȱaȱreconfigurationȱofȱtheȱfundamentalȱbuildingȱblocksȱofȱvisualȱperception.ȱ
Aimȱ2.ȱSystematicȱSpatialȱDistortions:ȱcanȱvirtualȱpatientsȱlearnȱtoȱcompensateȱforȱtheȱspatialȱblurȱinducedȱbyȱ
axonalȱstimulation?ȱ
Everyȱretinalȱganglionȱcellȱhasȱanȱaxonȱ thatȱ traversesȱ theȱretinalȱsurfaceȱenȱrouteȱ toȱ theȱopticȱnerve.ȱAnimalȱ
models29,31Ȭ33,100,ȱ modelling34ȱ andȱ humanȱ data35ȱ suggestȱ thatȱ retinalȱ implantsȱ produceȱ significantȱ axonalȱ
stimulation,ȱ whichȱ resultsȱ inȱ
elongatedȱ perceptsȱ thatȱ
resembleȱ ‘comets’.ȱ Cometȱ
elongationȱ dependsȱ onȱ theȱ
relativeȱratioȱofȱganglionȱaxonalȱ
toȱ ganglion/bipolarȱ somaȱ
stimulationȱwhichȱ isȱprimarilyȱ
determinedȱ byȱ (1)ȱ retinalȱ
degeneration,ȱ(2)ȱdistanceȱofȱtheȱ
electrodeȱ fromȱ theseȱ differentȱ
cellȱ types,ȱ andȱ (3)ȱ pulseȱ
durationȱ (longerȱ pulseȱ
durationsȱ advantageȱ bipolarȱ
cells).ȱ Distortionsȱ areȱ mostȱ
severeȱ inȱ epiretinalȱ implantsȱ
(thatȱ lieȱ betweenȱ theȱ ganglionȱ
axonsȱ andȱ theȱ vitreous)14,ȱ butȱ
areȱ alsoȱ observedȱ inȱ patientsȱ
withȱ subretinalȱ implantsȱ (thatȱ
lieȱbetweenȱbipolarȱcellsȱandȱtheȱ
choroid)101.ȱȱ
Becauseȱ theseȱ distortionsȱ areȱ
mediatedȱ byȱ axonalȱ tractȱ
pathways,ȱ theyȱ doȱ notȱ
representȱaȱsimpleȱconvolutionȱ
ofȱ theȱ imageȱwithȱaȱ stationaryȱ



filterȱ(e.g.ȱwarping,ȱblurringȱorȱtranslationȱofȱretinotopicȱspace),ȱbutȱratherȱtheȱdistortionȱvariesȱsmoothlyȱacrossȱ
theȱretinaȱinȱaȱcomplexȱwayȱ(thoughȱwithȱaȱdiscontinuityȱnearȱtheȱhorizontalȱRaphe),ȱseeȱFigureȱ6,ȱVideoȱ1.ȱȱ
ItȱisȱunlikelyȱthatȱtheseȱdistortionsȱcanȱbeȱovercomeȱbyȱreorganizationȱofȱtheȱretinotopicȱmapȱinȱV1.ȱȱOverall,ȱtheȱ
literatureȱsuggestsȱthatȱtheȱretinotopicȱorganizationȱofȱearlyȱvisualȱareasȱ(retinaȬV2)ȱisȱprimarilyȱdeterminedȱbyȱ
molecularȱsignaling,ȱwithȱvisualȱexperienceȱplayingȱtheȱroleȱofȱrefiningȱtheȱmap102Ȭ112.ȱThereȱisȱlimitedȱplasticityȱ
withinȱretinotopicȱorganization,ȱevenȱwhenȱtheȱdisruptedȱinputȱisȱcongenital.ȱForȱexample,ȱrodȱmonochromatsȱ
lackȱconeȱphotoreceptorȱfunctionȱandȱthereforeȱhaveȱaȱcongenitalȱretinalȱscotomaȱwithinȱtheȱallȬconeȱfoveola.ȱ
Althoughȱsomeȱlimitedȱreorganizationȱcanȱbeȱobserved71,ȱitȱisȱlikelyȱtoȱbeȱmediatedȱbyȱanȱexpansionȱofȱreceptiveȱ
fieldsȱratherȱthanȱbyȱaȱfundamentalȱreorganizationȱofȱtheȱretinotopicȱmap.ȱIndividualsȱwithȱmiswiringȱofȱtheȱ
retinalȬfugalȱ projectionȱ (achiasmatia113,ȱ albinism114,115,ȱ FHONDAȱ syndrome116,ȱ orȱ individualsȱ bornȱwithȱ oneȱ
corticalȱhemisphere117)ȱdoȱnotȱshowȱcompensatoryȱplasticity:ȱinsteadȱtheseȱindividualsȱhaveȱoverlappedȱcorticalȱ
representationsȱofȱleftȱandȱrightȱvisualȱhemifields,ȱwhereinȱeachȱregionȱofȱcortexȱrepresentsȱtwoȱdistantȱ(mirrorȱ
symmetric)ȱlocationsȱinȱvisualȱspace114,115.ȱȱ
Asȱfarȱasȱadultȱplasticityȱisȱconcerned,ȱtheȱoverallȱliteratureȱsuggestsȱV1ȱretinotopicȱorganizationȱisȱrelativelyȱ
immutable.ȱAcrossȱseveralȱelectrophysiologyȱstudiesȱGilbertȱetȱal.ȱfoundȱthatȱneuronsȱinȱtheȱlesionȱprojectionȱ
zoneȱofȱanȱadultȬonsetȱscotomaȱrapidlyȱbecameȱresponsiveȱtoȱvisualȱstimulationȱofȱtheȱretinaȱsurroundingȱtheȱ
damagedȱarea69,118Ȭ120.ȱHowever,ȱstudiesȱacrossȱmultipleȱotherȱlaboratoriesȱhaveȱfailedȱtoȱfindȱevidenceȱofȱcorticalȱ
reorganizationȱafterȱretinalȱlesions68,121,122.ȱSimilarly,ȱwhileȱsomeȱhumanȱfMRIȱstudiesȱhaveȱshownȱresponsesȱinȱ
theȱLPZ123Ȭ125ȱorȱshiftsȱ inȱmeasuredȱcorticalȱretinotopicȱorganization126ȱ inȱ lateȱblindȱindividualsȱsufferingȱfromȱ
visualȱfieldȱlossȱdueȱtoȱretinalȱdystrophies,ȱotherȱstudiesȱhaveȱfailedȱtoȱfindȱevidenceȱforȱV1ȱreorganization72,73,127.ȱ
AllȱofȱtheȱdiscrepanciesȱbetweenȱreportedȱoutcomesȱinȱbothȱtheȱneurophysiologyȱandȱtheȱfMRIȱliteratureȱcanȱbeȱ
explainedȱbyȱtheȱpresenceȱofȱoneȱofȱtwoȱpossibleȱconfoundsȱinȱthoseȱstudiesȱthatȱdidȱfindȱplasticity:ȱ(1)ȱusingȱaȱ
modelȱtoȱestimateȱcorticalȱretinotopicȱorganizationȱthatȱdoesȱnotȱconsiderȱtheȱabsenceȱofȱinputȱwhenȱtheȱstimulusȱ
wasȱ inȱ theȱ scotoma128,ȱ and/orȱ (2)ȱ failingȱ toȱ accountȱ forȱ topȬdownȱ attentionalȱ effects73,127.ȱ (Alsoȱ see129,68,ȱ forȱ
additionalȱpotentialȱconfounds).ȱ
Althoughȱtheȱbalanceȱofȱevidenceȱsuggestsȱthatȱtheȱneuralȱconnectionȱpatternȱunderlyingȱretinotopicȱmapsȱinȱ
V1ȱ seemsȱ toȱbeȱ relativelyȱ immutable,ȱ thereȱdoesȱ seemȱ toȱbeȱ considerableȱplasticityȱ inȱ theȱabilityȱ toȱdecodeȱ
congenitallyȱdistortedȱV1ȱsignals.ȱDespiteȱtheirȱdramaticallyȱabnormalȱretinotopicȱrepresentation,ȱacuityȱlossesȱ
inȱachiasmaticȱandȱindividualsȱwithȱalbinismȱseemsȱtoȱbeȱprimarilyȱdueȱtoȱtheirȱfovealȱhypoplasiaȱandȱthereȱisȱ
noȱperceptualȱconfusionȱacrossȱmirrorȱsymmetricȱlocationsȱinȱtheȱtwoȱvisualȱhemifields113;ȱsuggestingȱthatȱtheȱ
abnormalȱ retinotopicȱ organizationȱwithinȱV1ȱ isȱ successfullyȱperceptuallyȱdecodedȱ byȱ laterȱ stagesȱ ofȱ visualȱ
processing.ȱȱ
Finally,ȱtheȱmostȱrelevantȱexampleȱofȱsuccessfulȱdecodingȱofȱcongenitalȱretinotopicȱdistortionsȱcomesȱfromȱPD,ȱ
anȱindividualȱwhoȱhadȱcongenitalȱcentralȱcataractsȱresultingȱinȱannularȱpupilsȱuntilȱtheȱageȱofȱ43.ȱPDȱshowedȱaȱ
hostȱofȱperceptualȱadaptationsȱtoȱhisȱdistortedȱvisualȱ input,ȱ includingȱsuppressionȱofȱdiplopicȱ images130ȱ–ȱanȱ
exampleȱofȱspatiallyȱspecificȱcontextȬdependentȱretinotopicȱsuppressionȱveryȱsimilarȱtoȱwhatȱwouldȱbeȱnecessaryȱ
toȱcompensateȱforȱdistortionsȱassociatedȱwithȱaxonalȱstimulation.ȱȱ
Theȱ capacityȱofȱ theȱ adultȱvisualȱ systemȱ toȱ successfullyȱdecodeȱnovelȱdistortionsȱ inȱ theȱ retinalȱ inputȱ isȱ stillȱ
relativelyȱunderstudied.ȱSomeȱ evidenceȱ forȱperceptualȱ compensationȱ comesȱ fromȱ individualsȱwithȱmacularȱ
degeneration:ȱ shapesȱ presentedȱ adjacentȱ toȱ theȱ scotomaȱ areȱ distortedȱ –ȱ elongatedȱ inȱ theȱ directionȱ ofȱ theȱ
scotoma131.ȱCuriously,ȱanalogousȱdistortionsȱcanȱbeȱgeneratedȱinȱvisuallyȱtypicalȱindividualsȱinȱtheȱblindȱspotȱ–ȱ
andȱtheyȱappearȱsurprisinglyȱquicklyȱ–ȱafterȱmereȱseconds132,ȱsuggestingȱtheseȱdistortionsȱmightȱbeȱmediatedȱbyȱ
shortȱ termȱhomeostaticȱ regulation93.ȱAnotherȱ classicȱexampleȱ isȱofȱ courseȱprismȱadaptation,ȱhoweverȱ thisȱ isȱ
generallyȱconsideredȱtoȱbeȱprimarilyȱmediatedȱbyȱshortȬtermȱvisuoȬmotorȱadaptation133.ȱFinally,ȱretinallyȱspecificȱ
decodingȱofȱretinotopicȱdistortionsȱinȱadulthoodȱoverȱaȱtimeȱcourseȱofȱaȱfewȱweeksȱcanȱbeȱobservedȱinȱalmostȱ
everyȱindividualȱoverȱtheȱageȱofȱ50ȱinȱhighȬincomeȱcountries:ȱsuccessfulȱadaptationȱtoȱeverȱmoreȱcomplexȱandȱ
expensiveȱspectacleȱorȱcontactȱlensȱprescriptions.ȱ
Experimentalȱdesign.ȱWeȱwillȱdistortȱtheȱvideoȱstreamȱinȱrealȱtimeȱusingȱgazeȬcontingentȱupdatingȱofȱdistortions.ȱȱ
WeȱwillȱsimulateȱtheȱrelativeȱproportionȱofȱaxonalȱandȱsomalȱstimulationȱexpectedȱfromȱaȱsubȬretinalȱarrayȱinȱ
nonȬdegenerateȱretina97ȱusingȱaȱmodelȱpreviouslyȱvalidatedȱinȱArgusȱIIȱpatients14.ȱWeȱselectedȱparameterȱvaluesȱ
describingȱelectricalȱandȱneuralȱspreadȱofȱactivationȱparallelȱ toȱ (Ȝȱ=ȱ250ȱmicrons)ȱandȱorthogonalȱ toȱ (ȡ = 100 
microns)ȱ axonȱ pathways.ȱ Forȱ comparisonȱ theȱ sizeȱ ofȱ theȱ averageȱ ganglionȱ somaȱ isȱ ~8ȱmicrons134.ȱ Theseȱ
parametersȱareȱsmallerȱthanȱthoseȱobservedȱinȱArgusȱIIȱpatients,ȱbutȱareȱplausibleȱforȱanȱ‘idealized’ȱsubretinalȱ



arrayȱwithȱsmallȱelectrodes.ȱ [50x89ȱelectrodes,ȱradiusȱ=ȱ42ȱmicrons/0.15ȱdegȱofȱvisualȱangle.ȱCenterȬtoȬcenterȱ
electrodeȱspacingȱ=ȱ169ȱmicrons/0.59ȱdegȱofȱvisualȱangle,ȱcorrespondingȱtoȱaȱdeviceȱsubtendingȱSnellenȱacuityȱofȱ
20/700;ȱFieldȱofȱviewȱ=ȱ30°ȱhighȱ×ȱ52°ȱwide;ȱbiphasicȱpulseȱtrains;ȱpulseȬwidthȱ=ȱ1ms].ȱAlthoughȱthisȱresolutionȱ
isȱlow,ȱaxonalȱstreaksȱareȱstillȱtheȱlimitingȱfactorȱforȱimageȱquality.ȱParticipantsȱwillȱbeȱaskedȱtoȱdoȱtheȱobjectȱ
recognitionȱtask,ȱusingȱdistortedȱinput,ȱasȱdescribedȱinȱGeneralȱMethods.ȱ
Experimentȱ2Ȭ1:ȱWeȱwillȱcompareȱperformanceȱacrossȱ3ȱrandomlyȱinterleavedȱconditions,ȱinȱbothȱpreȬȱandȱpostȬ
test.ȱ
1.ȱTrainedȱdistortions.ȱWeȱwillȱseeȱtoȱwhatȱextentȱparticipantsȱimproveȱinȱtheirȱabilityȱtoȱcompensateȱforȱsimulatedȱ
axonalȱdistortionsȱwithȱvideoȱgameȱtraining.ȱ
2.ȱ Rotatedȱ distortions.ȱOneȱ possibilityȱ isȱ thatȱ plasticityȱwillȱ ameliorateȱ distortionsȱ alongȱ theȱ specificȱ axonalȱ
pathwaysȱforȱwhichȱparticipantsȱhaveȱbeenȱtrained.ȱAnȱalternativeȱ(nonȬexclusive)ȱpossibilityȱisȱthatȱparticipantsȱ
willȱsimplyȱgetȱbetterȱatȱextractingȱinformationȱfromȱdistortedȱinput.ȱToȱexamineȱthis,ȱinȱpreȬȱandȱpostȬtrainingȱ
testsȱweȱwillȱmeasureȱperformanceȱusingȱdistortionsȱbasedȱonȱaxonȱmapȱpathwaysȱrotatedȱbyȱ90,ȱ180ȱandȱ270ȱ
degrees.ȱSignificantȱimprovementsȱinȱperformanceȱthatȱdoȱnotȱtransferȱtoȱrotatedȱaxonȱmapsȱwouldȱimplyȱthatȱ
participantsȱhaveȱlearnedȱtoȱcompensateȱforȱspecificȱspatialȱdistortionsȱthatȱdoȱnotȱrepresentȱaȱsimpleȱwarpingȱ
orȱtranslationȱofȱretinotopicȱspace,ȱbutȱratherȱvaryȱacrossȱtheȱretinaȱinȱaȱhighlyȱcomplexȱway.ȱ
Experimentȱ2Ȭ2:ȱAsȱdescribedȱabove,ȱDilksȱandȱothersȱhaveȱshownȱperceptualȱcompensationȱforȱdistortionsȱinȱ
theȱretinotopicȱmapȱwithinȱindividualsȱwithȱmacularȱdegenerationȱandȱotherȱvisualȱlesionsȱ(includingȱtheȱblindȱ
spot132):ȱshapesȱpresentedȱadjacentȱtoȱtheȱscotomaȱareȱdistortedȱ–ȱelongatedȱinȱtheȱdirectionȱofȱtheȱscotoma131.ȱ
OneȱcriticalȱdifferenceȱbetweenȱtheȱproposedȱstudyȱandȱpreviousȱstudiesȱbyȱDilksȱisȱthatȱaxonalȱcometsȱdoȱnotȱ
resultȱinȱaȱscotoma.ȱTherefore,ȱperceptualȱcompensationȱcannotȱbeȱmediatedȱbyȱaȱsimpleȱexpansionȱofȱreceptiveȱ
fieldsȱdueȱtoȱlossȱofȱinput93,ȱbutȱratherȱrequiresȱaȱgenuineȱrecalibrationȱofȱtheȱspatialȱdecodingȱofȱV1ȱinputȱtoȱ
compensateȱ forȱ inducedȱdistortions.ȱWeȱwillȱuseȱ theȱaxonalȱstimulationȱmodelȱ toȱsimulateȱ theȱdistortionsȱofȱ
singleȱcircularȱorȱelongatedȱ (oval)ȱ spotsȱofȱ light.ȱBeforeȱandȱafterȱ training,ȱonȱeachȱ trialȱparticipantsȱwillȱbeȱ
presentedȱwithȱaȱshapeȱ(ovalȱorȱcircle),ȱblurredȱbasedȱonȱourȱaxonalȱmodel,ȱ inȱ twoȱdifferentȱ locationsȱofȱ theȱ
visualȱfield.ȱTheyȱwillȱbeȱaskedȱtoȱreportȱwhetherȱtheȱstimulusȱisȱaȱcircleȱorȱanȱoval.ȱIfȱparticipantsȱareȱsimplyȱ
learningȱtoȱrecognizeȱobjectsȱwithinȱaȱdistortedȱworld,ȱthenȱperformanceȱonȱtheȱtaskȱshouldȱnotȱchangeȱwithȱ
training.ȱInȱcontrast,ȱ ifȱ individualsȱareȱperceptuallyȱadaptingȱ toȱ theȱspecificȱaxonalȱdistortionsȱtoȱwhichȱ theyȱ
haveȱ beenȱ trained,ȱ inȱ aȱ retinotopicallyȱ specificȱ manner,ȱ thenȱ participantsȱ willȱ becomeȱ lessȱ sensitiveȱ toȱ
elongationsȱalongȱaxonalȱpathways.ȱThisȱworkȱwillȱbeȱsynergisticȱwithȱtheȱR00ȱphaseȱ(atȱUCSB)ȱofȱaȱrecentȱK99ȱ
awardedȱtoȱMichaelȱBeyelerȱinȱDr.ȱFine’sȱlaboratory,ȱwhichȱincludesȱtheȱAimȱofȱfurtherȱrefiningȱaȱcomputationalȱ
modelȱthatȱpredictsȱtheȱperceptualȱdistortionsȱofȱretinalȱprosthesisȱpatients.ȱȱ
Aimȱ3.ȱAbnormalȱCorticalȱNeuronalȱPopulationȱResponses:ȱcanȱvirtualȱpatientsȱ learnȱtoȱ interpretȱdistortedȱ
signalsȱinducedȱbyȱstimulatingȱtheȱV1ȱneuralȱarchitecture?ȱ
Stimulatingȱ theȱ cortexȱ toȱproduceȱ interpretableȱperceptsȱprovidesȱ itsȱownȱ setȱofȱuniqueȱbenefitsȱ andȱ costs.ȱ
Certainly,ȱtheȱmassiveȱexpansionȱofȱtheȱfovealȱrepresentationȱinȱV1ȱcouldȱallowȱforȱrelativelyȱhighȱsamplingȱofȱ
spatialȱposition,ȱasȱcomparedȱtoȱretinalȱstimulation.ȱHowever,ȱV1ȱreceptiveȱfieldȱsizesȱareȱrelativelyȱlarge,ȱevenȱ
inȱtheȱfoveaȱȬȱaroundȱ1ȱdegreeȱofȱvisualȱangle.ȱTheȱlargeȱsizeȱofȱV1ȱreceptiveȱfieldȱsizesȱinȱtheȱfoveaȱisȱsomewhatȱ
counterintuitive,ȱ givenȱ theȱ extremelyȱ highȱ resolutionȱ ofȱ Vernierȱ (0.3Ȭ1ȱminȱ arc135ȱ andȱ gratingȱ acuityȱ (~60ȱ
cycles/degree).ȱOurȱabilityȱtoȱperceiveȱaȱsingleȱpointȱofȱlight,ȱaȱfineȱgrating,ȱorȱtheȱoffsetȱinȱaȱthinȱlineȱreliesȱonȱaȱ
complexȱpatternȱofȱresponsesȱacrossȱaȱpopulationȱofȱneuronsȱwithȱcenter/surroundȱreceptiveȱfields.ȱ(Anȱinsightȱ
fromȱFourierȱanalysis,ȱthatȱmayȱorȱmayȱnotȱhelp,ȱisȱthatȱaȱdiscreteȱpointȱofȱlightȱcontainsȱanȱinfinitelyȱbroadȱrangeȱ
ofȱ spatialȱ frequencies;ȱ thus,ȱ ifȱ earlyȱ visualȱ areasȱ areȱ carryingȱ outȱ aȱwaveletȱ analysisȱ oneȱwouldȱ expectȱ theȱ
resolutionȱofȱsmallȱspotsȱofȱ lightȱ toȱbeȱmediatedȱbyȱpopulationȱresponsesȱacrossȱnearlyȱallȱV1ȱneuronsȱwithȱ
receptiveȱfieldsȱcoveringȱthatȱspot).ȱȱ
AsȱshownȱinȱFigureȱ7,ȱsimulationsȱofȱtheȱeffectsȱofȱelectricallyȱstimulatingȱtheȱcorticalȱarchitectureȱsuggestȱthat,ȱ
forȱ aȱ fixedȱ electrodeȱ size,ȱ phospheneȱ sizeȱ increasesȱ (roughlyȱ linearly)ȱ asȱ aȱ functionȱ ofȱ eccentricity,ȱ dueȱ toȱ
receptiveȱfieldȱsizesȱincreasingȱasȱaȱfunctionȱofȱeccentricity16,17.ȱAtȱtheȱfoveaȱthisȱlinearȱslopeȱflattensȱtoȱaȱlowerȱ
limitȱwhereȱphospheneȱ sizesȱ areȱ ~1.4ȱdegreeȱdiameter,ȱ regardlessȱ ofȱ electrodeȱ size.ȱAsȱ aȱ consequence,ȱ ourȱ
simulationsȱpredictȱnoȱappreciableȱdifferenceȱinȱphospheneȱsizesȱforȱelectrodesȱrangingȱbetweenȱ0.01Ȭ1ȱdegreeȱ
micronȱradii,ȱregardlessȱofȱeccentricity,ȱsuggestingȱthatȱneurophysiologicalȱratherȱthanȱengineeringȱconstraintsȱ
areȱlikelyȱtoȱlimitȱtheȱspatialȱresolutionȱofȱcorticalȱprostheses.ȱȱ
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Orientationȱandȱocularȱdominanceȱcolumnsȱareȱrelativelyȱ large:ȱ>2mmȱ forȱaȱ fullȱocularȱdominance/pinwheelȱ
map16,28.ȱThisȱmeansȱ thatȱstimulationȱwithȱextremelyȱsmallȱelectrodesȱ isȱ likelyȱ toȱhaveȱnoȱbenefitȱ inȱ termsȱofȱ
reducingȱphospheneȱsize,ȱbutȱcouldȱpotentiallyȱstimulateȱspecificȱocularȱdominanceȱandȱorientationȱcolumns,ȱ
withȱtheȱpotentialȱofȱcreatingȱperceptsȱthatȱareȱelongatedȱandȱpotentiallyȱbinocularlyȱrivalrous.ȱȱ
Inȱnormalȱvision,ȱweȱareȱexquisitelyȱadaptedȱ toȱeccentricityȬdependentȱ levelsȱofȱblurȱ–ȱourȱperceptualȱworldȱ
appearsȱuniversallyȱ sharpȱdespiteȱaȱ steepȱdeclineȱ inȱhighȱ frequencyȱ informationȱ (dueȱ toȱoptical,ȱ retinalȱandȱ
corticalȱ factors)ȱ asȱ aȱ functionȱ ofȱ eccentricity.ȱ Individualȱ differencesȱ areȱ large,ȱ andȱ thereȱ isȱ evidenceȱ thatȱ
individualsȱ areȱ calibratedȱ toȱ theirȱ ownȱ eccentricityȬblurȱ function44Ȭ46,136.ȱ Ourȱ corticalȱ prostheticȱ essentiallyȱ
providesȱaȱnewȱ(andȱworse)ȱfunctionȱdescribingȱblurȱasȱaȱfunctionȱofȱeccentricity.ȱWeȱknowȱthatȱindividualsȱcanȱ
adaptȱtoȱblur137,ȱbutȱitȱisȱnotȱyetȱclearȱwhetherȱindividualsȱcanȱlearnȱtoȱadaptȱtoȱblurȱinȱanȱeccentricityȬdependentȱ
manner,ȱasȱoccursȱinȱnormalȱvision.ȱ
Experimentalȱdesign.ȱWeȱwillȱdistortȱtheȱvideoȱstreamȱinȱrealȱtime,ȱusingȱgazeȬcontingentȱupdatingȱofȱdistortions.ȱȱ
Weȱwillȱsimulateȱaȱdepthȱelectrodeȱarrayȱthatȱequallyȱstimulatesȱcellȱbodiesȱ(butȱnotȱaxons)ȱacrossȱallȱcorticalȱ
layers.ȱOurȱ electrodeȱ sizesȱ areȱ chosenȱ toȱminimizeȱ perceptȱ elongation/binocularȱ rivalryȱwhileȱmaximizingȱ
resolution,ȱandȱourȱelectrodeȱspacingȱacrossȱcortexȱwasȱchosenȱtoȱresultȱinȱevenȱcoverageȱacrossȱtheȱvisualȱfieldȱ
[98x124ȱelectrodes,ȱelectrodeȱradiusȱ=ȱ10ȱmicron,ȱCenterȬtoȬcenterȱelectrodeȱspacingȱ=ȱ0.5ȱdegreesȱofȱvisualȱangle,ȱ
projectedȱontoȱtheȱcorticalȱsurface,ȱcorrespondingȱtoȱaȱdeviceȱsubtendingȱ~20/600ȱSnellenȱacuity;ȱFieldȱofȱviewȱ=ȱ
48°ȱhighȱ×ȱ60°ȱwide;ȱbiphasicȱpulseȱtrains;ȱpulseȬwidthȱ=ȱ1ms].ȱȱ
Experimentȱ3:ȱȱ
Weȱwillȱbeginȱbyȱdeterminingȱtheȱdegreeȱtoȱwhichȱourȱvirtualȱpatientsȱlearnȱtoȱcompensateȱforȱtheȱeccentricityȱ
dependentȱdistortionsȱassociatedȱwithȱcorticalȱstimulation.ȱȱ
WeȱwillȱthenȱexamineȱwhetherȱindividualsȱhaveȱlearnedȱtoȱadaptȱtoȱblurȱinȱanȱeccentricityȬdependentȱmanner,ȱ
asȱoccursȱinȱnormalȱvision.ȱBeforeȱandȱafterȱtraining,ȱonȱeachȱtrialȱparticipantsȱwillȱbeȱpresentedȱwithȱtwoȱimagesȱ
ofȱtheȱsameȱobject,ȱblurredȱbasedȱonȱourȱcorticalȱimplantȱmodel,ȱinȱtwoȱdifferentȱlocationsȱofȱtheȱvisualȱfield,ȱandȱ
willȱbeȱaskedȱtoȱreportȱwhichȱimageȱseemsȱmoreȱblurred137.ȱObjectȱimagesȱwillȱbeȱblurredȱusingȱtheȱfunctionȱıȱ=ȱ
sȱ*ȱeȱ+ȱi,ȱwhereȱıȱisȱtheȱstandardȱdeviationȱofȱtheȱphospheneȱGaussianȱalongȱtheȱminorȱaxis,ȱeȱisȱeccentricity,ȱsȱ=ȱ
0.05,ȱ iȱ=ȱ0.69,ȱparametersȱbasedȱon17,ȱasȱshownȱinȱFigureȱ7.ȱDuringȱtrainingȱweȱwillȱalwaysȱuseȱsȱ=ȱ0.0517,ȱbutȱ
duringȱtestingȱweȱwillȱvaryȱsȱtoȱfindȱtheȱvalueȱthatȱbestȱpredictsȱsubjectiveȱblurȱequalityȱacrossȱtheȱentireȱvisualȱ
field.ȱBeforeȱtrainingȱstimuliȱshouldȱappearȱequallyȱblurredȱwhenȱsȱ=ȱ0ȱ(phospheneȱsizesȱofȱ~0.77ȱdegreeȱradiusȱ
acrossȱ theȱentireȱvisualȱ field),ȱregardlessȱofȱeccentricity,ȱsinceȱ thisȱvalueȱrepresentsȱequalȱblurringȱacrossȱ theȱ
visualȱ field,ȱ andȱ peopleȱ haveȱ alreadyȱ adaptedȱ forȱ theirȱ ownȱ underlyingȱ visualȱ systems.ȱAfterȱ training,ȱ ifȱ
participantsȱhaveȱ fullyȱadaptedȱ toȱ theirȱcorticalȱ implant,ȱ thenȱ theȱslopeȱ thatȱbestȱpredictsȱsubjectiveȱequalityȱ
shouldȱmatchȱtheȱcorticalȱmagnificationȱfunctionȱforȱtheȱtrainedȱcorticalȱimplant.ȱ
Aimȱ 4:ȱ Abnormalȱ Temporalȱ Kinetics:ȱ canȱ virtualȱ patientsȱ learnȱ toȱ adaptȱ toȱ theȱ slowȱ offsetȱ kineticsȱ ofȱ
optogeneticȱproteins?ȱȱ
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Veryȱ littleȱ isȱknownȱaboutȱ theȱabilityȱofȱ theȱhumanȱvisualȱsystemȱ toȱadaptȱ toȱabnormalȱ temporalȱdynamics,ȱ
thoughȱadaptationȱtoȱtemporalȱblurȱhasȱbeenȱobserved138.ȱThereȱisȱevidenceȱforȱcompensationȱforȱtheȱdifferentȱ
temporalȱdynamicsȱofȱrodȱandȱconeȱvision,ȱbutȱitȱisȱnotȱknownȱwhetherȱthisȱcompensationȱisȱ‘hardȬwired’ȱorȱ
drivenȱbyȱexperience139.ȱThereȱisȱalsoȱevidenceȱforȱchangesȱinȱtheȱtemporalȱdynamicsȱofȱvisualȱprocessingȱwithȱ
aging140ȱ140,141,ȱbutȱitȱisȱnotȱyetȱclearȱwhetherȱorȱnotȱcompensatoryȱplasticityȱoccursȱasȱaȱresult.ȱȱȱ
Currently,ȱbothȱoptogeneticȱproteinsȱandȱsmallȱmoleculeȱphotoswitchesȱtendȱtoȱhaveȱrelativelyȱslowȱkinetics,ȱ
andȱ itȱ isȱnotȱclearȱwhetherȱ theseȱkineticsȱcanȱbeȱ improvedȱwithoutȱeitherȱ lossȱofȱ sensitivityȱorȱusingȱhigherȱ
wavelengthȱregionsȱofȱtheȱspectrumȱwhichȱcanȱcauseȱretinalȱdamageȱatȱhighȱintensities.ȱAlthoughȱmoreȱsensitiveȱ
optogeneticȱproteinsȱwithȱ fasterȱdynamicsȱareȱbeingȱdeveloped142,143,ȱ theyȱstillȱhaveȱrelativelyȱslowȱdynamicsȱ
and/orȱ lowȱ sensitivityȱ comparedȱwithȱnormalȱphotoreceptorȱ responses144,145.ȱSimilarly,ȱwhileȱ smallȱmoleculeȱ
photoswitchesȱhaveȱaȱresponseȱtoȱtheȱonsetȱofȱlightȱthatȱisȱfasterȱthanȱthatȱofȱnormalȱphotoreceptorsȱ(likelyȱdueȱ
toȱtheȱlackȱofȱphototransduction),ȱtheȱreturnȱtoȱgroundȱstateȱforȱcurrentȱremainsȱrelativelyȱslowȱevenȱinȱtheȱmostȱ
recentȱmoreȱrapidȱphotoswitches146.ȱ
Slowȱdynamicsȱdoȱnotȱsimplyȱreduceȱtheȱabilityȱtoȱprocessȱrapidlyȱmovingȱobjects.ȱRather,ȱtheyȱleadȱtoȱmotionȱ
streaksȱ(similarȱtoȱtheȱblurȱseenȱinȱaȱmovingȱcursorȱusingȱaȱsluggishȱmonitor)ȱandȱtherebyȱreduceȱtheȱcontrastȱofȱ
movingȱobjects,ȱespeciallyȱ largerȱobjects.ȱCritically,ȱ thisȱ streakingȱ isȱ inducedȱbyȱallȱ formsȱofȱ retinalȱmotion,ȱ
includingȱthoseȱinducedȱbyȱeyeȱ(orȱcamera)ȱmovements.ȱFigureȱ8ȱshowsȱaȱsimulationȱofȱtheȱexpectedȱperceptualȱ
effectsȱofȱsluggishȱphotokinetics,ȱusingȱtheȱdynamicsȱofȱMWȬOpsinȱusedȱoptogenetically147.ȱFigureȱ8b,ȱcȱshowȱ
theȱcentralȱframesȱofȱaȱmovieȱshowingȱtheȱperceptualȱeffectȱofȱtheseȱsluggishȱtemporalȱdynamics,ȱalsoȱseeȱVideoȱ
1.ȱStationaryȱobjectsȱinȱtheȱscene,ȱsuchȱasȱtheȱfence,ȱareȱalmostȱunaffected.ȱHowever,ȱthereȱareȱsignificantȱmotionȱ
streaksȱ inȱ theȱmovingȱball,ȱ causingȱ itȱ to,ȱ ratherȱdramatically,ȱ almostȱ completelyȱdisappear.ȱ Itȱ canȱ easilyȱbeȱ
appreciatedȱthatȱtheȱdisappearanceȱofȱrapidlyȱmovingȱobjectsȱ(suchȱasȱcars!)ȱraisesȱsignificantȱsafetyȱconcerns.ȱȱ
Experimentȱ4:ȱUsingȱ theȱvideoȱgameȱprotocolȱoutlinedȱabove,ȱweȱwillȱdistortȱ theȱvideoȱstreamȱ inȱrealȱ time,ȱ
simulatingȱtheȱtimeȱcourseȱofȱMWȬOpsinȱusedȱoptogenetically.ȱȱ
Spatialȱresolutionȱandȱfieldȱofȱviewȱwillȱbeȱlimitedȱbyȱtheȱmonitorȱdisplayȱ[63ȱxȱ37ȱdegreeȱdisplay,ȱeachȱpixelȱ
subtendingȱ~1ȱminȱofȱvisualȱangle,ȱcorrespondingȱtoȱaȱdeviceȱsubtendingȱSnellenȱacuityȱofȱ20/20;ȱrisingȱtimeȬ
constantȱtȱ=ȱ100ȱmsec,ȱdecayingȱtimeȱconstantȱt=200ȱmsec,ȱdelayȱofȱ50ȱmsec].ȱȱ
Afterȱvideoȱgameȱtrainingȱwithȱtemporallyȱdistortedȱstimuliȱweȱwillȱonceȱagainȱtestȱvisualȱperformanceȱonȱourȱ
objectȱrecognitionȱtask.ȱWeȱwillȱmeasureȱperformanceȱasȱaȱfunctionȱofȱtheȱretinalȱspatiotemporalȱmotionȱenergyȱ
producedȱbyȱtheȱsceneȱ(dependentȱonȱeyeȬmovements,ȱtheȱspatialȱfrequencyȱcontentȱofȱtheȱsceneȱandȱtheȱpanȱ
speed/zoom)ȱandȱtheȱspatiotemporalȱmotionȱenergyȱofȱtheȱobjectȱ(whichȱalsoȱdifferȱinȱtheirȱspatialȱfrequencyȱ
content,ȱsinceȱtheyȱareȱpresentedȱatȱ5ȱdifferentȱsizes).ȱPerformanceȱshouldȱbeȱparticularlyȱpoorȱwhenȱthereȱareȱ
largeȱamountsȱofȱmotionȱenergyȱatȱlowȱspatialȱfrequenciesȱandȱhighȱtemporalȱfrequenciesȱȬȱcounterintuitivelyȱthisȱ
predictsȱworseȱperformanceȱforȱlargerȱobjects,ȱespeciallyȱforȱfasterȱpanningȱspeeds.ȱWeȱcanȱalsoȱtestȱthisȱpredictionȱinȱtheȱ
FruitȱNinjaȱtaskȱbyȱmeasuringȱfruitȱslicingȱperformanceȱasȱaȱfunctionȱofȱtheȱsizeȱandȱspeedȱofȱtheȱflyingȱfruit.ȱȱ
Weȱwillȱthenȱexamineȱtransferȱtoȱuntrainedȱtemporalȱdistortionsȱbyȱmeasuringȱperformanceȱusingȱaȱtemporallyȱ

reversedȱfilterȱ–ȱi.e.ȱaȱ
filterȱwithȱslowȱonsetȱ
andȱ fastȱ offset.ȱ
Improvementsȱ inȱ
performanceȱthatȱareȱ
specificȱ forȱ theȱ
trainedȱ temporalȱ
filterȱ wouldȱ implyȱ
thatȱparticipantsȱcanȱ
learnȱ toȱ compensateȱ
forȱspecificȱtemporalȱ
distortions.ȱȱ
ȱ
ȱ


