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Word count: Abstract ͵ͳ͸ wordsǡ text Ͷͷͷ͸ wordsǤ ͳͳ 
Purpose: To evaluate the contrast sensitivity of a degenerate retina stimulated by a photovoltaic ͳʹ subretinal prosthesisǡ and assess the impact of low contrast sensitivity on transmission of visual ͳ͵ informationǤ ͳͶ 
Methodsǣ We measure ex-vivo the fullǦfield contrast sensitivity of healthy rat retina stimulated with ͳͷ white lightǡ and the contrast sensitivity of degenerate rat retina stimulated with a subretinal ͳ͸ prosthesis at frequencies exceeding flicker fusion ȋεʹͲ(zȌǤ Effects of eye movements on retinal ͳ͹ ganglion cell ȋRGCȌ activity are simulated using a linearǦnonlinear model of the retinaǤ  ͳͺ 
Resultsǣ RGCs adapt to high frequency stimulation of constant intensityǡ and respond transiently to ͳͻ changes in illumination of the implantǡ exhibiting responses to ONǦsetsǡ OFFǦsetsǡ and both ONǦ and ʹͲ OFFǦsets of lightǤ The percentage of cells with an OFF response decreases with progression of the ʹͳ degenerationǡ indicating that OFF responses are likely mediated by photoreceptorsǤ Prosthetic vision ʹʹ exhibits reduced contrast sensitivity and dynamic rangeǡ with ͸ͷΨ contrast changes required to ʹ͵ elicit responsesǡ as compared to the ͵Ψ ȋOFFȌ to ͹Ψ ȋONȌ changes with visible lightǤ The maximum ʹͶ number of action potentials elicited with prosthetic stimulation is at most half of its natural ʹͷ counterpart for the ON pathwayǤ Our model predicts that for most visual scenesǡ contrast sensitivity ʹ͸ of prosthetic vision is insufficient for triggering RGC activity by fixational eye movementsǤ ʹ͹ 
Conclusionsǣ Contrast sensitivity of prosthetic vision is ͳͲ times lower than normalǡ and dynamic ʹͺ range is two times below naturalǤ Low contrast sensitivity and lack of OFF responses hamper ʹͻ delivery of visual information via a subretinal prosthesisǤ ͵Ͳ 
Financial disclosure: DǤPǤ̵s patents related to retinal prostheses are owned by Stanford University ͵ͳ and licensed to Pixium VisionǤ DǤPǤ is a consultant for Pixium VisionǤ ͵ʹ 
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Introduction ͳ 
Retinal degenerative diseases such as ageǦrelated macular degeneration and retinitis pigmentosa are ʹ among the most common causes of untreatable blindness in the developed worldͳǤ )n these diseasesǡ ͵ the imageǦcapturing photoreceptors degradeǡ while cells in the imageǦprocessing layers of the retina Ͷ can remain relatively intactʹǦͶǡ albeit with sometimes extensive rewiringͷǡ allowing for the possibility ͷ of sight restoration via electrical stimulation of these surviving neuronsǤ The epiretinal approach to ͸ retinal prostheses involves direct stimulation of the retinal ganglion cells ȋRGCsȌ͸ǡ while the ͹ subretinal approach primarily targets the bipolar cell layer͹Ǥ With both approachesǡ prosthetic ͺ systems currently approved for clinical use involve cumbersome implants wired to extraocular ͻ power suppliesǡ necessitating complex surgeriesǤ  ͳͲ 
To address this issueǡ we developed a modularǡ easyǦtoǦimplant photovoltaic subretinal prosthesis ͳͳ system in which power and visual information are delivered directly to each pixel by light projected ͳʹ from video goggles͹ǦͻǤ The light is pulsed to provide biǦphasic chargeǦbalanced stimulationͳͲ required ͳ͵ for electrochemical biocompatibilityǤ Use of a nearǦinfrared wavelength ȋͺͺͲǦͻͳͷnmȌ allows ͳͶ avoiding both photophobic and phototoxic effects of bright illuminationǤ Processing of the visual ͳͷ signal between the camera and the headǦmounted display can be individually tailored to each ͳ͸ patientǤ  ͳ͹ 
A recent study has demonstrated both ex- and in-vivo that the resolution of this implant corresponds ͳͺ to its ͸ͷµm pixel pitchͳͳǤ (oweverǡ it did not address the problem of delivering multiple gray levels ͳͻ to the implantǤ )n the present paperǡ we therefore consider retinal responses to changes in luminance ʹͲ over the arrayǡ comparing the fullǦfield contrast sensitivity of prosthetic stimulation of degenerate ʹͳ rat retina with that of normal vision in healthy retinasǤ Since the contrast sensitivity with subretinal ʹʹ electrical stimulation was found to be much lower than normalǡ we explore through simulations the ʹ͵ implications of this finding for efficient delivery of visual informationǤ  ʹͶ 
)n the case of normal visionǡ the statistics of natural scenesǡ fixational eye movements ȋFEMsȌ and the ʹͷ contrast sensitivity of retinal ganglion cells are all wellǦtuned to each other and enable efficient ʹ͸ 



encoding of the visual signalͳʹǡ ͳ͵Ǥ We show that the reduced contrast sensitivity and lack of OFF ͳ responses in prosthetic vision introduces a mismatch in this encoding machineryǤ We predict that the ʹ majority of FEMs cannot trigger RGC responses with such low contrast sensitivityǡ which could ͵ explain image fading at high stimulation frequencies in patients with subretinal prostheses ͳͶǤ Ͷ 
Methods ͷ 
Implant fabrication ͸ We manufactured photovoltaic arrays on siliconǦonǦinsulator wafers using a sixǦmask lithographic ͹ processǡ as described previouslyͳͷǤ To produce anodicǦfirst pulses of electric currentǡ we reversed the ͺ nǦdoped and pǦdoped regions in the diodes compared to the previous descriptionǤ Photovoltaic ͻ arrays consisted of ͹Ͳ or ͳͶͲ ρm pixelsǡ separated by ͷρm trenchesǤ Each pixel contained two ͳͲ photodiodes connected in series between the active and return electrodes arranged in a hexagonal ͳͳ arrayǤ A resistance between the active and return electrodes helps discharge them between the light ͳʹ pulsesǡ thus achieving charge balanceǤ ͳ͵ 
Electrophysiological recordings ͳͶ We obtained rats with retinal degeneration ȋPͻͲǦͳͶͲǡ n α ͷǢ p͵ͲͲǦͶͲͲǡ n α ʹȌ from a Royal College of ͳͷ Surgeons ȋRCSȌ colony maintained at the Stanford Animal facilityǤ Female LongǦEvans adult WT rats ͳ͸ ȋn α ͶȌ were purchased from Charles River ȋWilmingtonǡ MAǡ USAȌǤ All animals were housed in a ͳʹǦh ͳ͹ lightȀͳʹǦh dark cycle with food and water ad libitumǤ We conducted all experimental procedures in ͳͺ accordance with the Stanford University and University of California Santa Cruz institutional ͳͻ guidelinesǡ and conformed to the guidelines of the Association for Research in Vision and ʹͲ Ophthalmology ȋARVOȌ Statement for the Use of Animals in Ophthalmic and Vision researchǤ  ʹͳ 
The animals were euthanized ȋ͵ͻͲ mgȀml pentobarbital sodiumǡ ͷͲ mgȀml phenytoin sodiumȌ ʹʹ before one eye was enucleatedǤ We isolated a small piece of retina ȋ̱͵x͵mmȌ and placed it on the ʹ͵ ͷͳʹǦelectrode recording arrayͳ͸ ganglion cell side downǤ We recorded from one piece of retina per ʹͶ animalǤ The photovoltaic array was then placed on top of the retinaǡ simulating a subretinal ʹͷ 



placement in-vivo7Ǥ We ensured good contact between the retina and the stimulating and recording ͳ arrays by carefully pressing down on the implant with a plastic meshǤ We perfused the retina with ʹ Ames solution ȋSigmaǦAldrichȌ saturated in oxygen and kept at ʹ͹ιCǤ Voltage waveforms were ͵ sampled and recorded at ʹͲk(z on each of the ͷͳʹ electrodes of the recording arrayͳ͸Ǥ Ͷ 
Visual stimulation ͷ For evaluation of prosthesisǦmediated visionǡ we activated the photovoltaic array using a nearǦ͸ infrared ȋN)RȌ projection systemǡ which consisted of a polarizationǦscrambled array of N)R ȋͺͺͲ nmȌ ͹ laser diodes coupled into a ͶͲͲ ρm multimode fiber ȋDilas MͳFͶSʹʹǦͺͺͲǤ͵Ǧ͵ͲCǦSSʹǤͳȌǤ We ͺ collimated the laser beam at the output of the fiber and used a ʹι divergence microlens array diffuser ͻ to improve beam homogeneityǤ The beam was projected onto the implant via the camera port of an ͳͲ inverted microscope ȋOlympus )XǦ͹ͳǡ ͷx objectiveȌǤ We controlled the timingǡ width and amplitude of ͳͳ the light using a National )nstruments USBǦ͸͵ͷ͵ data acquisition card and custom softwareǤ ͳʹ 
For evaluation of the natural responses to visible lightǡ we projected the optically minified image of a ͳ͵ ͳͷǯǯ CRT screen ȋmodel Sony CPDǦEͳͲͲȌ on the photoreceptor layer of a healthy retina through the ͳͶ camera port of the inverted microscopeǤ We modulated the light intensity over the full field using ͳͷ randomized light pulses drawn so as to keep a mean luminance level corresponding to ͲǤͷ of the ͳ͸ maximum brightness over the duration of the stimulusǤ The light flux at the ͲǤͷ gray background level ͳ͹ was equivalent to ͳͻǡͲͲͲ photonsȀumʹȀs produced by a monochromatic source of wavelength ͷͳͷ ͳͺ nmǤ Each intensity step lasted ͲǤͷ second before a ͲǤͷ secondǦlong step to the following intensity ȋFigǤ ͳͻ ͳAȌǤ We kept intensities between the ͲǤͷǦͲǤͶͺ α ͲǤͲʹ and ͲǤͷΪͲǤͶͺ α ͲǤͻͺ levelsǡ which correspond to ʹͲ the limits of the range of intensities over which we are able to modulate the pixels intensity on the ʹͳ CRT linearlyǤ We used n α ͳͲͲ trials for each intensity value in order to detect deviations from the ʹʹ spontaneous firing rate that are half its standard deviation or largerǡ with a P value of ͲǤͲͳ and a ʹ͵ statistical power of ͲǤͺǡ for which a minimum of n α ͻͶ trials is requiredͳ͹Ǥ  ʹͶ 
For evaluation of responses to prosthetic stimulationǡ we used a carrier waveform consisting of ʹͲ ʹͷ (zǡ Ͷ ms pulses of N)R lightǤ We modulated the envelope of the carrier waveform using a square wave ʹ͸ consisting of a ͲǤͷ secondǦlong maximum value of ʹǤͷ mWȀmmʹ ȋͳͶͲρm pixelsȌ or ͷmWȀmmʹ ȋ͹Ͳρm ʹ͹ 



pixelsȌ followed by a ͲǤͷ secondǦlong OFF value randomly selected from a preǦdetermined list of ͳ values between Ͳ and the maximum intensity ȋFigǤ ͳBȌǤ We used n α ͳͷͲ trials for each intensity ʹ valueǡ in order to maintain adequate statistical power with increased noise levels due to electrical ͵ stimulationǤ  Ͷ 
)n addition to fullǦfield light intensity stepsǡ we stimulated the WT retinas with a spatioǦtemporal ͷ white noiseǡ which allowed us to calculate spike triggered average ȋSTAȌ response of the detected ͸ RGCsͳͺǤ Time dependence of the calculated STAs was used to classify cells into ONǦcenter and OFFǦ͹ center typesͳͻǤ The spatiotemporal monochromatic white noise stimulus consisted of ͳͲͲ x ͸Ͳ ͺ square pixels with each pixel ͹Ͳ ρm on a sideǡ refreshed every ͵͵Ǥ͵͵ msǤ We randomly set the ͻ relative intensity level for each pixel in each frame above or below the ͲǤͷ mean background level at ͳͲ ͲǤͷ ά ͲǤͶͺǤ The corresponding contrastǡ ȋ)max Ǧ )minȌȀȋ)max Ϊ )minȌǡ was therefore ͻ͸Ψǡ where )max and ͳͳ )min are the maximum and minimum intensitiesǡ respectivelyǤ ͳʹ 
Data analysis ͳ͵ For prosthetic stimulation dataǡ we initially subtracted stimulation artifacts from the raw voltage ͳͶ traces recorded on the electrode array and subsequently analyzed the data using customǦwritten ͳͷ softwareͳ͸Ǥ We estimated electrical stimulation artifacts by averaging their shape over many ȋͳͲͲΪȌ ͳ͸ trialsǤ The average artifact shape was subsequently aligned to the raw recordings and pointwise ͳ͹ subtracted from themǤ This method was sufficient for removal of the artifact immediately following ͳͺ the pulseǡ but often insufficient for the artifact removal during the light pulseǡ therefore we blanked ͳͻ this phase during processing of the recordings ȋFig ͳCǦDȌǤ As a consequenceǡ all possible direct ʹͲ stimulation of the RGCs ȋlatency ζ ͳmsʹͲȌ was ignored in our analysisǤ  ʹͳ 
We performed action potential detection by thresholding the artifactǦremoved dataǤ All action ʹʹ potential waveforms were aligned to the time of maximum deflection from baselineǡ and we ʹ͵ performed dimensionality reduction on the waveforms by principal component analysisǡ prior to ʹͶ expectationǦmaximization clusteringͳ͸ǡ ʹͳǤ For each putative neuronǡ we calculated the ʹͷ electrophysiological image ȋE)Ȍ of the neuronǡ iǤeǤ the average voltage waveform recorded on the ʹ͸ whole multielectrode array when the neuron produced an action potentialʹʹǦʹͶǤ We discarded ʹ͹ 



neurons exhibiting abnormal E)s from the analysisǡ as well as neurons for which violations of the ͳ refractory period occurred within the action potential trainǤ Finallyǡ we removed neurons with the ʹ same E) from the analysisǡ as they correspond to redundant detections of a single neuron over ͵ multiple electrodesǡ and only the putative neuron with the largest action potential count was keptǤ Ͷ The neuron selection process is described in more details in the literature͹ǡ ͳͳǤ ͷ 
For each contrast stepǡ we constructed peristimulus time histograms ȋPST(sȌ by binning action ͸ potentials over ͷ ms periods and averaging over ͳͲͲ ȋvisibleȌ or ͳͷͲ ȋprosthesisȌ trialsǤ We used the ͹ Michelson definition for contrast ȋ)post Ȃ )preȌȀȋ)post Ϊ )preȌǡ where )pre is the luminance ȋor peak ͺ intensity for prosthetic stimulationȌ pre contrast step and )post is the luminance post contrast stepǤ ͻ We defined the steadyǦstate retinal activity as the firing rate over the ͵ͲͲǦͷͲͲ ms period postǦͳͲ stimulusǤ For visible light stimulationǡ we compared the steadyǦstate activity to the activity in the ͷͲǦͳͳ ͳͷͲ ms following each contrast stepǤ The amplitude of the response was quantified as the positive ͳʹ variation from steadyǦstate activity in number of action potentialsǤ For prosthetic stimulationǡ latency ͳ͵ of the elicited action potentials was shorter than for visual stimulation͹ǡ likely because electrical ͳͶ stimulation bypasses the slow phototransduction cascadeǤ Thereforeǡ steadyǦstate activity was ͳͷ compared to the activity in the ͷǦͳͲͲ ms following each contrast stepǤ All neurons that did not ͳ͸ respond to at least one value of contrast change with an average of ͲǤͷ action potential elicited per ͳ͹ trial were considered nonǦresponsive and were discarded from the analysisǤ We included in the ͳͺ analysis the experimental preparations in which at least ͳͲ RGCs underneath the implant responded ͳͻ to ͳͲͲΨ contrast steps over the fullǦfieldǤ ʹͲ 
For each neuronǡ we plotted the number of elicited action potentials vsǤ amplitude of the contrast ʹͳ step and fitted the resulting curves with two generalized sigmoid functionsǡ one for the OFF ʹʹ component of the response and the other for the ON componentǡ such thatǣ  ʹ͵ 
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We defined the stimulation threshold as a ͷͲΨ probability of eliciting an action potentialǡ as ͳ estimated from the generalized sigmoid fitǤ We classified neurons that responded primarily to ʹ luminance increments with prosthetic stimulation as electrical ON cellsǡ neurons that responded ͵ primarily to luminance decrements as electrical OFF cells and neurons that responded to both Ͷ luminance increments and decrements as eONǦOFF cellsǤ The classification was based on three ͷ ranges of the ratio of maxȋON responseȌȀmaxȋOFF responseȌǣ δͳȀ͵ Ȃ eOFFǡ ȏͳȀ͵ǡ ͵Ȑ Ȃ eONǦOFF and ͸ ε͵ Ȃ eONǤ ͹ 
Results ͺ 
RGC responses to contrast steps ͻ 
)n normal retinaǡ visual information is transduced by the photoreceptorsǡ further processed in the ͳͲ inner nuclear layer and ultimately transmitted to the RGCsǡ which relay it to the brainǤ The receptive ͳͳ fields of different RGC types form complementary mosaics over the retinal surfaceͳͻǡ ʹͷǦʹͺǤ Very ͳʹ generallyǡ RGCs respond to changes in luminance by generating action potentials in response to light ͳ͵ increments ȋONǦ cellsȌǡ or decrements ȋOFFǦ cellsȌǡ or both increments and decrements in ͳͶ illumination ȋONǦOFF cellsȌʹͻǤ )n this study we did not classify RGCs by their directionǦofǦmotion or ͳͷ objectǦmotion selectivity͵Ͳǡ ͵ͳǤ ͳ͸ 
To measure contrast sensitivity of the healthy ȋwildǦtypeǡ Long Evansǡ WTȌ rat retinaǡ we projected ͳ͹ fullǦfield visible light steps of varying amplitude on the photoreceptor layerǤ We projected similar ͳͺ patterns on a photovoltaic implant pressed on the photoreceptor side of WT and degenerate ȋRoyal ͳͻ College of Surgeonsǡ RCSȌ rat retina using high frequency near infrared ȋN)RȌ illumination ȋMethods ʹͲ and FigǤ ͳȌǤ We recorded from n α ͵͸Ͳ neurons for visible light stimulation of the WT retinaǡ n α ͹ͷ ʹͳ neurons for prosthetic stimulation of the WT retinaǡ n α ͻͳ neurons for prosthetic stimulation of the ʹʹ PͻͲǦͳͶͲ RCS retina using ͹Ͳ ρm pixel size implantsǡ n α ͸ͷ neurons for prosthetic stimulation of the ʹ͵ PͻͲǦͳͶͲ RCS retina using ͳͶͲ ρm pixel size implants and n α ʹͺ neurons for prosthetic stimulation of ʹͶ the P͵ͲͲǦͶͲͲ RCS retina using ͳͶͲ ρm pixel size implantsǤ Responses to both visible light stimulation ʹͷ and nearǦinfrared stimulation could be classified as ONǡ OFF or ONǦOFF ȋMethods and FigǤ ʹȌǤ We will ʹ͸ 



denote visible light responses as vON ȋFigǤ ʹBȌǡ vONǦOFF ȋFigǤ ʹCȌ and vOFF ȋFigǤ ʹDȌ in the rest of ͳ the text in order to distinguish them from their prosthetic counterpartsǡ electrical eON ȋFigǤ ʹEȌǡ eONǦʹ OFF ȋFigǤ ʹFȌ and rareǡ weak eOFF ȋFigǤ ʹGǡ n α ͻȀ͹ͷ neurons for WT retina and n α ʹȀͳͺͶ neurons ͵ for RCS retinaȌǤ  Ͷ 
Responses to prosthetic stimulation exhibited shorter latencies than responses to visible light ͷ ȋtypical latency of ͷǦͳͲͲms following the contrast stepǡ as compared to latencies of ͷͲǦͳͷͲms for ͸ visible light stimulationȌǡ likely because prosthetic stimulation bypasses the slow phototransduction ͹ cascade͹Ǥ The ratio of prosthetic stimulation thresholds between ONǦcenter and OFFǦRGCs in WT ͺ retinas was ͳǤʹͶ ά ͲǤ͵ͳ ȋmean ά SEMȌǡ not substantially different between the two cell classesǤ  ͻ 
The proportion of eONǡ eOFF and eONǦOFF responses varied significantly between healthy and ͳͲ degenerate animals as well as between RCS animals at different stages of degenerationǤ For WT ͳͳ animalsǡ purely eON responses accounted for ͵ʹΨ of the responsive neurons we recorded fromǤ For ͳʹ pͻͲǦͳͶͲ RCS animalsǡ this fraction went up to ͸ͺΨ and for p͵ͲͲǦͶͲͲ animalsǡ ͺͻΨ of the responses ͳ͵ to electrical stimulation did not have any OFF component anymore ȋTable ͳȌǤ )n the WT retinaǡ ͳͶ among OFFǦcenter RGCs ȋidentified from a binary white noise stimulusǡ MethodsȌǡ ͷ͸Ψ responded as ͳͷ purely eONǡ while ʹʹΨ responded as eONǦOFF and ʹʹΨ as eOFF cellsǤ ONǦcenter RGCs responded ͳ͸ primarily ȋͺ͵ΨȌ as eONǦOFF cellsǡ with another ͳͶΨ responding as eON cells and the other ͵Ψ ͳ͹ responding as eOFF cells ȋTable ʹȌǤ  ͳͺ 
The reduction in the fraction of eOFF responses with time indicates photoreceptor involvement in ͳͻ their generationǤ (istological analysis of the WT and RCS retina ȋFigǤ ͵Ȍ reveals that while the ʹͲ photoreceptor outer segments have degenerated by PͻͲ in the RCS retinaǡ a significant fraction of the ʹͳ photoreceptor somas remainǡ which could account for the remaining eOFF responses at PͻͲǤ At PͶͲͲǡ ʹʹ the photoreceptor somas are virtually all goneǡ as is the eOFF component of the responseǤ ʹ͵ 
Contrast sensitivity of the retinal response to prosthetic stimulation ʹͶ Plotting the mean population response to contrast steps ȋFigǤ ͶȌ reveals two striking features of ʹͷ prosthetic visionǡ compared to natural light responsesǣ ȋaȌ dynamic range of the responses is ʹ͸ 



considerably reduced and ȋbȌ very large contrast steps are required to elicit reliable responses in the ͳ RGCsǤ  ʹ 
We defined stimulation thresholds as a ͷͲΨ probability of eliciting an action potential͹ǡ ͳͳǡ ͵ʹǡ ͵͵ ͵ ȋMethodsȌǤ For visible light stimulationǡ the mean stimulation threshold was ͹Ψ positive contrast for Ͷ vON cellsǡ and ͵Ψ negative contrast for vOFF cellsǤ When stimulating pͻͲǦͳͶͲ and p͵ͲͲǦͶͲͲ RCS ͷ retina with either ͹Ͳρm or ͳͶͲρm pixel size implantsǡ stimulation threshold was measured to be ͸ between ͷ͸Ψ ȋp͵ͲͲǦͶͲͲ RCS retinaǡ ͳͶͲρm pixelsȌ and ͹ͲΨ ȋpͻͲǦͳͶͲ RCS retinaǡ ͳͶͲρm pixelsȌ ͹ contrastǤ Maximum amplitude of the response was on average ͵Ǥ͸ action potentials per contrast step ͺ for vON responses of the WT retina and ͹Ǥʹ action potentials per contrast step for vOFF responses ͻ ȋFigǤ ͶAȌǤ Amplitude of the response was significantly reduced with prosthetic stimulation of ͳͲ degenerate tissueǡ with only ͳǤʹ action potentials per contrast step for stimulation of pͻͲǦͳͶͲ RCSǡ in ͳͳ the eON responseǤ Since eOFF and eONǦOFF responses in degenerate tissue largely disappear at the ͳʹ later phases of degenerationǡ we will ignore the few neurons that were detected as eOFF or eONǦOFF ͳ͵ in RCS tissue in further analysisǤ ͳͶ 
We did not observe a significant change in contrast sensitivity thresholds or amplitude of the ͳͷ response of RCS retina to prosthetic stimulation with age ȋFigǤ ͶCǡ DǢ P α ͲǤʹͳ and P α ͲǤʹ͹ for a ͳ͸ change in contrast sensitivity and amplitudeǡ respectivelyǡ twoǦsample KS testȌǡ or with the size of the ͳ͹ stimulating pixel ȋFigǤ ͶBǡ CǢ P α ͲǤ͸͸ǡ twoǦsample KS testȌǣ ͳǤʹ action potentials were elicited per ͳͺ contrast step in pͻͲǦͳͶͲ RCS retina with both ͹Ͳ andͳͶͲρm pixelsǡ and ͳǤͷ action potentials elicited ͳͻ in p͵ͲͲǦͶͲͲ RCS retina with ͳͶͲρm pixelsǤ This result suggests that while pixel size affects ʹͲ stimulation thresholdsͺǡ ͵Ͷǡ it might not influence significantly the contrast sensitivity once the ʹͳ irradiance is modulated around a constant adaptation level far above stimulation thresholdǤ ʹʹ 
Delivering visual information with a subretinal prosthesis ʹ͵ Visual perception of brightness is determined primarily by local spatioǦtemporal contrast of the ʹͶ visual stimulus ͳ͵ǡ ͵ͷǡ ͵͸Ǥ During visual fixation of a static sceneǡ the retina locally adapts to the average ʹͷ luminance over the course of a few hundred milliseconds͵͹Ǥ RGCs then respond to local changes in ʹ͸ contrast triggered by ocular movements such as microsaccadesǡ drift and ocular tremorǤ )t has been ʹ͹ 



hypothesized that ocular movements prevent perceptual fading by continuously stimulating neurons ͳ that respond transiently to stimuli͵ͺ and contribute to encoding of visual scenesͳ͵Ǥ  ʹ 
Fixational eye movements ȋFEMsȌ transform static spatial modulation in luminance in images into ͵ temporal modulation of luminance on the retinaǤ Recent studiesͳʹǡ ͳ͵ have shown that the statistical Ͷ properties of FEMs are well tuned to the statistics of natural scenes and perform whitening of spatial ͷ frequencies below ͵Ͳ cycles per degree Ȃ the resolution limit of a typical human eyeǤ Contrast ͸ sensitivities of RGCs areǡ in turnǡ well adapted to the resulting spatioǦtemporal patterns of light on ͹ the retinaǡ producing robust RGC responsesǤ Prosthetic vision exhibits much lower fullǦfield contrast ͺ sensitivity and a lack of OFF responsesǡ which is likely to disrupt these finely tuned fixational ͻ mechanismsǤ  ͳͲ 
To illustrate the effect of reduced contrast sensitivity on the ability of the retina to encode visual ͳͳ informationǡ we considered a ͳǦdimensional step in intensity ȋFigure ͷAǡ top panelȌ and estimated ͳʹ the contrast between the light pattern and the static component of the retinal image caused by visual ͳ͵ fixation ͳʹǤ This static componentǡ the local average luminanceǡ was obtained by convolution of the ͳͶ light step with a blurring kernel defined by the distribution of eye movements ȋFigure ͷAǡ middle ͳͷ panelȌǤ The underlying assumption is that the amplitude of FEMs determines the spatial scale over ͳ͸ which the average luminance on the retina is determinedǤ Amplitude of the blurring kernel decreases ͳ͹ proportionally to one minus the cumulative distribution function of microsaccades ͵ͻ and the ͳͺ probability distribution function of microsaccade amplitude is modeled as a gamma distributionǡ ͳͻ with shape parameter ʹ and scale parameter ͲǤͳͷǏǤ  ʹͲ 
The maximum positive contrast between a step pattern and its local average luminance is ͳȀ͵ǡ ʹͳ independently of the width of the blurring kernel ȋFigure ͷAǡ lower panelȌǡ much lower than the ʹʹ contrast stimulation threshold with prosthetic visionǤ Large lateral displacements of the pattern Ȃ on ʹ͵ the order of the size of the blurring kernel Ȃ are required to cause a ͸ͲΨ change in local contrastǤ )n ʹͶ other wordsǡ only large and rare microsaccadic eye movements can trigger a sufficient change in ʹͷ luminance for eliciting retinal activityǤ  ʹ͸ 



To guarantee that any displacement of the image will trigger an ON response in a system with ͳ contrast sensitivity cǡ a binary image should be at least locally x-sparseǡ where x = (1-c)/(1+c) on the ʹ spatial scale of the luminance averagingǤ )n the ͳǦdimensional caseǡ a thin line meets this criterion ͵ ȋFigure ͷBȌǡ so any small displacement of the pattern can introduce sufficient changes in the local Ͷ contrast to trigger a responseǤ For prosthetic vision with contrast sensitivity thresholds around ͸ͲΨǡ ͷ this criterion means that binary images should be at least locally ʹͷΨ sparse to efficiently deliver ͸ visual informationǤ The more images deviate from this criterionǡ the less retinal activity will be ͹ elicited by the temporal changes in luminance produced by FEMsǤ  ͺ 
Most static visual scenes in generalǡ and natural scenes in particularǡ fail to meet such a local sparsity ͻ constraintǤ We exemplified this by simulating the response of prosthetic vision to natural images ͳͲ ȋFigure ͸Ȍ using a convolutional linearǦnonlinear ȋLNȌ model of RGCsͶͲǡ ͶͳǤ After blurring the image by ͳͳ convolution with the eye movement kernel ȋsecond column in Figure ͸Ȍǡ we calculated the contrast ͳʹ between the static component of the retinal image and the natural scene ȋFigure ͸ǡ third columnȌǤ ͳ͵ Previously experimentally measured contrast sensitivity curves were used to convert the local ͳͶ contrast into RGC firing rates ȋFigure ͸ǡ fourth columnȌǤ With a complete characterization of the ͳͷ spatial dependence of contrast sensitivity of prosthetic visionǡ this model could be expanded to take ͳ͸ into account the multiple spatial scales present in visual scenes and could lead to more accurate ͳ͹ predictionsǤ ͳͺ 
For simulation of normal visionǡ we used an image with the spatial resolution of the fovea ȋͷρm pixel ͳͻ pitch on the retinaǡ Figure ͸AȌǤ For simulation of prosthetic responsesǡ images were first downǦʹͲ sampled by the pixel size in order to reflect the expected spatial resolution of the implantͳͳǤ ʹͳ Thereforeǡ we used a ͷͲρm and a ͳͷͲρm square lattice sampling density and contrast sensitivity ʹʹ curves as measured with the prosthesis ȋFigure ͸ B and CȌǤ )n the case of natural visionǡ this simple ʹ͵ model predicts strong responses localizedǡ as expectedǡ around the edges and textured areasǤ ʹͶ (oweverǡ in the case of prosthetic visionǡ it predicts an almost no responses due to its poor contrast ʹͷ sensitivity to ON stimulation and lack of OFF responsesǤ  ʹ͸ 
Discussion ʹ͹ 



Bypassing the photoreceptors with subretinal electrical stimulation has strong implications on ͳ contrast sensitivity and dynamic range of prosthetic visionǤ Light stimulation of the photoreceptors ʹ leverages a finely tuned amplification cascade that can trigger responses to very dim illumination ȋa ͵ few photons onlyǡ Ͷʹǡ Ͷ͵Ȍǡ or to minute changes in contrastͶͶǤ Prosthetic subretinal stimulation of the Ͷ inner nuclear layer in the degenerate retina elicits responses withǡ at bestǡ twice smaller amplitude ͷ and ten times lower contrast sensitivity than normalǤ  ͸ 
While electrical stimulation of the healthy retina exhibits at least three types of responses to contrast ͹ steps ȋeONǡ eOFF and eONǦOFFȌǡ the eOFF component can be explained by electrical stimulation of ͺ the photoreceptor layerǤ )f only photoreceptorsǡ bipolar and retinal ganglion cells were involved in ͻ the response to fullǦfield contrast stepsǡ electrical stimulation of the photoreceptors should ͳͲ depolarize themǡ thereby triggering action potentials and therefore apparent ON response in the OFF ͳͳ pathway at the onset of electrical stimulationǤ When electrical stimulation stopsǡ the photoreceptors ͳʹ should hyperpolarize againǡ causing an electrical OFF response in the ON pathway this timeǤ With ͳ͵ fullǦfield stimulation of the rat retinaǡ additional amacrine cellǦmediated network effects further ͳͶ complicate the responseǤ This makes it difficult to pharmacologically dissect the mechanisms behind ͳͷ the electrical OFF responseǤ (oweverǡ its progressive and almost complete disappearance with ͳ͸ advancing degenerationǡ correlated with disappearance of the photoreceptors in the RCS retinaǡ ͳ͹ strongly indicates that it is indeed mediated by photoreceptorsǤ  ͳͺ 
We did not observe a difference in contrast sensitivity between implants with ͹Ͳρm and ͳͶͲρm ͳͻ pixelsǡ indicative that while stimulation thresholds are affected by pixel sizeͺǡ ͵Ͷǡ the contrast ʹͲ sensitivity function itself does not change once the retina adapts to aboveǦthreshold stimulation ʹͳ levels at high frequency ȋεʹͲ(zȌǤ The contrast sensitivity we measured matches values previously ʹʹ observed inǦvivo͵Ͷǡ andǡ importantlyǡ it did not decline with age of the degenerate retinas ȋpͻͲǦͳͶͲ ʹ͵ vsǤ p͵ͲͲǦͶͲͲȌ despite the expected changes in the retinal networkͶͷǤ ʹͶ 
Subretinal stimulation preserves a few important features of retinal signal processingǡ such as flicker ʹͷ fusion and transient responses to slower changes in luminanceǡ as well as nonǦlinear integration ʹ͸ across subunits of RGCs with large receptive fieldsͳͳǤ (oweverǡ disappearance of the electrical OFF ʹ͹ 



responses means that both the ON and OFF pathways are activated simultaneouslyǡ a very unnatural ͳ stimulation paradigmǤ )ndiscriminate activation of all the cells in the inner nuclear layer is likely to ʹ contribute to reduced contrast sensitivity since both excitatory bipolar and inhibitory amacrine cells ͵ could be driven by the prosthesisǤ )t remains unclear how this phenomenon affects phosphene Ͷ perceptionǡ since current clinical trials with subretinal prosthesis demonstrated that patients see ͷ phosphenes primarily as light rather than dark flashesǡ and can perceive patterns of stimulationͳͶǤ ͸ 
The fullǦfield measurements of contrast sensitivity we conducted do not take into account contrast ͹ improvements at higher spatial frequencies due to centerǦsurround effects in normal visionͶ͸Ǥ )t is ͺ reasonable to expect this effect to be less pronounced with a subretinal prosthesis than with normal ͻ vision since horizontal cells responsible for part of the centerǦsurround effects in the retina are ͳͲ thought to only synapse directly onto photoreceptors which disappear with degenerationǡ and not ͳͳ bipolar cellsͶ͹Ǥ Thereforeǡ only lateral inhibition from the amacrine cells should be able to contribute ͳʹ to centerǦsurround effects with subretinal prosthetic stimulationǤ  ͳ͵ 
Contrast sensitivity of the system with patterned stimulationͶͺǡ LoudinʹͲͲ͹ is also strongly affected by ͳͶ configuration of the return electrodesǡ and implants with distant returns exhibit significantly lower ͳͷ electrical contrasts as compared to implants with local returnsǡ such as those used in this studyǤ ͳ͸ 
Making predictions about the human visual system based on measurements with a degenerate rat ͳ͹ retina is difficultǡ given the major differences between the visual systems of the two speciesǤ The ͳͺ midgetǡ parasol and small bistratified cells that dominate the human visual pathwaysͶͻ have no ͳͻ anatomical equivalence in ratǤ )t is possible that the magnocellularǦprojecting parasol cells would ʹͲ have higher contrast sensitivities than the values we observed in ratsǤ )n additionǡ differences in the ʹͳ rate and extent of retinal degeneration between humans and various animal models make it even ʹʹ more difficult to predict responses to electrical stimulation in human patientsǤ  ʹ͵ 
An important consequence of the reduced contrast sensitivity and lack of OFF responses with ʹͶ prosthetic vision is that efficiency of fixational eye movements for image refreshing and prevention ʹͷ of perceptual fadingͳ͵ǡ ͵ͺ is greatly diminishedǡ compared to natural visionǤ While it is possible to ʹ͸ deliver information with relatively high spatial content through the implantͳͳǡ most static visual ʹ͹ 



scenes are not sparse enough to elicit responses in RGCs with FEMs aloneǤ This phenomenon could ͳ be responsible for the perceptual fading at high stimulation frequencies reported in patients with the ʹ subretinal implant AlphaǦ)MSǡ when FEMs which appear normal with the implant turned onͷͲ would ͵ be expected to trigger retinal responsesǤ Patients prefer stimulation frequencies not exceeding ͹ (zͷͲǡ Ͷ 
ͷͳ Ȃ well below the flicker fusion frequencyǡ so the pulses introduce strong temporal contrast in the ͷ visual patternǤ Lack of contrast sensitivity appears to be an important limitation of subretinal ͸ prosthetic devices that can strongly impede their ability to deliver visual information efficiently to ͹ the brainǤ This could be partially mitigated by preǦprocessing of the images between the camera and ͺ the implantǡ which by increasing local image sparsity could bring local contrast above stimulation ͻ thresholdsǤ ͳͲ 
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Figures and tables ͳ 
Figure 1: Stimulation protocol. ȋAȌ With visible illuminationǡ contrast steps are presented using ʹ continuous illuminationǤ ȋBȌ Prosthetic stimulation consists of contrast steps with the same envelope ͵ modulating a ʹͲ(z train of nearǦinfrared pulsesǤ ȋCȌǡ ȋDȌ Voltage traces from two different Ͷ electrodesǤ Note that the periodic ǲquietǳ regions in these traces coincide with the removed ͷ stimulation artifacts during which information about the waveform was lost due to amplifier ͸ saturationǤ ȋCȌ Two neurons were detected on this electrodeǡ one of which ȋlarger amplitude action ͹ potentialsȌ responded transiently to the positive contrast step while the other ȋsmaller action ͺ potentialsȌ did not respond to stimulationǤ ȋDȌ On this electrodeǡ neurons transiently respond both to ͻ the positive and the negative contrast stepsǤ  ͳͲ  ͳͳ 
Figure 2: Single-unit responses to contrast steps. ȋBȌ vONǡ ȋCȌ vONǦOFF and ȋDȌ vOFF responses to ȋAȌ ͳʹ fullǦfield contrast steps observed with visible light in the WT retinaǤ Neurons responded to both high ͳ͵ and low contrast stepsǤ Similar ȋEȌ eONǡ ȋFȌ eONǦOFF and weak ȋGȌ eOFF responses observed with ͳͶ electrical stimulation in the degenerate RCS retinaǤ With electrical stimulationǡ neurons did not ͳͷ respond to lower contrast stepsǤ The periodic gaps in the histograms are due to electrical stimulation ͳ͸ artifactsǡ which prevent detection of action potentials during the stimulation pulsesǤ ͳ͹  ͳͺ 
Figure 3: Histological analysis of the RCS rat retina. ȋAȌ )n the healthy WT retinaǡ photoreceptor outer ͳͻ segments ȋOSȌ transduce light and modulate the membrane potential of photoreceptor somas located ʹͲ in the outer nuclear layer ȋONLȌǤ Photoreceptors transmit neural information to cells in the inner ʹͳ nuclear layer ȋ)NLȌǡ which then relay it to the ganglion cells ȋGCLȌǤ ȋBȌ )n the PͻͲ RCS retinaǡ the ʹʹ outer segments have been replaced by debrisǡ and only a fraction of the photoreceptors somas ʹ͵ remain in the )NLǤ ȋCȌ At PͶͲͲǡ all the photoreceptor somas are gone from the RCS retina and only ʹͶ the )NL and GCL remainǤ Scale barǣ ͷͲρmǤ ʹͷ  ʹ͸ 



Figure 4: Mean population responses to contrast steps. ȋAȌ WT responses to visible full field light steps ͳ could broadly be classified into vON ȋredȌǡ vOFF ȋblueȌ and vONǦOFF ȋpurpleȌ responsesǤ The black ʹ dashed line outlines the stimulation thresholdǡ defined as a ͷͲΨ probability of eliciting an action ͵ potential correlated with the contrast stepǤ On averageǡ ON cells responded to contrast increments Ͷ greater than ͹Ψǡ while OFF cells responded to contrast decrements as small as ͵ΨǤ ȋBȌ Photovoltaic ͷ stimulation of pͻͲǦͳͶͲ RCS retina with ͹Ͳρm pixel implants requires ͸͹Ψ contrast steps to elicit ͸ responses in the RGCsǤ Maximum amplitude of the response is lower than with visible light in the WT ͹ retinaǤ Contrast sensitivity curves are very similar with ȋCȌ ͳͶͲρm pixels used to stimulate pͻͲǦͳͶͲ ͺ RCS retina and ȋDȌ in advanced stages of retinal degeneration ȋp͵ͲͲǦͶͲͲ RCS ratsȌǤ Confidence band ͻ represents the standard error of the meanǤ ͳͲ  ͳͳ 
Figure 5: Effect of reduced contrast sensitivity on perception of 1-dimensional patterns. The average ͳʹ local luminance is estimated by convolving the light pattern ȋtop rowȌ with a blurring kernel defined ͳ͵ by the distribution of eye movements ȋmiddle rowȌǤ The resulting local contrast is estimated and ͳͶ compared to fullǦfield contrast stimulation thresholds ȋbottom rowȌǤ Red shaded areaǣ above ͳͷ threshold for prosthetic stimulationǢ blue shaded areaǣ above threshold for visible light stimulationǤ ͳ͸ ȋAȌ )n the case of a stepǡ the local contrast between the image and the average local luminance is ͳ͹ below the threshold for infinitesimal eye movements ȋsolid green lineȌǤ Only large displacements of ͳͺ the visual scene will result in a sufficiently large contrast between the average local luminance and ͳͻ the visual scene to trigger responses ȋdashed green lineǡ corresponding to a ͻͲ ρm lateral ʹͲ displacement also indicated on the blurring kernelȌǤ ȋBȌ )n the case of a lineǡ the pattern is sparse ʹͳ enough to provide contrast exceeding stimulation threshold for both natural and prosthetic vision ʹʹ even with small image displacementsǤ ʹ͵  ʹͶ 
Figure 6: Prosthetic response to a natural scene. ȋAȌ Local contrast changes in a natural scene are large ʹͷ enough to elicit robust RGC responses with normal visionǤ With prosthetic stimulation they are ʹ͸ insufficient to enable image refresh through microsaccades for implants with both ȋBȌ ͷͲρm pixels ʹ͹ and ȋCȌ ͳͷͲρm pixelsǤ  ʹͺ 



Tables ͳ  ʹ 
 WT RCSǡ pͻͲǦͳͶͲ RCSǡ p͵ͲͲǦͶͲͲ
eON ͵ʹΨ ͸ͺΨ ͺͻΨ
eON-OFF ͷ͸Ψ ͵ͲΨ ͹Ψ
eOFF ͳʹΨ ʹΨ ͶΨ
Cell count ͹ͷ ͳͷ͸ ʹͺTable ͳǣ Prevalence of eON, eOFF and eON-OFF responses in different animal models. ͵  Ͷ 
 OFFǦcenter ONǦcenter
eON ͷ͸Ψ ͳͶΨ
eON-OFF ʹʹΨ ͺ͵Ψ
eOFF ʹʹΨ ͵ΨTable ʹǣ Mapping visible light responses to prosthetic responses.  ͷ 
 ͸ 
  ͹ 
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