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Abstract

Background: Visual cortical prostheses (VCPs) htheepotential to restore visual function to patsent
with acquired blindness. Successful implementanioCPs requires the ability to reliably map the

location of the phosphene produced by stimulatioeach implanted electrode.

Objective: To evaluate the efficacy of differenpamaches to phosphene mapping and propose simple

improvements to mapping strategy.

Methods: We stimulated electrodes implanted irvibeal cortex of five blind and fifteen sighted
patients. We tested two fixation strategies, unimadfixation, where subjects placed a single infileger
on a tactile fixation point and bimanual fixatiavhere subjects overlaid their right index fingeeotheir
left on the tactile point. In addition, we compagdasolute mapping in which a single electrode was
stimulated on each trial, and relative mapping wihjuences containing stimulation of three to five

phosphenes on each trial. Trial-to-trial variapifiresent in relative mapping sequences was qiehtif

Results: Phosphene mapping was less precise i dlibjects than in sighted subjects (2DRMS, 16+2.9°
vs.1.940.93°; t(18) = 18, p = <0.001). Within bliadbjects, bimanual fixation resulted in more
consistent phosphene localization than unimanyatifin (BS1: 4.0+2.69s.19+4.7°, t(79) = 24, p

<0.001; BS2 4.1+2.0¢s.12+2.7°, t(65) = 19, p <0.001). Multi-point relaimapping had similar

baseline precision to absolute mapping (BS1: 4674, 3.9+2.0°; BS2: 4.1+2.05.3.2+1.1°) but
improved significantly when trial-to-trial transianal variability was removed. Although multi-point
mapping methods did reveal more of the functiomgapization expected in early visual cortex, suisjec
tended to artificially regularize the spacing betwg@hosphenes. We attempt to address this issue by

fitting a standard logarithmic map to relative mplbint sequences.
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Conclusions: Relative mapping methods, combinet hiitnanual fixation, resulted in the most precise
estimates of phosphene organization. These teobsiigombined with use of a standard logarithmic

model of visual cortex, may provide a practical i@ymprove the implementation of a VCP.

I ntroduction

Technological advances have revived interest isthatic approaches to treat acquired blindness. In
recent years, several groups have brought visutitabprostheses (VCPs) to the late developmegfest
or to actual clinical trials [1]-[3], as reviewed [@]-[7].VCPs consist of a camera that capturesges

of the world, a processing module that translatexies into stimulation patterns, and a set of eldes
implanted in or on visual cortex. This approachdsges damage to early visual structures such as the
retina or optic nerve, to deliver information ditgdo the brain. The basis for VCPs is built orotw
observations: firstly, electrical stimulation ofigie electrodes in early visual cortex producesaal
percept, or phosphene, in a discrete part of vispate [8]-[12], and secondly, visual cortex cimista
retinotopic map of the world [13]-[18]. In theomultiple electrodes in early visual cortex could be
stimulated in precise spatiotemporal patterns tkethe perception of specific visual forms or ¢iméire

visual scene.

There are several requirements that need to béomeéCPs to be able to provide useful information t
users. Firstly, electrical stimulation of visuartex must still produce visual sensations aftes lofssight.
Evidence suggests that, while there may be sonmgelsao cortical excitability, even patients wibhng-
standing acquired blindness can still perceive pheses [9], [11], [19], [12], [20], [21] as long teir
visual cortex is undamaged. Secondly, a structorap of visual space also needs to remain intacileWh
cortical plasticity following long-term deafferetiten may change the size of cortical areas due to

functional repurposing [22]-[27], previous studiedicate that the map of visual space persisteiter
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years after loss of sight [11], [12], [21]. In atigin to these biological requirements, to succélysfu
deploy a VCP requires methods that are reliableedfilent at phosphene mapping [9], [28], [19F th
process of determining the location of the phosplgamerated by electrical stimulation of the imj#dn

electrodes.

In practice, phosphene mapping has been reproacthed ways, absolute and relative [9], [29]. For
absolute mapping, the subject reports the locatf@single phosphene relative to a central fixatio
point. For relative mapping, the subject reporesgpatial relationship between phosphenes (relative
angle and distance). In sighted subjects, phospimapping is typically conducted with an absolute
approach and is a straightforward process. Subjemially fixate on a monitor placed in front o&th,

and after electrical stimulation is delivered toed@ctrode, they make visually guided movementsoiat

to or draw the location of the perceived phospr@nthe monitor, with respect to the fixation poihhis
type of phosphene mapping has been conductedtitedigpilepsy subjects, and in general has resulted
in determination of phosphene locations for eaehtedde that closely match the receptive field (RF)

location measured for the same electrodes [5], [30].

There is good reason to expect mapping phospheatidas would be more difficult in blind subjects.
Without visual inputs, blind subjects are unabletake advantage of either visual fixation or vigpal
guided pointing. Rather than visual fixation, bliedbjects are instructed to use one hand to maintai
contact with a tactile fixation point, and to reptire location of an electrically evoked visual saion
with their other hand [11], [12], [32], using a ching movement, for which their only feedback is
proprioception of the hand fixating and the armdu$er pointing. The limited tactile cues yield an
impoverished framework for the reporting environinand provide less feedback that could be used to
compensate for subtle errors that occur on eaah which may be exaggerated in absolute mapping.
Both absolute and relative methods have been atitehip blind subjects. The investigators that aeat

the first prototype VCPs used both methods andrtepamn some of the differences between the two
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methods [9], [11], [32], [33]. However, no systeinand quantitative investigation of the relialyilif

the two methods has been conducted in blind suhject

The main rationale behind use of relative mappingthmds is that most of the error in phosphene
mapping results from small errors in gaze directdnthe start of each ftrial. It is assumed that by
stimulating two or more electrodes on a singlel titi@ relative arrangement between the phosphenes
associated with each electrode can be measurededowfor relative mapping to be successful it is
necessary that the spatial pattern or configuratfqghosphenes perceived by the subject be stabdssa
trials. There are reasons to believe that spatiafigurations are stable across trials and canseel to
guide discriminations [21], [34] but this obsereatiand its relationship to the improvement in phesg

mapping reliability have not yet been carefully rexaed.

In this report, we utilize data from two rare pagidns, sighted patients undergoing monitoring for
medically refractory epilepsy and blind patientplamted with an early generation VCP. We founddlin
subjects to have significantly impoverished perfance in phosphene localization relative to sighted
subjects. This comparison was used to demonstrateded for mapping methods tailored specifically t
the blind subjects who will be the recipients df tiext generation of VCPs. We approached thisigoal
two ways. The first technique was to improve thaliqy of the tactile fixation with a bimanual appih,
using the index finger from each hand on the &fitdation point. The second technique was to use
relative mapping methods (stimulating two or mdeegodes per trial in sequence). Finally, we show
how relative mapping methods could be more effectivrevealing some important features of the nfiap o
visual space and propose a combination of relatigpping and a standardized logarithmic map of Visua

space to adequately capture the organization anctste specific to each subject.



128 Methods
129

130 Subjects

131

132  Allresearch and protocols were approved by Institial Review Boards at Baylor College of Medicine
133 (BCM) and University of California, Los Angeles (U€), and all subjects gave written informed

134 consent. Data were collected from fifteen sighted six blind subjects. Sighted subjects were ptien
135 with medically refractory epilepsy treated at BCBMubjects were male and female, aged 22-61, with a
136 mean age of 35. Sighted subjects were hospitalizéte epilepsy monitoring unit for 4-14 days

137 following surgical implantation of subdural electeogrids and strips. Fifteen sighted subjects were
138 included in this report. The original case ideatii for these subjects were LF, MR, YAA, YAB, YAC,
139 YAE, YAF, YAH, YAIl, YAM, YAN, YAO, YAU, YAV, YAX, a nd can be used to compare with earlier
140 and future reports using these subjects. For dasdenral, the remainder of this report will retereach
141 sighted subject by a designated local identifi&] $hrough SS15, respectively.

142

143  All blind subjects are participants in an ongoiagly feasibility study (NCT03344848) for the Orion
144  visual cortical prosthesis (Second Sight Medical)lbeing conducted at BCM and the University of
145 California, Los Angeles. Subjects were male andalepraged 29-64, mean age 49. All subjects had
146 usable vision in early life, and late onset blineheCauses of blindness for each subject are supadar
147 below in Table 1. For ease of referral in the ramar of this report each subject has been givead loc

148 identifiers in addition to their clinical trial idifiers as indicated in the table below.

149
Site | Global ID| Local ID Age of | Age at Gender Etiology Bare ng_ht
Onset | Implant Perception
UCLA 02-659 BS1 22 29 Male Head trauma| None

BCM 03-281 BS2 45 57 Male Head Trauma None|
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151
152
153

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

Optic neuropath' | Minimal in
UCLA | 02-334 BS3 53 56 Male secondary to | contralatera
burn/trauma eye
Retina damag
UCLA | 02-941 BS4 63 64 Female secondary to live None
abscess
UCLA | 02-182 BS5 20 52 Male | ~Congenita None
Glaucoma

Table 1. Blind subject information. Table indicasesject global and local identifiers, study sitge at

time of implant, age of onset of blindness, andseaaf blindness.

Electrodes and Electrical Stimulation

Sighted subjects were implanted with subdural gaiat$ strips with standard clinical electrodes (3mm
diameter) for monitoring of epileptogenic activiBlacement of electrodes in these subjects wagduid
by clinical criteria. In most sighted subjectsestlimplanted subdural strips also contained auttiti
research mini electrodes (0.5 mm diameter) imbedubetween the larger clinical contacts (SS3 —
SS15), two subjects (SS1 and SS2) had grids camgagmly the standard clinical electrodes implanted
Research strips were one of three configuratiocise®atics of each array configuration implanted in

each sighted subject are available in Table S1.

Clinical and research grids and strips were manufad by PMT (Chanhassen, MN). Electrical
stimulation was performed with a 16-channel AlphHalSnR (Alpha Omega, Alpharetta, GA) and
controlled by a custom user interface developddATLAB (Version 2013b, The MathWorks Inc,
Natick, MA). All stimulation was monopolar, grourdi® a return pad placed on the subject’s thigh.
Stimulation was comprised of pulse trains 200 nuration composed of biphasic 0.1 ms per phase,

square, symmetric pulses, delivered at 200 Hz.
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Blind subjects were each implanted with the Oriagsud! Cortical Prosthesis System (Second Sight
Medical Products Inc, Sylmar CA). The implantedteys consists of an array of 60 electrodes, 2 mm in
diameter, spaced 3 mm apart diagonally and 4.2 part avithin rows, center-to-center (Figure 1C), and
an internal processing control module imbeddethénskull. Each 2 mm electrode consisted of an
electrically contiguous group of thirty-seven 0.thrdiameter circular contacts, made from sputtered
platinum gray on silicone. The implanted processimiglule delivers electrical stimulation and actthas
return for monopolar stimulation. Electrical stiratibn was controlled via a software interface depet
by Second Sight Medical Products. Stimulation cstasi of 100-250 ms duration pulse trains composed
of biphasic 0.2 ms per phase, square, symmetrgeputielivered at 20, 60, or 120 Hz. Pulse duration
used was the standardized value used across tih@attrial. Pulse frequency increments and maximum
value were limited by the hardware capabilitiethef Orion Visual Processing Unit (VPU). Stimulation
implemented with BS1 was conducted at 60 Hz ateéhj@est of the clinical trial sponsor for the safeft
this subject. Stimulation carried out with BS2 wasducted at 120 Hz. A summary of stimulation

parameters specific to each task is available baiolable 2.

Electrode localization

Pre- and post-surgical imaging was used to detereliectrode locations for each subject. Prior to
surgery, subjects underwent T1-weighted structdiRl in a 3T scanner. These scans were used toecreat
cortical surface models using FreeSurfer [35], [$8hole-head CT was conducted post-implant and
alighted to pre-surgical imaging using Analysig-ahctional Neuroimaging (AFNI) software [37].
Electrode locations were manually determined uaisgmbination of AFNI and SUMA [38] and

projected to the nearest node of the cortical sarfaodel using custom methods developed in MATLAB

(Version 2019a, The MathWorks Inc, Natick, MA).
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Screening and threshold determination

Screening sessions were conducted to determindnwehéctrodes reliably produced phosphenes when
electrically stimulated and to determine the curenplitude at which each subject could reliably
perceive and localize a phosphene. For sighte@sishjscreening trials consisted of an auditory cue
followed by electrical stimulation and a verbal @ggby the subject of whether stimulation evoked a
percept. The current amplitude was stepped frort@3nA, until the subject reported a phosphene.
Electrodes that did not evoke a phosphene at 4.0vata& excluded. For the phosphene mapping
experiments reported here, the current used ftingewas selected to be above threshold such that

stimulation always produced a phosphene that wastegperceive and localize on every trial.

For blind subjects, electrodes with impedance ali®kQ were disabled. Initial viability and thresholds
for each electrode was determined using a staitbasshold procedure set by the clinical trial sgmyn
Electrical stimulation was applied at currents @mented from 0 to 8 mA, with three repeats at each
increment. Threshold was determined as the lowesgist for which three consecutive trials produaed
phosphene. Currents used during comparative mapgakg were secondarily adjusted by incrementing
the current amplitude delivered to each electrod# the subject could easily perceive and locaiaeh
phosphene. Qualitative adjustments were made talieguhe subjective brightness and size of each

phosphene perceived.

Fixation techniques

Sighted subjects were instructed to visually fixaea 0.5 cross presented on the monitor by training

their gaze and focusing their attention on thisipdDn each trial, subjects were asked to maintain



220 fixation from before the onset of electrical stimtidn until they had completed their report of gitene
221 location on the touchscreen.

222

223 Blind subjects were instructed to fixate on a tagtoint placed on the touchscreen monitor. Thexewe
224 asked to focus their attention on the tactile patrthe tip of their finger(s) and to imagine lawditoward
225 this point. If they retained an eye(s), they weskea to keep their eyes still and pointed towaedt#atile
226 point to the best of their abilities. Two formstaétile fixation were evaluated in blind subjects,

227 unimanual and bimanual. For unimanual fixation eaty were instructed to place their left index éing
228 on a tactile point approximately 0.k diameter that was placed on the monitor, ardirext their

229 attention toward that digit (Figure 2A, upper).IBaling stimulation, the subject used their righdex
230 finger to indicate phosphene location, while mainitay fixation on their left index finger. This fation
231 protocol was used for the initial comparison of gieene variability between sighted and blind subjec
232  For bimanual fixation, subjects were instructeglece their left index finger on the tactile poamtd to
233 overlay their right index atop their left, and tHenus their attention on both fingertips (Figusg 2

234  lower). The subject reported phosphene locatioh thieir right index finger, while maintaining att&m
235 on the fixation point. This protocol was used fog tomparison between absolute and multi-pointivela
236 mapping strategies.

237

238 Phosphene mapping strategies

239

240 We compared two phosphene mapping techniques,ubsold multi-point relative. Absolute mapping
241 was conducted in all sighted and blind participamisiti-point mapping was evaluated only in blind

242  subjects BS1 and BS2. The stimulation parameterd with each subject and each task are summarized
243 later in Table 2.

244
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Absolute mapping

Sighted subjects were seated comfortably in fréat touchscreen monitor (Wacom, Toyonodai, Kazo-
shi, Saitama, Japan) placed 28.6 to 57.3 cm int bthem and instructed to visually fixate (Figu#).
Monitor distance was adjusted to the allow recepfi®lds of the electrodes tested to fit on the itoon
screen. On each trial, electrical stimulation welévéred to a single electrode, followed by an blei

cue, and then subject response (Figure 1A). Sieges and location of the phosphene were reposted b

the subject drawing the percept on the monitor.

Blind subjects were seated 30.5 cm in front ofuehscreen monitor and instructed to fixate on @léac
point (Figure 1D). At this distance, the monitacempasses a range of8fy 45. This distance was set
by the clinical trial because it provided toucheser dimension which fully encompassed the expected
range of visual field coverage of the implantedgiand was found to be a comfortable distance for
subjects to report. Electrical stimulation was vkieéd to one electrode per trial, after which sciisjevere
instructed to report with their right index fingée location of the center of the perceived phospher

to draw the outline of the perceived phosphenéérdcation where it was perceived. Out of the 60
electrodes implanted, 50 — 59 electrodes were nuibppesubject. Bimanual absolute mapping was
conducted at 120 Hz for BS2 (03-281), while 60 Hswsed for BS1 (02-659), at the request of the
clinical trial sponsor. Two blind subjects perfoigr@manual absolute mapping; BS1 mapped 25
electrodes in this setup, and BS2 mapped 46 irstigp. The comparison to unimanual fixation only

used the electrodes mapped with both fixation tiegles.

Relative mapping
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Multi-point mapping consisted of sequential stintidia of 3-5 electrodes. Sequential, rather than
concurrent, stimulation was employed for two priynaasons. Firstly, the current threshold for
perception was relatively large, and there wadetysaoncern to stimulate more than two electraates
once. Secondly, with the blind subjects evaluagéthulation delivered simultaneously on two eled&®
often resulted in one phosphene in a location alpatlistinct from that produced by either eleceod
stimulated individually. Electrode sequences stated a series of adjacent electrodes on the array.
Generally, electrode sequences were selected sth#yadid not cross a major sulcus, such as the
calcarine fissure, and were composed of electrtidgsvere all in the same cortical area (all inor1
V2). For instance, in BS2, one sequence considtétedirst through fourth electrodes in the toprof
the array (electrodes 1 — 4). Another sequenceistedsof the first electrode in row 5, the second
electrode in row 6, and the third electrode in vn total, BS conducted 22 sequences, mapping 48

electrodes across 2 sessions, and BS2 conductsehénces, mapping 50 electrodes across 7 sessions,

On each trial, a 100 ms duration pulse train wéisaeted to each electrode, with a 250 ms gap beatwee
each electrode in the sequence (Figure 3A). Stitimul@onducted with BS2 was delivered at 120 Hz;
stimulation conducted with BS1 used 60 Hz at tlgpiest of the trial sponsor. Sequence timing was
selected be short enough to reduce eye movemernitg diae trial, but long enough that each phosphene
was perceived separately. A tone presented anithefethe stimulation sequence cued subjects to
respond. Subjects indicated on a touchscreen nidhagacenter of each phosphene in the order and

location perceived (Figure 3B).

Subject Task Fixation Fre(ﬁ'L;()ancy Pu'?;gldth DL(]:Y?;I)on
SS1 Thresholding None 200 0.1 200
SS2 Thresholding None 200 0.1 200
SS3 Thresholding None 200 0.1 200
SS4 Thresholding None 200 0.1 200
SS5 Thresholding None 200 0.1 200




SS6 Thresholding None 200 0.1 200
SS7 Thresholding None 200 0.1 200
SS8 Thresholding None 200 0.1 200
SS9 Thresholding None 200 0.1 200
SS10 Thresholding None 200 0.1 200
SS11 Thresholding None 200 0.1 200
SS12 Thresholding None 200 0.1 200
SS13 Thresholding None 200 0.1 200
SSi14 Thresholding None 200 0.1 200
SS15 Thresholding None 200 0.1 200
BS1 Staircase threshold None 20 0.2 250
BS2 Staircase threshold None 20 0.2 250
BS3 Staircase threshold None 20 0.2 250
BS4 Staircase threshold None 20 0.2 250
BS5 Staircase threshold None 20 0.2 250
BS1 Current Selection None 60 0.2 100
BS2 Current Selection None 120 0.2 100
SS1 Absolute Mapping Visual 200 0.1 200
SS2 Absolute Mapping Visual 200 0.1 200
SS3 Absolute Mapping Visual 200 0.1 200
SS4 Absolute Mapping Visual 200 0.1 200
SS5 Absolute Mapping Visual 200 0.1 200
SS6 Absolute Mapping Visual 200 0.1 200
SS7 Absolute Mapping Visual 200 0.1 200
SS8 Absolute Mapping Visual 200 0.1 200
SS9 Absolute Mapping Visual 200 0.1 200
SS10 Absolute Mapping Visual 200 0.1 200
SS11 Absolute Mapping Visual 200 0.1 200
SS12 Absolute Mapping Visual 200 0.1 200
SS13 Absolute Mapping Visual 200 0.1 200
SSi14 Absolute Mapping Visual 200 0.1 200
SS15 Absolute Mapping Visual 200 0.1 200
BS1 Absolute Mapping  Unimanual 60 0.2 100
BS2 Absolute Mapping  Unimanual 120 0.2 100
BS3 Absolute Mapping  Unimanual 20 0.2 250
BS4 Absolute Mapping  Unimanual 20 0.2 250
BS5 Absolute Mapping  Unimanual 20 0.2 250
BS1 Absolute Mapping  Bimanual 60 0.2 100
BS2 Absolute Mapping  Bimanual 120 0.2 100
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291
292

293

294
295
296
297

298
299
300
301
302
303
304
305
306
307
308
309
310

BS1 Relative Mapping Bimanual 60 0.2 100
BS2 Relative Mapping Bimanual 120 0.2 100

Table 2. Stimulation parameters by subject and tBakle presents stimulation parameters used during

each task and each subject.

Trial-to-trial precision

Precision of localized phosphenes was quantifig aviwo times distance root mean square metric

(2DRMS). This metric was calculated within-sessifon,each electrode mapped.

2DRMS = 2 /0)2( + 032

whereo, is the x component of the standard deviatiormefgoint cloud, and;, is the y component.

Data alignment

No alignment was applied to absolute mapping détel phosphene locations for each mapped electrode

were determined by averaging phosphene locatianssall trials for a given electrode.

Linear transforms (translation, rotation, and sugliwere used to align relative mapping trialsalbrfor
each sequence were first aligned to the centerasbracross all trials. The set of phosphene lotatio
from each trial was then rotated around its cemitenass until equal to the average angle acrosgai.
Next, length of each pattern in degrees was deteurdy summing the length between each node, the
average value was determined, and each trial vedsdssuch that its total length matched the group

average. Precision following alignment was evaldiébe all trials within a single session, as well a
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323

324

325

326

327
328

329
330
331
332
333

evaluated across sessions for any sequences medembultiple sessions. The magnitude of each tfpe

observed variation (translation, rotation, scaliwgps evaluated within each session and acros®geessi

Contribution of each type of trial variation on inggision

A generalized linear model was fit to evaluatedbstribution of each type of observed trial
variation (translation, rotation, and scale) on 2R Models were fit in MATLAB using the
native functiorfitglm(). A linear fit, with a normal distribution and recocal link was used.
Input values were the average translation, rotaaod scale factor for each sequence during
each session, and the output parameter was thage/DRMS of each mapped phosphene in
each sequence. Model fits with interactions werdwated, with no significant interactions

identified between each variation.

Cortical magnification factor

Cortical magnification factor (CMF) was used taotlfigr analyze map structure. This was calculated by
the ratio of distance on the surface of the bmaimin to the distance in visual space for phosphenes
evoked by electrical stimulation on neighboringcledes:

deq1—
CMF = Sel-e2

pl-p2
where d,..is the center-to-center distance of electrodasdl?son the array in mm ang g, is the
distance in visual space between phosphenes ewykeléctrode 1 and 2 in degrees. This was calallate
for each trial of multi-point mapping for pairs pifiosphenes evoked by neighboring electrodes. Bttr

pairs evaluated were restricted to be located erséime gyrus and to lie in V1.
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A standard mapping equation was used to estimatexpected relationship between CMF and
eccentricity for each subject (see solid linesiguFe 8) [15], [17], [31]. The value for the scajifactorA
was determined for each subject. This was done/élpating a range of scaling factors between 15-45
and using phosphene data from all sequences alect determine which scale factor provided thst be
agreement between expected and actual separaticortax. Scaling factors were restricted to thisyea
based on MRI evaluations of many normally sightdgjexts [17].

A

CMF =
mdl = o+ 3.67

where CMFE,q is the predicted CMF, A is the area scaling faaodeccis eccentricity.

Array placement on a logarithmic map of the cortislaeet

A flat map model of the V1-V3 complex known as Bended Double-Sech model [39] was created for
BS1 and BS2 (Figures 7 and S5). Using modified domta [39], a scale factor based on data from multi
sequence mapped phosphenes was used to adjustdieéfor each subject. Once the scaling parameter
was determined, phosphenes obtained from each-etedtirode sequence tested were projected on to the
flat map based on their location in visual spade &lectrode array was assumed to be rigid arid fiat
on the cortical surface. The location and rotatibthe electrode array on the flat map model was
determined for each subject by implementing a ftosttion to minimize the sum of a weighted distance
between the projected cortical location of eachsphene from each sequence and the electrode that
evoked it. Projection of phosphene locations tdicalrspace from visual space was conducted using

functions provided by [39]. The cost function apgliwas:

2
D(x,y,0) = 21 Wy * \/(xp - xe)z + (yp _ye)z

A—."
P~ 2DRMS,
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where D is the value to minimize,andy are cartesian coordinates in brain spéds,the angle of
rotation applied to the grid segmeny, andy,, are the coordinates of each individual phosphenkesl
during multi-point mapping that have been projedteéd cortical spaceg, andy, are the coordinates of
the electrode which evoked that phosphene, 4hds a weight parameter determined by the number of
trials (n;) a certain sequence was repeated across all seshidng which that sequence was mapped,

divided by the precision of that phosphene as medsawy 2DRMS.

Fitting was conducted separately for contiguousigsoof electrodes that lay on either side of the
calcarine. Groups were additionally divided intpa@te groups per visual area (V1 and V2) on either
side of the calcarine fissure. This resulted ie¢hindividually placed segments per subject (BSIL: V
upper field, V1 lower field, V2 upper field; BS2I\Wupper field, V1 lower field, V2 lower field). Oac
the best location for each portion of the electraday was determined on the flat map model, thdeho
was used to project the electrode coordinates @mmical space to a phosphene prediction in visual

space.

Results

Reliability of phosphene reporting in sighted atidd subjects

We first conducted a direct comparison of triakiial precision of reported phosphene location with
absolute mapping between sighted and blind paatitip Sighted subjects used a visual fixation point
(Figure 1B) during electrical stimulation, and tiimd subjects used unimanual tactile fixation (Fiy
1D). Precision of phosphene location was quantiig@ DRMS and calculated for each electrode

mapped. Precision of reported phosphene locatimusg blind participants were substantially poorer
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than among sighted participants (Figure 1E-F; 2DRMIn + standard deviation, 16+2v8°1.9+0.93°;

t(18) = 18, p <0.001).

This comparison between the precision of phospheag@ping in sighted and blind subjects, using
standard techniques used in the two populations,made to illustrate the magnitude of the challenge
faced in conducting future phosphene mapping mdbliCP recipients. The rest of our report will fecu

on how to improve the precision of phosphene mapgpecifically within the blind population.

Improvement in reliability based on fixation method

Next, we evaluated whether a different fixation Inoet could improve precision of phosphene location
among blind participants. In this fixation techréguhich we refer to as bimanual fixation, subjeatse
instructed to use both left and right index fingensthe tactile fixation point during stimulaticamd then
report phosphene location using their right indegdr while maintaining left index finger contacithv
the fixation point (Figure 2A). The precision ofqdphene reporting with bimanual fixation was
significantly better than with unimanual fixatioRigure 2B; BS1: 4.7+2.6%s.19+4.4°,t(79) =7, p

<0.001; BS2 4.1+2.0%5.12+2.4°, 1(65) = 7, p <0.001).

Improvements in precision based on mapping method

Having established that bimanual fixation led t@roved precision in phosphene reporting, we next
assessed whether relative mapping (Figure 3A-Blddouther enhance reliability. Provided that ebta
spatial pattern or configuration of phospheneslteftom each trial of electrical stimulation, réle

mapping using multiple electrodes could lead todpetstimates of the location of the phosphenes for
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each electrode in the sequence after small emabsolute location, size, and angle of the peeckiv

pattern are subtracted out. We found this to bedise in our blind subjects.

Without removing the trial-to-trial errors in ovéircation, angle, and size of perceived patterns,
phosphene reporting precision as measured by 2DRM&ach electrode was similar across absolute
(Figure 2B), and multi-point relative (Figure 3&) mapping methods (BS1: 4.7+2\8¢ 3.9+2.0°; BS2:

4.1+2.0%s.3.2+1.1°).

Next, we examined the precision of phosphene reggpfvllowing removal of the three most prominent
types of trial-to-trial variation observed, glolzilanges in translational, rotational, and scalkigure
3C). Removal of translational deviations signifitaimproved the precision of phosphene reportiriidp w
multi-point sequences compared to the raw tria81(BL.6+1.3%s.3.9£2.0° (p<0.001); BS2: 1.3+0.84°
vs.3.2+1.1° (p<0.001) and represented the largedtibation to imprecision across the three types of
errors described. Removing rotational variationtfer improved precision (smaller 2DRMS) for
phosphene location for both BS1 and BS2 for muwdtipsequences (BS1: 1.5+0.27°; BS2: 1.1+0.50°).
The small improvement over removal of translatiafafts was significant for BS2 (p<0.001).
Additionally, removing scaling variation from mufibint sequences resulted in a small, but sigmifica

improvement in precision for BS2 (0.84+0.41°, p€Q.)) but not BS1 (0.99+0.95°, p<0.1).

Quantification of variability in relative mapping

We next quantified the magnitude and full rangéheftypes of trial-to-trial variability observed multi-

point mapping. The mean displacement of the reddaeation of a phosphene sequence was less than 2°
from the average reported location of all trialsdaiven multi-point sequence (Figure 3D, dasimeek|

BS1: 1.5+0.69° BS2: 1.2+0.34°). Across all trialsll sequences collected, the maximum amount of

shift (Figure 3D) of a single sequence’s reportaztion from the average location was several @ésgre
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in magnitude (BS1: 7.1°; BS2: 5.2 °). The meartiataacross all trials and sequences (Figure 3&heth
lines) was similar for both subjects (BS1: 5.1+6B882: 9.1+£13°). Although mean perceived and requbrt
rotation of a sequence was low, the maximum ratatifoa sequence from its mean orientation observed
was much larger for both subjects (BS1: 68°, BS2).8Average changes in the scaling or size of the
perceived patterns (Figure 3F, dashed lines) abdaivith multi-point stimulation were generally less
notable than either translational or rotationalataons (BS1: 1.0+0.14; BS2: 1.0£0.15), with simila

range of deviations for both BS1 and BS2 (BS1: 6:628; BS2: 0.49 — 1.8).

A generalized linear model was used to formallyleat® the impact of each source of trial variation
identified on the precision metric (2DRMS). A limenodel with normal distribution and reciprocal
linkage was used. In the case of each subjecslation was found to be the most significant (B$%:
4.0e-8; BS2: p = 0.0058), followed by rotation (BE 0.029; BS2: p = 0.035). Scale was not
significantly represented in the model for eithélject. Interactions were not found to be significa

between any of the three parameters.

Examples of trial-to-trial variation present in spfic multi-point sequences

Two examples from BS2 are presented to demongtrateype and range of errors that occur acrods tria
when a phosphene sequence is presented to a bhjettvia electrical stimulation of early visualrtex
(Figure 4). The first example sequence (Figure 4AwBs presented eleven times during a single sgssio
where trials were presented intermixed with othaltispoint sequences. The subject indicated each
phosphene was spatially and temporally distindty wach individual phosphene clearly visible anthea
appearing at a similar brightness. Raw trials (F@gtA) indicate a substantial variability in thesalute
location, angular orientation, and scale of thegieed pattern of phosphenes. Translational deviati
accounts for a large portion of the trial-to-triakiability, and once removed, a more consistetiepa

emerges (Figure 4B). Removing angular variatiothirrreveals a consistent shape (Figure 4C). Finall
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after removing trial-to-trial variation in scalintipe spatial configuration observed across trias w
robustly repeated and internally consistent (FighiDg A second example of trial-trial variation in
reporting of patterns, shows a sequence that eyakesphenes in the pattern of a simple character
(Figure 4E-H). As with the first example, removitnigl-to-trial errors in translation (Figure 4Fytation
(Figure 4G), and scaling (Figure 4H) reveals thatdubject very reliably perceived a consistentiaipa

pattern of phosphenes.

Examples of variability in pattern across sessions

Having documented the range of trial-to-trial vodia in phosphene reporting observed within single
reporting sessions, we now present two examplestiiting the variability in perceived phosphene
patterns across sessions (Figure 5). The first pba(figure 5A-C) shows the phosphene pattern
resulting from electrical stimulation on the samaa sequence of electrodes presented duringstinge
sessions conducted on different days. The fulbkttals from all sessions show the center of the
phosphene pattern varies in location from a mininelewation of -0.75to a maximum of 6.8 and a
minimum azimuth of 3.4to a maximum of 9.9 with an average total length of 7. @igure 5A). The
range of variation in rotation of the perceivedgats across all trials is +/-5.ftom the average
orientation. When trials were aligned within semsi¢Figure 5B), trials from different sessions témd
cluster in slightly displaced parts of visual spagith some variation in orientation and scalinghu
perceived pattern. Trials aligned across sesskeigsie 5C) reflect a clear and robust spatial patt&ith
consistent relative angles and spacing betweerppleogs. A second example shows phosphenes
resulting from partially overlapping sequencesletgodes from five different sessions with a minim
of three overlapping electrodes (Figure 5D-F). Wiverexamine the full set of trials across all sa%s|

(Figure 5D), the electrodes common to the testqdesgces (38, 39, and 40), evoked phosphenes cgntere
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across a wide range of visual space locations (BA0 — 5.9; EL. -18 — -7.2), and generally
separated into distinct spatial regions when atignihin sessions (Figure 5E). Following alignment
across sessions using the common electrodes mappeshatial configuration of the phosphenes

obtained on each trial was again revealed to bsistemt across sessions (Figure 5E).

When presenting the same sequence of electroded9(38) as part of a larger sequence, the subject
reported a consistent configuration among thesdreldes but incongruous spatial relationships among
the remaining portions of the sequence (Figure &gh series resulted in the same configuratidheof
final three phosphenes, despite having differemtiagy points. The electrodes that were not in comm
across all sessions, however, had more variafilitiieir reported location. Sequences presented in
session 1 (S1) and session 2 (S2), despite preggattosphenes evoked from overlapping electrodes,
result in different reported configurations where @bectrode was omitted from the series, whichbean

seen in the fanning-out of sequence outside optitsphenes evoked by electrodes 38, 39, and 40.

Quantification of pattern variability across segso

The above examples show that spatial configuratibphosphenes obtained with multi-point relative
mapping remain stable within and across sessioesndXt compared the precision of phosphene
mapping and magnitude of trial variation within eaa@oss sessions (Figure 6). In general, precddion
reported phosphene location measured across neustsisions was lower for absolute mapping than
multi-point relative mapping (Figure 6B, first atidrd datasets presente®i$S2: 6.531.2° vs.4.71.1).
When examining all multi-point trials across sessiwithout alignment, as compared to only examining
trials within single sessions, there was a highagmitude of translational, rotational, and scaéngrs
(Figure 6, BS2: F-H) and lower precision for triéfsgure 6B, middle two columns, BS2: 4171° vs.

3.6:1.3°). However, once trials were aligned, the precisibphosphene locations is similar for trials
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aligned within a single session compared to taditned across multiple sessions (Figure 6B, rigot
columns, BS2: 0.88.32 vs.0.910.25). This provides strong evidence that perceivetepat evoked

by multi-electrode stimulation are maintained batthin and across sessions. Similar results wewado
for BS1, but in that case we could not make a witlsi across session comparison for absolute mapping

data (Figure 6A, C — E).

Structure captured by multi-point sequence mapping

Multi-point relative mapping with sampling of spicirows on the electrode array captured some key
expected features of functional organization ofyegsual cortex, based on work in sighted subjects
[4,33,34]. This is illustrated with a set of seqeesisampled in subject BS2 (Figure 7). The twotelde
rows sampled that lie below the calcarine fissuréhe brain (red and orange) produce phosphertégin
upper visual field as expected, with posterior etetes in both rows evoking more foveal percepts an
more anterior electrodes producing phosphenesieasing eccentricity. The rows of electrodes just
superior to the calcarine (yellow-orange and lighgten) similarly produced phosphenes that lie alsog
angle lines in visual space in the lower visudtfigvith more anterior electrodes producing more
eccentric phosphenes. Movement from the row cldedbe calcarine fissure (yellow-orange) to tkeatn
row further superior (light green) results in phospes found closer to the vertical meridian (VM)sas
expected for superior movement within area V1 alibeecalcarine fissure. As rows are examined that |
further superior to the calcarine (dark green,tlighe and dark blue), moving into area V2, the

progression of the phosphenes reversed in visaakspvith progressive movement away from the VM.

Although structured sampling using rows on thetebele array provided some useful information, there
was additional complexity that was revealed wherexammined the full set of sequences from each
subject (Figure S1). Spatial relationships forgegiset of electrodes determined by sampling with o

sequence may conflict with those determined by $ampvith other sequences, despite being internally



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

consistent within and across sessions. Furtherrtuees was a tendency for subjects to regularige th
reported space between phosphenes obtained withatadtrode stimulation. For example, when
presenting a sequence of electrodes that produssppbnes at increasing eccentricities, such as
electrodes 56 — 60 in BS2, the subject tendedportequal spacing between each perceived phosphene
rather than reporting more space between the nooeng&ic phosphenes. This pattern of regular sgacin
was consistently observed across sequences ataltteicities evaluated (BS1: 4.3 °3BS2: 2.4 —

26°). The trend towards regularization of distanceveen phosphenes was found for sequences whether

they generated straight lines of phosphenes iral/i&pace or produced curved trajectories.

To quantify the observation that subjects tenda@port regularized distance between phosphenes,
cortical magnification factor (CMF) was calculafed neighboring electrodes from multi-electrode
sequences, on each trial. The CMF values obsereegl @onsistent across different eccentricitiesu(féig

8, data points) and different from those predidigé standard mapping in sighted subjects (Figure 8
solid lines). This regularization of reported phuspe spacing was additionally demonstrated by
presenting sequences with the same end points@m af electrodes, but varying the intermediary
electrodes presented (Figure 9). For exampleinifusation was delivered sequentially to electrobés

57, and 58 (sequences 1 and 2, Figure 9A-B ) #tartie between phosphenes evoked by electrodes 56
and 58 (3.6) was larger than if stimulation was delivered sadially to only electrodes 56 and 58
(sequence 4, Figure 9D) (3)8 When individual electrodes along this row werepped from the

sequence, the subject nevertheless reported sstemity spaced set of phosphenes (Figures 9E—F).

Limited structure apparent in absolute maps

Maps of visual space based on absolute mappingsesisructed by averaging the location of

individually mapped phosphenes. For both BS1 (EddB) and BS2 (Figure 10E), maps constructed in



556 this manner do not reflect the highly structurgatesentation of visual space expected for earlyadis
557 cortex. The only clear feature evident in these snags that electrodes above the calcarine generally
558 produced phosphenes below the horizon and vicawvers

559

560 Fitting a logarithmic map of visual space

561

562 As described above, structured sampling of thetrelde array using multi-electrode sequences was
563 partially effective at revealing the structure afual field maps in early visual cortex, but contat

564 account for all complexity. We hypothesized a biegtimate of the overall map in each subject cbeld
565 obtained by fitting a model of the V1-V3 complexthe data from multi-electrode sequences (Figuje S2
566 The Banded Double-Sech model [39] fit to the datumes a logarithmic mapping of each visual area,
567 and was adjusted for each subject by a scalingrféBS1: 20.4; BS2: 24.5). The placement of thayarr
568 structure on the flat map of cortex was optimizgdrinimizing the average weighted displacement
569 between the cortical projection of phosphenes hadssociated electrodes within the array structure
570 (BS1:V1,r=2.8mm, V1 =1.4mm, V2 =2.9 mm; BS2: Vi = 0.40 mm, V1 = 1.9 mm, V2 =

571 1.5 mm). The visual field maps based on the V1-\@®leh fit to multipoint data (Figure 10C and F) had
572 clear internal structure reflective of the orgatimafound with multi-point sequences, but addititiy

573 provided logarithmic spacing between phosphendsaths not well captured by multi-point sequences.
574

575

576 Discussion
577
578  Sighted vs blind subjects

579



580 We evaluated the reliability of phosphene reportimboth sighted and blind subjects. We found alisol
581 mapping yields consistent, reliable results in wdtparticipants, but significantly more varialyilitith
582 blind participants. Blind subjects had over 8 tirtless variability in reporting phosphene location

583 compared to their sighted counterparts. Possillgores for this include differences in testing setup
584 changes to functional organization of visual coiteRlind subjects, and differences in the abidifyblind
585 subjects to compensate for shifts in body, headyermosition.

586

587 There were notable differences in the exact framkwsed for phosphene mapping and in the set of
588 parameters used for electrical stimulation in the groups tested. This was due to both the timedraim
589  which each set of experiments occurred, and lifitatof the stimulation system used to test inatived
590 subjects. The small differences in electrical statian trains, however, were unlikely to impactdee
591 experiments. Differences in stimulation frequermylse width, were likely to create changes in tkece
592  current required for perception of a phosphenecantt] potentially impact the size or brightnesshef
593 perceived phosphenes. In all testing, current dog#s were adjusted so that each subject couldyclea
594  perceive and locate the phosphene. We have noréadelieve small changes in stimulation paranseter
595 would have impacted the subjects’ ability to prelyisocate phosphenes. A much larger difference
596 between the two experiments was the way in whitlests fixated. Sighted subjects used visual forati
597 whereas blind subjects used tactile fixation. Tes a necessary change, and very likely to impact
598 performance.

599

600 The disparity in precision between blind and sightebjects may partly be explained by blind

601 participants being more impacted by positional sressociated with absolute mapping. Positionakerr
602 - which include small shifts between the subject e reporting monitor, gaze angle, fixation st
603 and pointing response — have been described agraloseakness of absolute mapping [40]. Sighted
604 subjects had minimal scatter between subsequalt forr a given phosphene, indicating whatever

605 positional errors they faced were easily overcdikely compensated for with subtle shifts in body
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position or gaze angle. Positional errors convgrseém to compound in blind subjects, resultinghifts

of several degree across reported location fonglesphosphene.

Blind subjects may be more susceptible to positienars for several reasons. Blind participantsnod
use the same visual cues to align themselves i ithe monitor and fixation point or to competesa
for the subtle shifts in body and head positiont dtaur during testing. There are also likely urmacted
errors from eye position, which is an issue of aerable importance to both the process of mapairdy
the continued development of cortical prosthesgk Blind individuals typically have more difficuyit
maintaining a steady gaze angle or may have agiwysis that causes unpredictable shifts in eye paositi
[42], [43], making consistent fixation a challereyed contributing to positional jitter. For thesagens,

regularizing the setup and introducing elementsaip the subject self-center were imperative.

Positional errors also affect the reporting phdsb@etask. Reporting phosphene location by pogntinit
on a monitor relies heavily on proprioception. \dkfeedback normally updates this internal
representation of body position and plays a centtalin planning trajectory and kinematics of t@ag
movements [44]. Without visual feedback, positiodrfit occurs [45]. Blind subjects lack this visual
feedback and cannot correct placement by visuliipiag their pointing finger with the phosphene
location. With this in mind, we focused on implertieg a fixation strategy that could provide an
alternative means to update proprioception by oeaifig the location of the fixation point with the

reporting hand.

Improvements to fixation strategy or reference sam

Previous literature, with sighted participants aimdulated phosphenes, indicated that improvingléact
feedback increased the reliability and accuragyhafsphene localization [46]. By instructing thexttgic

use of both hands and employing a tactile boardltoh the subjects were to respond reduced errer by



632 factor of two to three. Stronks and Dagnelie [4@péoyed a similar fixation strategy in their simigid

633 studies, having subjects place both index fingeles-By-side. Here we are able to build on thisiearl

634  work by directly comparing two forms of tactile #ition in blind subjects with phosphenes evoked by
635 electrical stimulation of cortex.

636

637 Bimanual fixation improved precision by 2 to 3 tsnempared to unimanual fixation. This supports our
638 hypothesis that a providing additional proprioceptieedback can indeed improve reporting precifion
639 blind subjects. In the context of mapping, makingsistent physical connection between the hand used
640 for fixation and the hand used for reporting ph@sghlocation provides a simple way to update

641 proprioception [44]. Further improvements to thenfiework for reporting phosphenes are possible and
642 should be the subject of future investigationsndty be advantageous, for example, to use tactitkara
643 to establish vertical and horizontal axes or t@iporate a tactile grid [40].

644

645 Improvements to mapping strategy

646

647 Although the bimanual tactile fixation strategy dhiabrove the reliability of phosphene mapping irttbo
648 blind subjects tested, it did not increase prenisiothe level achieved by sighted subjects. Redati

649 mapping utilizing stimulation of multiple electraglen each trial allows the assessment of the mtati
650 one phosphene relative to another, rather thatimglaach individual phosphene to a central, body-
651 external, tactile fixation point. Without alignmeantross trials, subjects contend with the samediffes
652 inlocalizing phosphenes experienced during absahapping, such as an inability to make subtle
653 corrections to their gaze angle or body positibimyvever, once variations in absolute placement are
654 removed, precision was significantly improved. Pinecision for a single phosphene mapped with this
655 relative approach in blind subjects was similahe® same range of values as sighted persons pénfprm
656 absolute mapping.

657



658  Trial-to-trial variability

659

660 Most variability across trials was explained byethmain components: translation, rotation, andescal
661 These observed trial variants may have differeigirs and likely have different impacts on VCP

662 functionality that vary by task. Translation, oifhin the absolute location of the pattern, waslargest
663 component of trial variability. This type of varility would mostly impact localization tasks in tai
664 activities, especially when holding a steady gazeamera angle. Small changes in gaze direction or
665 body position at the start of each trial are likielyexplain a large portion of the observed vasigtand it
666 may be adequately addressed in future devicesintiégrated eye tracking. Perceived rotation of a
667 phosphene pattern was the next largest trial vaniatbserved. Rotational deviations were typically
668 minimal but, on occasion, presented as a patteariynerthogonal to its typical orientation. In avo

669 context environment, this could mean certain sinspl@pes or characters could be easily confused. The
670 reason for pattern rotation is unclear, but we ttizedt is related to subjects’ ability to form tlsle

671 framework for phosphene reporting and that imprgyhe reporting framework during testing or adding
672 more visual context to a presented scene in fre@ing may reduce the likelihood of large rotational
673 variations. Changes in scale were the smallestiboir to imprecision, and presumably will havede
674 of an impact on operational use than translationabtational deviations. Scaling variations magteto
675 the distance or plane at which phosphenes areipedcémportantly, when any of these variations
676 occured, there was no internal distortion to thesphene pattern. The whole form was rotated, shifie
677 scaled, and the internal structure of the pattenmained intact.

678

679 Maintenance of pattern

680

681 Despite trial-to-trial variability in the exact latton, orientation, or scale, the internal spagdtionships
682 among phosphenes in a sequence were robustly mm@dtacross multiple sessions. Previous

683 experiments have implied that spatial patternshafsphenes were maintained and could be used to make
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simple discriminations [21], [34], [47], but hadtrguantitatively examined this observation in detai
Here we present strong evidence that simple syitétrns are consistently perceived over timeguje
6A-C), and that the perceived spatial configurabbphosphenes evoked by a sequence of electredes i

similar whether presented as its own sequence para®f a larger pattern (Figure 6D-F).

Robust maintenance of phosphene patterns is impddiamultiple reasons. First, it demonstrates tha
structured mapping is likely retained in early @koortex several years after late onset of blisdne
Second, it is the key feature that makes multitedele sequences useful in obtaining precise locstid
phosphenes associated with each electrode. Bespasal relationships are robustly maintained tieda
mapping is useful in parsing fine spatial detadsieen phosphenes. Third, it has important impéost

for the ability of future VCP users to perform sifiedaily tasks. Stable phosphene patterns suggest
VCP users will be able to reliably use patternegisaces of phosphenes to recognize simple shapes or
forms. In support of this premise, previous workwshd dynamic stimulation of multi-electrode groups

could reliably convey several simple charactetslited subjects [21].

Impact of mapping strategy on the measured streatfithe map of visual space

Maps of visual space determined by absolute mapgtithgot yield a structured representation of isua
space. The only clear feature captured by absotamping was the distribution of phosphenes evoked b
electrodes on either side of the calcarine fisslextrodes above the calcarine generally, buaiveys,
produced phosphenes the subjects reported belolotimon and vice versa. The imprecision of the
method was not adequately offset by conducting niaalg for each electrode. In this way, absolute

mapping was found to be both comparatively uninftive and inefficient at mapping visual space.

Relative mapping with multi-point sequences appnedahe task with structured sampling under an

assumption that visual cortex has a highly orgahstaeucture. This method was able to capture key
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features similar to the known functional organiaatof early visual cortex as measured in sighted
subjects [14], [48], [17]. Beyond the general stuoe of phosphenes below the calcarine fissure
producing percepts in the upper visual field arwd wiersa, use of multi-point sequences yieldedrtepo
of sets of phosphenes in visual space that laydreasing eccentricities along iso-angle lines,vahi¢h
exhibited progression towards the VM with movemiarthe superior direction in area V1. Additionally,
sampling with rows of the electrode array locatedhier superior to the calcarine, presumed in ¥za
then resulted in sets of phosphenes which progtessay from the VM as expected. However,

structured sampling along rows had other added t=xityp and some clear limitations.

Spatial relationships for a given set of electradigtermined by sampling with one sequence may iconf
with those determined in by sampling with otherusagces, despite being internally consistent wigmd
across sessions. This may be related to the sabjentlency to report regularized space between
phosphenes that were presented sequentially friomlstion on nearby electrodes. The reasons faethe
observations are unclear but are unlikely to sugfpeslack of a single robust map of early visuatex.
While motor errors in the reporting phase of thekéamay contribute to the regularized intervalsvben
phosphenes, conversations with BS2 indicated loepaceived the phosphenes to occur at regularly
spaced intervals. We theorize the perceptual dartidn to this effect may result from either blind
subjects implementing a different framework forfpeming visual tasks in low context environments, o
the small irregularities in the spatial shifts betn phosphenes could be masked by the regular taimpo
interval of their presentation. It will be importeor future research to parse out the sourceisf th

regularization to appropriately mitigate the effect

We fit a model of the V1-V3 complex [39] to multeint sequence data (Figure S1) to devise maps of
visual space that represented the structure fautttese data while also incorporating expected gdsn
in CMF with eccentricity. Fitting a logarithmicalgpaced map to the scale and location of multifpoin

sequences is similar to an atlas-based approsahd&d retinotopic atlases use average anatomical
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landmarks or functional organization to fit thedoighmic structure of visual cortex to the conforma
topology of a subject’s visual cortex, and havenb&®own to predict cortical retinotopy of out-group
sighted subjects with high accuracy [49]-[51]. Alasapproach may provide useful insights or aulsef
basis for predicting phosphene location in blindjscts. However, the available atlases have ndbgeh
validated with blind subjects and unpredictablentgfes to visual cortex may occur after loss of sight
[22]-[26], that may result in a need to alter thalisig or landmarks used in a standard atlas tebet
accommodate these variations. Because these atlasesleveloped on a sighted population and we are
naive to the ways plastic changes may have impatsedl cortex physiology after full vision lossjd
important to validate the atlases on a blind pdmnaFor these reasons, our current implementatseu

a model that assumes basic logarithmic mappingmithch visual area but does not assume the locatio
or size of each visual area in relation to topatagiandmarks as is done when using standard atlase
based on fMRI data. Moving forward it would be aghegyeous to test phosphene maps extracted from
our hybrid approach and an atlas-based approaetelbas conduct a comprehensive validation of

retinotopic atlases on a blind subject group.

Determining veridical structure of visual field ngim blind subject

In addition to being reliable, phosphene maps shmldally be an accurate representation of theavisu
space subtended by the electrode array. We arenthgsinable to claim which map is the most aceurat
representation of each subject’s visual space mmagarly visual cortex. Earlier work in the field
functionally validated their phosphene maps by getiteg simple visual patterns from the map [34].
Similarly, we used the information derived from tivploint sequences to plan stimulation patternthén
shape of letters [21]. In this experiment, stimiolatvas delivered sequentially to several electsdde
dynamically trace a pattern through visual spaciéh Wb prior training, our subject, BS2, correctly
identified four different letter shapes (“W”, “N"M”, “U") at 93% accuracy. Drawings produce by this

subject during this task show an alignment betwhenretter endpoints and the mapped phosphene
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locations. This provides some confirmation thatrthéti-point method can provide accurate enough
information to plan and deliver simple, useful \ébkpatterns to blind users of a VCP. Moving forward
validity of different maps can be evaluated by piag simple character or shape sequences based on

differently generated maps and compare the peraketperience reported by the subject.

Conclusions

Having a reliable and efficient way to obtain phespe maps in individual blind subjects will likedg
important for the successful implementation of & generation of VCPs. Our results demonstrate that
obtaining accurate phosphene maps in blind suhijgftaught with challenges, and results may hgavil
depend on the exact technigues that are employsgdglthe described methods to reinforce
proprioceptive feedback and focusing on mappingriegies that prioritize relative spatial relatioipsh
can improve the confidence that the phosphene mgpujzta collected is reflective of the underlying
spatial maps in the visual cortex. Finally, staddaad maps still provide utility and can be fit to
experimental data to provide a highly structureg meflective of functional organization while rigtiag
nuanced details associated with each subject thgtotherwise be lost. Ultimately, we recommend a
hybrid approach, fitting structured maps to theegipentally obtained location and scale of undedyi

cortex.
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Figure 1. Discrepancy in reported phosphene patisetween sighted and blind subjects. A. Task.flow
Subjects were instructed to fixate on a point eoughscreen monitor placed in front of them atleyel,
while a pulse train of electrical stimulation wadidered to a single electrode. An auditory torgidated
the end of stimulation and cued subjects to retherphosphene location. B. Sighted subjects corduct
tasks seated in their hospital bed and directad glage toward a centrally located fixation cross.

Stimulation was delivered by an Alpha Omega nestiedulator. Subjects reported location of
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phosphenes on touchscreen display. C. Electrodg emplanted in blind subjects. Contact numbers are
indicated from 1 (upper right) to 60 (lower lefd. Blind subjects were seated in a chair in a latuoy
testing room and fixated by placing their left indimger on a tactile point on the monitor. Elecati
stimulation was delivered by the Visual Processinit (VPU) of their Orion VCP. Subjects indicated

the location of the perceived phosphene with thight index finger. E. Precision in reported phcspd
location, quantified as 2DRMS, for individual sigbt(SS1 — SS15) and blind subjects (BS1 — BS5h Eac
data point reflects 2DRMS for an individual eleckeoError bars indicate mean and one standard
deviation. F. Group precision (sightesl blind) data. Each point reflects the average pregi(2DRMS)

for a subject, across all electrodes evaluatethfiirsubject. Error bars indicate group average and

standard deviation.
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with their right index finger. For bimanual fixatidbottom), subjects placed both left and righeixd
fingers on the fixation point, then reported phasmphlocation with their right index finger, whikealving
their left index finger on the tactile fixation i B. Precision for bimanual and unimanual fixatfor
BS1 (red) and BS2 (blue). Each data point reflpogsision (2DRMS) for a single electrode. Errorsbar

indicate mean and standard deviation.
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Figure 3. Improvement in precision of phosphenetpy with relative mapping and types of variaton
present in individual trials. A. Stimulation sequaertiming used for multi-point relative mapping ®%2.

B. lllustration of multi-point relative mapping tasMultiple electrodes were stimulated on eacH aral
then the subjects reported the location of eaclsiiene perceived, in the order experienced. C.
Precision of phosphene reporting with relative niagpvith multi-point sequences. Each point représen
precision (2DRMS) for phosphenes evoked by stinradf a single electrode, black error bars indicat
mean +/- standard deviation. The first column, leddéRaw”, indicates data with no trial-to-trial
alignment. Subsequent columns reflect precisidovidghg removal of translational, rotational, and
scaling variations. D. Frequency histogram indiggdilistribution of magnitude of translational véioa

for each subject for each trial. Averages for gaatameter are indicated with a dashed line. E.Ueecy

histogram of rotational variation for each trial. Ffequency histogram of scaling variation.
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Figure 4. Maintenance of spatial configuration bbgphenes within sessions. A. A five-electrode
sequence presented to BS2. Location and orientaficaw trials. B. Same trials after removal of
translational deviations by aligning trials to tenter of mass across all trials. C. Same setab$ tr
following removal of rotational variation. D. Sarget of trials after removal of scaling variatiomer
internal structure of the pattern is robustly maiiméd and clearly visible once shifts and rotations
space are removed. Array inset indicates electrosied in this sequence. E-H. A second example from
the same subject illustrating results with a meléetrode pattern in the shape of a simple chardete
Raw trials are shown in this panel. F. Trials viitinslational variations removed. G. Trials with

rotational variation removed. H. Trials with scglivariation removed.
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Figure 5. Maintenance of spatial configuration bbgphenes across multiple sessions. A — C. Stironlat
delivered to electrode sequence 56-57-58-59-6@pted during each of the 6 different sessions. IA. A
raw trials of this sequence collected across aBisas. B. Trials aligned by the session in whirayt

were collected. C. All trials aligned across alisiens. Inset indicates the location of the eleesoon the
array. D — F. Electrode sequences encompassingasles 35-36-37-38-39-40 with a subset of the
electrodes (38-39-40) repeated during five sepaegsions. D. All raw trials across all sessiong.rials
aligned by the session in which they were collectedrials aligned across all sessions using the

electrodes that were common to all sequences (3839
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Figure 6. Precision of phosphene mapping withinaerdss sessions and dependence on trial-to-trial
variation in translation, rotation, and scaling.Pxecision within and across sessions for multi¥poi
mapping for BS1. Left two segments show precisioorfgo any alignment (across. within session,
6.5+3.3 vs.3.6:1.3). The right two segments indicate precision aienoval of trial-to-trial
translational, rotational, and scaling variatioasr¢ss/s. within session, 0.449.27 vs.0.610.34). B.
Precision within and across session for absoludenamti-point mapping for BS2. The two segments on
the left indicate precision for reported phosphieations determine through absolute mapping (acros
vs.within session, 661.2° vs. 3.6t1.4°). The middle two segments show precision for regabr

phosphene locations determined with multi-poiratieé mapping (across.within session, 441.1° vs.
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3.0+0.94). The last two segments indicate precision fortiapdint mapped phosphenes after removal of
translational, rotational, and scaling variatioor¢ssvs. within session, 0.8.32 vs.0.910.25). C —

E. Frequency histograms showing the magnitude af gge of alignment deviation for multi-point
sequences across (light gray) and within (dark)gsagsions for BS1. Dashed lines indicate means for
each distribution. C. Translational variation (aswes. within sessionmean3.(® vs 1.3). D. Rotational
variation (acrosss. within sessionmean6.9 vs 3.4). E. Scale variation (across. within sessionstd
0.19vs.0.14). F — H. Frequency histograms showing thenitage of each type of alignment variation
across and within sessions for BS2. F. Translatiiation (acrossgs. within sessionmneanl.9 vs.

1.2°). G. Rotation variation (across.within sessionmeanl?® vs 15). H. Scale variations for BS2

(acrossss. within sessionstd 0.19vs.0.16).
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Figure 7. Relative mapping with multi-point sequencaptures key attributes of functional organizati
of early visual cortex. A. BS2 electrode overlaylwain. A set of multi-point sequences were setécte
that correspond to rows on the electrode array(edlrows). Arrows show progress across different
visual field representations. The light gray arqmeints towards the calcarine, in an area reprasgnti
upper visual field of V1. The median gray arrownsitowards the superior rows of the array, awamfr
the calcarine in an area of cortex representingtamsual field of V1. The dark gray arrow contisube
trajectory away from the calcarine fissure and talsdhe top row of the array. It approximately sates
progression into the lower visual field represdatabf V2. B. Location of phosphenes obtained with
stimulation of each of the rows indicated in Al tsame color. The arrows on the visual field map
indicate the progression in the visual field foopphenes evoked by the corresponding electrode
sequences in the V1 upper field representatioht(tigay), V1 lower field (median gray), and V2 lawe

field (dark gray).
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Figure 8. Cortical magnification factor measuredgbosphenes evoked by neighboring electrodesmwithi
multi-point sequence. Analysis was restricted exbdes in V1. A. CMF across all multi-point segce
trials for BS1. Each point is CMF calculated fquair of phosphenes on a single trial. Black limetidate
expected pattern of CMF across eccentricity baseti® visual mapping function described in methods.

B. CMF across all multi-point sequence trials f@2B
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Figure 9. Examples indicating regularization ofaeed phosphene locations when using multi-point
sequences. A. Phosphene locations evoked onadd of sequence 1(56, 57, 58, 59, and 60). B — D.
Three patterns using the same row of electrodésa@s A, but with different electrodes droppednfior
the sequence. B. Phosphene locations evoked tiakllof sequence 2 (56, 57, 58, and 60). C.
Phosphenes evoked by all trials of sequence H{B&G9, and 60). D. Phosphenes evoked by all ifals
sequence 4 (56, 58, 59, and 60). E. Average patfgshosphenes evoked for each sequence tested.

Patterns have been vertically displaced to allosiegeaomparison. Scale bar indicat@sF. Separation
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in visual space between phosphenes associategbavtibular electrode pairs as they appear in differ
sequences. The colored circles represent the ppirasphenes for which the distance measurements
were taken. For example, the first set of barsciaugis the separation in visual space for phosphenes
evoked by electrodes 56 and 58. This pair was unedsn sequences 1, 2, and 4. In the case ofrpatte
1 and 2, there was an intermediary electrode (E&9gmted between 56 and 58, the distance in bedsca

was 3.8, whereas when stimulation was delivered to 5658donsecutively, the distance between the

resulting phosphenes was 1.6
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1089 Figure 10. Comparison of overall map of visual gpalotained by absolute mapping and visual space
1090 map fit to relative mapping with multi-point da&. Array placement on the medial wall for BS1.
1091 Electrode 1 is indicated in the superior - antepiosition, and electrode 60 in the inferior posteri

1092 direction. B. BS1 phosphene map generated by aleswlapping. C. BS1 visual filed map made by
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fitting a model of the V1-V3 complex to phospheaedtions determined through relative multi-point
mapping. D. Array placement for BS2. E. BS2 absoplitosphene map. F. BS2 visual filed map

generated by fitting a model of the V1-V3 complextulti-point sequence data.
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1114 Figure S1. All multi-point sequences collectedB&1 and BS2. A. Array placement for BS1. B. Array

1115 placement for BS2. Grayed out electrodes indicktetredes that were placed outside of early visual
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cortex or were not functional. C. Phosphene patemoked by all multi-point sequences tested fat.BS

D. Phosphene patterns evoked by multi-point seqsefur BS2.
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Figure S2. Fit of model of V1 — V3 complex (Bandgouble-Sech) to relative mapping data for BS1 and
BS2. A. Flat map of the cortical sheet for BS1 vli#gtst fit location of implanted array. Exact array
placement was determined by a cost function minigithe weighted distance between cortical
projections of reported phosphene location colkketih multi-point mapping and the location of the
electrodes that evoked each phosphene within giiet structure of the array. The array was dividgd i
three segments that were separately fit to eitkerc the calcarine fissure in each visual areh, ¥2).
Dark grey lines indicate iso-azimuth and iso-el@ralines in V1, the medium gray lines indicate \@2d
light gray indicates V3. This array placement wasdito determine the phosphene map for BS1
presented in Figure 10C. B. Flat map of corticaletof early visual cortex for BS2 with array plieent
derived in the same manner as BS1. This array placewas used to determine the phosphene map for

BS1 presented in Figure 10F.



1160

Global ID | Local ID | No. Macros| No. Minis Strip Layout

LF ss1 8 0 O O O O)
MR ss2 8 0 O O O O>
YAA ss3 8 8 O OZZQZZQ>
YAB sS4 8 8 O OZZOZZO)
YAC SS5 8 8 O OZZQZZQ>
YAE SS6 8 8 O OZZQZ§O>
YAF Ss7 8 8 O OZZQZZQ>
YAH ss8 8 12 OQOO)
YAI SS9 8 12 QOOO
YAM SS10 8 12 QQQO)
YAN ss11 8 12 QQQQ
YAO SS12 8 12 ooQ:oQ:°QO°Q>
YAU SS13 8 16 O O O, Q)
YAV SS14 8 16 O O O, Q)
YAX SS15 8 16 O O O, Q)

1161 Table S1. Sighted subject array information. Tatdicates sighted subject global and local idegntif

1162

the number of macro and mini electrodes implarded,the electrode layout of the strip implantedgea




1163 circles indicate locations of 3 mm clinical recowglielectrodes, small circles indicate 0.5 mm mini

1164 electrodes used for research purposes.



Blind participants have difficulty reliably localiry phosphenes evoked by electrical stimulation
of early visual cortex

Bimanual fixation improves precision of reportedpphene location

Relative mapping with multi-electrode sequencesawgs precision of reported phosphene
location

The spatial configurations of phosphenes obseruedglelectrical stimulation of multi-electrode
sequences is stable across trials

Fitting a map model of the V1 — V3 complex to mitiint sequence data can be used to make an
overall estimate of the visual field map of earisual cortex in blind subjects



