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Abstract

Objective: Current steering techniques have shown promise in retinal prostheses as'a way to
increase the number of distinct percepts elicitable without increasing the number of implanted
electrodes. Previously, it has been shown that ‘virtual’ electrodes can be ctreated between
simultaneously stimulated electrode pairs, producing unique cortical respense patterns: This
study investigated whether virtual electrodes could be created using two=dimensional current
steering, and whether these virtual electrodes can produce cortical responses with predictable

spatial characteristics. ~

Approach: Normally-sighted eyes of seven adult anaesthetised catsywere implanted with a
42-channel electrode array in the suprachoroidal space and multi-unit neural activity was
recorded from the visual cortex. Stimuli were delivered to individual physical electrodes, or
electrodes grouped into triangular, rectangular,sand ‘hexagonal arrangements. Varying
proportions of charge were applied to each electrode/in a gréup to “steer” current and create
virtual electrodes. The centroids of corticabresponses to stimulation of virtual electrodes were

compared to those evoked by stimulation of single physical electrodes.

Results: Responses to stimulation of )groups of up to six electrodes with equal ratios of
charge on each electrode résulted in cortical activation patterns that were similar to those
elicited by the central physical’€lectroede (Centroid’s: RM ANOVA on Ranks, p>0.05; Neural
Spread: Stats Test; p>0.05). We were also able to steer the centroid of activation towards the
direction of any of the electro?es of'the group by applying a greater charge to that electrode,

but the movement in.the centroid' was not found to be significant.

Significance: The results suggest that current steering is possible in two dimensions between
up to at least six.electrodes, indicating it may be possible to increase the number of percepts
in patients without inereasing the number of physical electrodes. Being able to reproduce
spatial .characteristics of responses to individual physical electrodes suggests that this

technique cotild also be used to compensate for faulty electrodes.
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Introduction

Retinal prostheses are currently the only approved treatment for retinitis pigmentosa, a group
of hereditary degenerative retinal diseases that affect over one million people worldwide [1-+
3]. These devices provide artificial vision to patients by electrically stimulating surviving
non-photosensitive neurons in the inner retinal layers. Electrical stimulation of the retina
elicits the perception of discrete flashes of light [4,5]. These percepts, termed phosphenes, are
used as building blocks to construct an artificial image, much like' pixels on a computer
monitor [1,2]. Clinical studies have shown that retinal prostheses .ean improve patient
performance in spatio-motor tasks, pattern recognition, and basic object recognition [6—8].
However, due to the poor visual acuity afforded by present-generation.devices, more complex
tasks such as independent navigation, facial recognition, and reading, barring in a few
exceptional patients, are still out of reach. Technical and safety,constraints limit the size and
density of electrode arrays which, using conventional.single electrode stimulation techniques,

directly limits the range of percepts that can be elicited. y

Current steering refers to a number of stimulation techniques aimed at manipulating the
distribution of electrical potential areund electrode sites [9—-11]. These techniques make use
of simultaneous stimulation of electrodes in a controllable fashion to shift the peak of the
summated electrical field, in order to target specific neural populations. Interactions between
electrical fields are often considered to be undesirable, as they can result in unpredictable
temporal or spatial smearing of the percept [12—14], so they are typically circumvented using
sequential stimulation presented within the flicker fusion rate of the visual system. However,
this limits the number of phosphenes to the number of implanted electrodes, which is in turn
subject to engineetringand surgical constraints. Incorporating electrical field interactions into
the stimulation strategy. may allow an increase in the number of unique percepts without

significant changes to the electrode array.

The perceptual effects of electrical field interactions between simultaneously stimulated
electrodes has been explored in cochlear implants. So called “virtual” electrodes can be
created between simultaneously stimulated adjacent electrode pairs, eliciting the perception
of an intermediate pitch [15-17]. This technique is implemented clinically to increase the
auditory spectral resolution afforded to patients [16,17]. Current steering in deep brain

stimulation between up to four linearly arranged electrodes has also been shown to mitigate
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dyskinesia side effects in Parkinson’s patients, presumably by shifting the peak of the
summated electrical field away from undesired neural populations [18,19]. In the retina there
have been a number of pre-clinical studies into the effects of field shaping techniques.,Virtual
electrodes can be created between two physical electrode pairs [10]. Increasing the proportion
of charge delivered to one of these electrodes can also shift the virtual electrode towards it
[10]. Interactions between many simultaneously stimulated retinal electrodes can also be used
to reduce current spread, thereby reducing the spread of neural activation [20], and have been
shown to be capable of modulating the firing probability of indiyidual retinal ganglion cells
[21]. Cortical responses to simultaneous stimulation of up go 42 electrodes can also be
predicted by constructing a model from cortical responses to white-patterned stimuli [22],
demonstrating that neural responses to simultaneous multichannel stimulation are repeatable
and consistent. Current steering therefore shows significant premise in increasing the range
of percepts that can be presented to patients. However, itis unclear whether these techniques
are likely to provide percepts that are useful in presenting’ complex visual information to
patients. The relationship between corticabactivity ‘elicited by physical and virtual electrode
stimulation has not be extensively studied, and accurate prediction of responses depends on

extensive sampling of cortical activity.[22].

This study aims to further investigate the creation of virtual electrodes using two-dimensional
current steering. In this study we speeifically aimed to determine whether we could reproduce
the properties of cortical responses to physical electrodes, by steering current between
differing numbers of adjacenthectrodes. Electrode failure is a significant issue for prosthetic
devices and is a_ major factor in efficacy and lifespan [23,24]. Virtual electrodes have the
potential to mitigate this issue by replacing faulty physical electrodes, reducing the functional
deficits of reduced phesphene counts and the potential damage associated with repeated
repair and reimplantation. We also aimed to confirm that the ability to shift virtual electrodes
by altering the proportions of charge is maintained when using different two-dimensional
electrode “atrangements, and to determine whether the spatial properties of the resultant
cortical response could be predicted based only on the knowledge of stimulation weights

applied:
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Methods

Anaesthesia and surgery

All procedures were approved by the Bionics Institute Animal Research Ethics Committee
(Project #14 304AB) and were in accordance with the Australian Code of Practice for the
Care Use of Animals for Scientific Purposes (8" edition) and with the National Institute of
Health, USA guidelines regarding the care and use of animals for expérimental procedures.
Normally sighted adult cats (n=7) were used in this study. Due to increased regulation of the
supply of pentobarbital in Australia, two different anaesthetic protocolsswere followed. Five
of the seven cats were sedated with ketamine (intramuscular{fi.m.], 20 mg/kg) and xylazil
(subcutaneous [s.c.], 2 mg/kg). Anaesthesia was maintained over the experimental period for
up to three days with a continuous intravenous (i.v.) infusion of sodium pentobarbitone (3-8
mg/kg/hr) as per our previous studies [5,20,25]. A continuous,i.v. infusion of Hartmann’s
solution (sodium lactate, 2.5 ml/kg/hr) was also administered throughout the experiment. The
remaining two cats were sedated with ketamine (i.m. 8 mg/kg), medetomidine (i.m. 0.012
mg/kg), and methadone (i.m. 0.4 mg/kg). Anaesthesia was maintained with continuous i.v.
infusion of Propofol (24 mg/kg). A continuousii.v. infusion of methadone in Hartmann’s
solution (0.25 mL of 10 mg/mL{Methadone\in 250 mL compound sodium lactate, 0.05
mg/kg/h) was also administered throughout the period of anaesthesia. Due to the depressive
effects of Propofol on the respiratory system, tracheostomies were performed and the animals
ventilated on 100% oxygen (20-25 breaths/min) (model 6025; Ugo Basile, Monvalle, VA,
Italy). Respiration rate, heart\ rate, end-tidal CO2, blood pressure and temperature were
monitored consistently/ throughout the experiment and maintained at normal levels by
adjusting the anaesthetic flow rate. Daily injections of dexamethasone (i.m. 0.1 mg/kg) and
clavulox (s.c. 10 mg/kg) were administered to all seven cats. Pupils were dilated by regular
topical application of a mixture of phenylephrine hydrochloride (2.5%) and tropicamide
(1%).

The suprachoroidal electrode array was similar to that which has been used in our previous
work [6,26]; fabricated on a biocompatible silicon substrate and consisting of 42 platinum
electrodes-of 600 pm diameter spaced 1 mm from centre to centre. The implantation
procedure is detailed in our previous studies [26,27]. Briefly, following a lateral canthotomy,
scleral incision, and dissection of a pocked between the sclera and choroid, the array was

inserted ~15 mm into the suprachoroidal space until the tip was beneath area centralis. Our
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aim during implantation is to encompass as much of the area centralis as possible. The array
is typically placed over the area centralis, often relatively superior and temporal in order te
avoid contact with the optic disc. Electrical connections to the electrodes en the array were
tested using an automated impedance monitoring software developed in LabVIEW (National
Instruments, Austin, TX, USA) used in previous studies [28]. The animal was placed in a
stereotaxic frame inside a darkened electrically shielded room. Visualdnspection, of the eye
and fundus photographs were taken to determine the health of the eye and positioning of the
array. A craniotomy was then performed spanning 15 mm rostralland S.mm caudal from the
interaural line, and 7 mm lateral from the sagittal suture omthe side contralateral to the
implanted eye, exposing the visual cortex. A number of studies have'shown that, in normally
sighted cats, most cells located nasally relative to the area centralis project to the contralateral
hemisphere. Additionally, some temporally located cells, particularly those close to the area
centralis, also project to the contralateral hemisphere.[29-32]. The dura mater was carefully
excised from the region. Using two parylene-based’ flexible platinum electrode arrays (as
described in Fallon et al 2016 [33]), electrically'evoked potentials (EPs) in response to
cathodic-leading biphasic charge-balanced current pulses (0-750 pA, 1 ms per phase) were
mapped along the surface of the visual cortex to determine the cortical region with the lowest
EP thresholds. Up to two planar “Utah” 36- (6x6) or 60- (6x10) channel penetrating
microelectrode arrays (Blackrock Microsystems, Foxborough, MA, USA) were inserted in
the regions of Area 17/18 ofithe visual cortex with the lowest EP thresholds to a depth of
approximately 1 mm. The recording electrodes were separated by a distance of 400 um and
sampled ~7.2 mm? and A4 mm) of the cortex for the 60- and 36- channel arrays respectively.
Recording electrodes, aresd mm/in length with a pitch of 400 um Based on manufacturer
estimates, the exposed,platinum tip of each electrode is 50 pm long and, at its thickest point,
23412 pm in/diameter. Assuming a uniformly conical tip shape, this translates to an
approximate surface area ranging from 2.15 mm® to 10.56 mm®. The size and number of
electrode’arrays used for each animal was determined by the prevalence and location of large

blood vessels, as care was taken to minimise damage these structures during insertion.

Experimental protocols
Electrical stimuli were generated with a 128-channel 1Z2 stimulator (Tucker-Davis
Technologies, Alachua, FL, USA). Due to the low maximum current output per channel (300

A, each group of three channels was combined using a custom-built circuit board bringing
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the maximum functional number of combined stimulating channels to 42 and the maximum
current output to 900 pA per combined channel. Each combined channel was connected
directly to an electrode on the suprachoroidal array enabling independent simultaneous
stimulation of all 42 electrodes. Pulses were presented at randomly varied currents ranging
from zero to 750 pA in 50 pA steps at a repetition rate of 1 Hz. Each,current step was
repeated 10 times. Stimulus pulses were cathodic-first and symmetrically biphasic with a
1000 ps phase width and 25 ps interphase gap. Either all the charge from each pulse was
presented to a single electrode or the total charge was split across groups. of clectrodes for
steered stimulation according to predefined charge ratios.aThus the /maximum charge
delivered to the retina was capped to 750 nC corresponding to a maximum charge density of
265 pC/em’ (for single electrode stimulation) which is below the safe limit for gassing when
using platinum electrodes [34]. Platinum needle electrodes wete placed in the conjunctiva to
provide an extraocular return path.

Stimulating electrode groups were chosén,in three predefined geometric shapes: triangles,
rectangles, and hexagons (shown in Figure, 1). For each arrangement, it was important that
the electrode groups contained a single electrode in its centre that was not part of the group
but stimulated on its own as we wanted to assess if a similar cortical response could be
obtained between single and‘steered multi-¢leetrode stimulation. Four stimulus configurations
were used for each shape: Central Physical Electrode (CPE) stimulation, whereby the single
electrode in the centre of the shape received all the charge. Central Virtual Electrode (CVE)
stimulation, whereby the outer\electrodes of the shape received equal proportions of charge,
with the intention of creating a wvirtual electrode in the same area as the CPE. Intermediate
Virtual Electrode (IVE) stimulation, where certain electrodes received a greater proportion of
charge, depending on the geometric shape. For triangular electrode shapes, half the charge
was delivered to,one electrode, while the other two electrodes each received one quarter of
the charge. For rectangular electrode shapes, two electrodes received one third of the charge
each, while'the others each received one sixth. For hexagonal electrode shapes, only five of
the six electrodes received charge with one third of the charge applied to one outer electrode,
no’charge delivered to the electrode opposite, and the other four electrodes each receiving
one sixth. Due to experimental time constraints other charge ratios were not explored. IVE
stimulation was repeated for each electrode shape, while rotating the outer electrodes that

received proportionally greater charge. Finally, Outer Physical Electrode (OPE) stimulation
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was also performed where an outer electrode received all the charge. This was done as»a
control to confirm that responses were different between different single electrodes. OPE

stimulation was also repeated for each outer electrode in each shape.

Data analysis

Cortical recordings were analysed using custom scripts written in Igor Pro (Wavemetrics,
Lake Oswego, OR, USA) and MATLAB (Mathworks, Natick, MA, USA). Signal artefacts
were removed using techniques described by Heffer and Fallon [35]. The signal was
bandpass filtered after artefact removal (Butterworth filter 0:3=5 kHz; otder 3) and spikes
were timestamped when the signal exceeded 4 times the root mean,square value. Spikes
detected within a 3 to 20 ms window were included in.the analysis; as it is hypothesised to
corresponding to both direct activation of retinal ganglion cells and indirect activation of the
network [36], and to remain consistent with earliepstudies[10,20,37-39]. For each recording,
the number of spikes were counted 3 to 20 ms prior to the gtimulus in order to estimate the
spontaneous firing rate. The average spofitaneous firingrate over the ten stimulus repeats was
subtracted from spike rates recorded during the evoked response period. For each recording
channel, spike rates averaged acrossuthe 10 tepetitions of each current step were used to
construct an input-output function and asigmoid curve was fitted. Consistent with our earlier
studies [39,40], threshold was defined as the level of charge where the sigmoid curve reached
50% of the maximum saturated spike rate on the recording channel. For each stimulus
configuration, the recording {hannel with the lowest threshold was designated the best
cortical electrode (BCE). Cortical spatial maps were constructed by plotting the spike rate
across all recording ¢hannels at the threshold charge of the BCE, normalised to the maximum

spike rate on each recording channel.

To characterise the spatial characteristics of cortical responses, we calculated the weighted
centroid /and neural activation spread of the cortical spatial maps. Centroids were calculated
as a_ mormalised Spike-rate weighted centre of mass across all channels, according to the

following formula:

n
Nimq MX;

n
Zi=1 m;

n
Zi=1 m;y;

X =
Z?:lmi

y =
Where (%, ) are the coordinates of the centroid

and m; = the normalised spike rate from each electrode site ( i.e.. m;, my, ... my)
and x; and y; = the coordinates of each electrode site (i.e.. (X1,V1), (X2,¥2), -« (Xn,Vn) )-
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Applying the same stimulation to the retina typically results in similar, but not /identical,
cortical responses. This can be due to a number of factors, such as changes to impedance in
the choroid due to inflammation, sensitisation to previous stimuli, depth of anaesthesia, or
central neural influences. As such, cortical responses to two different sets of CPE stimulation
were recorded, in order to determine the average degree of inherent«variationnin centroid
position to identical stimulation. Centroids calculated for the repeat of CPE stimulation, as
well as for CVE, IVE and OPE stimulation were compared in/distaneesfrom the centroid
calculated for the original CPE stimulation run. As there wereamultiple iterations of IVE and
OPE stimulation for each electrode shape, the distances for each stimulation mode were
averaged for each shape. The average shift in cortical centroid for/ each of the stimulation
configurations compared to the original CPE run were compared with a repeated measures
ANOVA. We hypothesised that the average centroidsshift,between responses elicited by CPE
and CVE stimulation should not be greater than the shift ealculated between repeats of CPE
stimulation. Ideally, IVE stimulation should create a virtual electrode between the central and
outer physical electrodes, as such we expected the average centroid shift between responses
to CPE and IVE stimulation to besgreater than repeats of CPE stimulation, but less than the
shift calculated between CPE and OPE stimulation.

The spread of neural activation was calculated for each configuration using the method
described by Cicione et al [39]. Normalised spike rates on each channel at the charge required
to reach 90% of the maximum\saturating spike rate on the BCE were plotted as a function of
distance from the BCE.»A decaying exponential was fitted and the inverse tau used to
quantify cortical selectivity. Activation spread was measured for each stimulus configuration
of each electrode shape: Our previous work showed no significant difference in the activation
spread of responses elicited by physical electrodes and virtual electrodes created by
stimulation of‘electrode pairs [10]. We expected this to be maintained in virtual electrodes

created,by two-dimensional electrode shapes.

Invadditionto measuring centroid shift, we also devised a method to predict the expected
direction of centroid shift based on work done by Tusa et al on the retinotopic mapping in
Brodmann areas 17 [41] and 18 [42]. We predicted that superior movement of the peak of the

electrical field in the retina would translate to rostral movement in the centroid of
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contralateral cortical activation, and that temporal movement in the retina would translate to
lateral movement in the cortical centroid. The location of each physical electrode in the eye
was determined from fundus images taken post-implantation. Using ,this translational
mapping technique, we attempted to predict the direction of the cortical centroid,shift based
on angles measured in the retina between physical electrodes, and the expected position of
virtual electrodes. We expected that the angle between the peaks of the@lectrical field in the
retina (6,¢¢inq), relative to the transverse plane of the eye, would be similan to the angle
between the centroids of the resultant cortical responses (0..,tex), relative to the coronal
plane of the brain (illustrated in Figure 2). To validate our technique, we first attempted to
predict the angle of centroid shift between CPE and OPE stimulation, as the locations of
physical electrodes are known in the retina. Assuming the peak of the electrical field in the
retina is centred at the same location as the stimulated electrodes, we measured the angle
between the electrodes from the fundus images. This angle was rotated in accordance with
the directional mapping between retina and cortex explained’above to give a predicted angle
of centroid shift (Opregictea)- The actual angle betweenithe two centroids elicited was then
measured. The difference (Oerror) between, Oprgaictea and Ocoreexwere plotted in a polar
frequency histogram and placed in‘binsywith a 45° width. Rayleigh’s test was used to measure
uniformity of the circular distribution and, if shown to be non-uniform, a circular mean was
calculated. We expected that @g;,.,, values will not be uniformly distributed, and would have
a near-zero circular mean if the centroeids moved in the same direction as we expected them
to. Following successful Valida\tion of’our technique, we attempted to predict the direction of
centroid shift between CVE stimulation and IVE stimulation, assuming that CVE stimulation
would produce anyelectrical field with a peak over the CPE, and that IVE stimulation would
result in a centroid shift in the direction of the electrode or electrodes with the greatest

proportion of charge.
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23 Figure 1: Diagram showing the different combinations of electrode shapes and stimulation
configurations. Grey circles represent unstimulated electfodes on the stimulating array.
26 Larger circles in other colours represent electrodes/being stimulated. The size of the
28 electrodes shows the proportion of charge delivered (not to scale). Central physical electrode
(CPE) stimulation is where the central electrode of the shape is stimulated, and outer
31 physical electrode (OPE) stimulation isswhere an outer electrode of the shape is stimulated.
33 Central virtual electrode (CVE).stimulation is where charge is distributed evenly between the
34 OPEs. Intermediate virtualdelectrode (IVE) stimulation is where charge is unevenly
36 distributed amongst the OPFEsy) with the aim of creating a virtual electrode between the CPE
and the OPE with the greater proportion of the charge. Note that the total charge delivered

39 when using all stimulation‘'modes was kept the same.
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Figure 2: Diagram illustrating our method of predicting the direction of centroid shift. (a)
shows the method of deriving O oting. The blue electrode represents the electrode at the
centre of an electrode shape, and the red electrode representsian outer electrode of a shape,
which is either being stimulated independently, or has received the greatest proportion of
charge as part of IVE stimulation. The angle between these two electrodes relative to the
transverse plane of the eye is Oypting. (b) shows the method of deriving Opreqiction from
Oretina- The blue and red crosses représent the location of the centroid of the responses
elicited by stimulation of the blue and ved electrodes from (a). The purple dotted line
represents Opreqiction, Which equalsyOreting, ¥elative to the coronal plane of the cortex. The
red dotted line represents O,orteox, Which is the measured angle between the centroids. The

difference between Oy cqiction @hd O orteyx 1s designated Oeyyoy.
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Results

Differences between anaesthetic protocols

No significant difference was found in the latency or maximum firing rate of electrically-
evoked cortical responses between the two different anaesthetic protocols (p’s>0.05, Mann-
Whitney U test). However, there was a statistically significant increase in$pontaneous firing
rates, rising from an average of 2.18 spikes/sec (n=39563 cortical channels) in cats
anaesthetised with pentobarbital to 3.07 spikes/sec (n=8940 cortical channels) in cats
anaesthetised with a combination of propofol and methadone (p<0.001;"Mann-Whitney U
test). While statistically significant, we do not believe that thefrise in spontaneous firing rate
between the groups is of a sufficient magnitude to affect our spike analysis methods given we
subtracted spontaneous firing from the spike count obtained in,the/3-20ms window. Given
these results, the data collected from all animals were combined and analysed in the same

fashion regardless of anaesthetic protocol.

Reproducing responses to physical electtodes with virtudl electrodes

For this analysis, shapes were only included. if a threshold could be calculated from at least
one recording channel in response/tortwo,repeats of CPE stimulation, and at least one run of
CVE, IVE and OPE stimulation. Corticalresponses were collected from 38 triangular and 19
hexagonal shapes with all modes of stimulation applied, totalling 342 physical electrodes.
Unfortunately, two sets of CPE stimulation were not recorded for rectangular shapes due to
time constraints and technicastues, and as such are excluded from this analysis. Examples
of 10 plots for each stimulus mode of a hexagonal electrode shape are shown in Figure 3.
Using these criteria, /18 triangular and 8 hexagonal shapes were included in this analysis. No
significant differences in lowest cortical thresholds were found between stimulation of single
physical electrodes (i.e..CPE or OPE stimulation, 177+8.4 nC, n=127), and virtual electrodes
(i.e. CVE and IVE stimulation) created by triangular (174+6.2 nC, n=122) or hexagonal
(193£9.1 nC, n=84) electrode shapes (p>0.05, ANOVA on Ranks).

Spatial maps for an overlapping triangular and hexagonal electrode shape are shown in
Figure 4:1n this example, the cortical response pattern to CPE stimulation was very similar
to the repeat of CPE stimulation and the various virtual electrode stimulation configurations,
but different to the OPE configuration. It should be noted that not all triangular and

hexagonal electrode shapes shared a CPE or OPEs, therefore responses to each shapes were
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analysed separately. The average shift in cortical centroid location between the two repéats of
CPE stimulation was found to be 0.451+0.08 mm and 0.431+0.13 for the 18 triangular and 8
hexagonal shapes respectively (shown in Figure 5). For both triangular and hexagonal
shapes, centroid shift from CPE stimulation significantly depended on"the stimulus
configuration used (Figure 5, p<0.001, one-way RM ANOVA). Centroid shift between
responses to CPE stimulation and CVE and IVE stimulation were not found to be
significantly different to the average shift between CPE repeats (Figure S, p>0.05, Tukey
post hoc). A significant shift in centroid location was observed /betweensresponses to CPE
and OPE stimulation (Figure 5, p<0.001, Tukey post hoc). No significant difference was
observed between the spread of cortical activity elicited by each stimulation mode (p>0.05,
one-way ANOVA, Dunn post hoc). No significant difference was observed in the spread of
cortical activity between stimulation of single physical  electrode stimulation (1/r =
1.84+0.17, n=58) and virtual electrode stimulationsef triangular (1/t = 2.06£0.17, n=57) or
hexagonal (1/1 = 2.06+0.15, n=47) electrode shapes. (p>0.057 ANOVA on Ranks).

Predicting location of intermediate virtual electrodes

To validate our method of predictifigithe angle of cortical centroid shift using retinotopy, we
first attempted to predict the angle of shift between centroids calculated for responses to CPE
and OPE stimulation, as therlocations of ‘physical electrodes in the eye can be directly
determined from fundus imaging. Responses to CPE and OPE stimulation were recorded
from 38 triangular and 19 I&xagonal shapes. From these shapes, 41 unique CPE-OPE
electrode pairs yielded thresholds. The difference between the expected and measured angles
between CPE-OPE centroid paits (6.,or-) is plotted in a binned polar histogram (45° bin
width) in Figure 6. Statistical analysis showed that the distribution of 6,,..,,- was not uniform

(p<0.01, Rayleigh’s test), with a circular mean deviation from the predicted angle of -0.18°.

In a similar manner, to,determine whether we could predict the angle of centroid shift for
responses to .intermediate virtual electrodes, shapes were included if a threshold could be
calculated from at least one recording channel in response to CVE stimulation and at least
one trialof TVE stimulation. CVE-IVE centroid pairs were excluded if the cortical centroid
shift between them exceeded the mean average cortical distance between CPE and IVE
centroids from the data shown in Figure 5 by one standard error to rule out the effect of

responses shifting to neighbouring cortical areas. Using these criteria, 41 triangular, 25
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rectangular and 13 hexagonal shapes were included in analysis. Deviation from the predicted
direction of centroid shift was calculated for 184 CVE-IVE pairs (103 from triangular, 19
from rectangular, and 62 from hexagonal shapes). Based on the analysis shown in Figure 5,
where repeated CPE and CVE stimulation resulted in a similar centroid shift, for this analysis
we assumed that the peak of the electrical field produced from CVE stimulation would be
located at the same point as the CPE for a given shape, and that the peak would shift in the
direction of the physical electrode with the greater proportion of charge in the case of IVE
stimulation with triangular or hexagonal shapes. For rectangular shapes; we expected the
peak to shift toward the midpoint between the two electrodes that received the greater
proportion of charge. An example of the method used to predict the angle of cortical centroid

shift between a CVE-IVE pair of a hexagonal electrode shapeisishown in Figure 7.

Contrary to our expectations, for triangular shapes (shown in Figure 8a), the 0.,
calculated for responses between CVE and IVE stimitlation Were uniformly distributed with
no preference in any direction (p>0.05,»Rayleigh’s test). However, for rectangular and
hexagonal shapes (shown in Figure 8b & 8¢), the distribution 8,,,,,- were found to be non-
uniform, with a circular mean deviation from the predicted angle of -13.41° and -20.96°

respectively (p<0.01, Rayleigh’s test).
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Figure 3: Examples of electrically evoked multiunit activity on a single cortical recording
channel. (a) Recording of multiunit activity on a single recording channel in response to
stimulation of a single retinal electrode. Stimulation. artefact and the recorded response are
highlighted. The red line denotes the -3.RMS thiteshold, and‘usterisks denote detected spikes.
(b) Input-output functions of a single cortical channel in response to CPE (black circles),
CVE (blue circles), IVE (blue triangles), and OPE (purple) stimulation of the same
hexagonal electrode shape. Dots represent the average normalised spike rate at each discrete
charge interval. The solid and dashed lines show the sigmoid fit for each dataset. The dotted
lines show the point of the sigmoid that corresponds to the threshold (50% of saturating spike
rate) (CPE: 128.8 nC, CVE:«143 nC, IVE: 158 nC, OPE: 308.5 nC). Note the similarity
between the threshold and \sigmoid fit characteristics between CPE, CVE and IVE
stimulation. As the peak of\the electrical field shifted to an adjacent electrode when

performing OPE stimulation, the/threshold for this cortical channel increased.
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18 Figure 4: Examples of cortical spatial maps constructed in response to the different
19 stimulation configurations. Smoothing has been applied, to the maps using linear
21 interpolation of the values at neighbouring grid points in each direction. Recording
electrodes lie on the intersections of the axes ticks. For this example, the triangular and
24 hexagonal electrode shapes share the same CPE and' OPEssWeighted centroids are marked
26 on each spatial map by an X. Note the similarities in centroid locations and activation
patterns between the virtual electrodes and the CPE repeats but a significant shift in the
29 centroid when one of the OPEs was stimulated. The shift of the centroids from the centroid

31 calculated for the first run of CPE stimulation'is labelled above each map.
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Figure 5: Bar chart showing the average distance between the centroid of activation
calculated for stimulation of the CPE, and centroids calculzted for every stimulation mode,
including a repeat of CPE stimulation. dsterisk denotes group showing significant increase
(RM ANOVA on Ranks, p<0.001, Tukey postyhoc test). No significant difference was
observed between the average cortical.shift of the repeat of the CPE and the two virtual
electrode modes (CVE & IVE) (p>0.05)»There was a significant shift between the centroids
calculated for CPE stimulation,and OPE stimulation (p<0.001). No significant differences
were observed between triangular-and hexagonal groups (RM ANOVA on Ranks, p>0.05,

Tukey post hoc test). Error bar\sshow standard error of the mean.
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Figure 6: Polar probability density histogram showing the distribution of 0,y calculated
for 41 CPE-OPE pairs, grouped in to 45%bins. Binned values denote the difference between
the predicted and measured direction of corticalcentroid shift from CPE stimulation to OPE
stimulation. The distribution wasafound to be non-uniform (p<0.01, Rayleigh test). The
circular mean for these values was -0.18°. Radial axes show estimated probability density for

each bin.
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Figure 7: Diagrams showing example of centroid shift in the cortex and the methodology of
directional prediction. (@) Two spatial maps showing patterns for CVE and IVE stimulation
of the same hexagonal shape. The weighted centroids for each pattern are marked by the
coloured X. The dotted circles show the mean (thicker line) and upper standard error
(thinner line) of the average hexagonal IVE centroid shift from Figure 5 (radius of 0.5+0.15
mm). (b) Fundus image with overlay of the stimulating array in its real position. Orange
electrodes show the hexagon being stimulatedsin.an IVE configuration. The solid white arrow
shows the expected direction of shift of the electrical field peak from the peak of field
produced by CVE stimulation at an angle of 76 degrees from the horizontal which was used
as the direction of the predicted centroid. in the cortex. (¢) Diagram comparing the measured
direction between the centroids from'spatial maps shown in (a), and the predicted direction
based on retinal measurements. Note that the measured direction is within only 6 degrees of

the predicted direction.
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Figure 8: Polar probability density histogram showing the distribution of 0., calculated
for CVE-IVE pairs, grouped in to 45° bins. (a), (b), and (c) show the differences between the
predicted and measured direction of cortical centroid shiftsfrom CVE stimulation to IVE
stimulation, for triangular (n=103), rectangular (n=19), and hexagonal (n=63) electrode
shapes respectively. The distribution for (a) was/found toxbeauniform (p>0.05, Rayleigh test),
however, (b) and (c¢) were found to be non-uniform (p<0.01, Rayleigh test), with circular
means of -13.41° and -20.96° respectively. Radial axes show estimated probability density for

each bin.
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Discussion

In this study, we investigated whether current steering could be extended to a two-
dimensional electrode array, allowing us to create virtual electrodes using more than two
simultaneously stimulated electrodes. From our data, we have shown that we“can reproduce
certain spatial characteristics of cortical responses to stimulation of physieal electrodes with
virtual electrodes created by stimulation of up to six surrounding physical electrodes. While
we were not able to create distinct intermediate virtual electrodes when applying unequal
stimulation weights, we did show that we could predict the direction of ‘the shift in the

centroid of cortical activity based on which electrodes receivedsgreater proportions of charge.

Reproducing responses to physical electrodes with virtual electrodes

We found that equally-weighted simultaneous stimulation of electrodes in either triangular or
hexagonal arrangements could elicit cortical responses with similar spatial characteristics to
that of stimulation of the electrode in the centre of the' shape. Confirming our initial
hypothesis, the shift in centroid positionbetween responses to CPE and CVE stimulation was
no greater than the shift observed between repeats of CPE stimulation. Shift in cortical
centroid position between CPE andwOPE retinal stimulation, was significantly higher than
between repeats of CPE stimulation. There was also no significant difference in the spread of
neural activation elicited by ‘physical electrode or virtual electrode stimulation. This indicates
that CVE stimulation of thesé shapes created virtual electrodes in a similar location to the
physical electrode in the centre of the shapes, producing responses with similar spatial
characteristics (centroid and c?rtical spread measures) to CPE stimulation. This is consistent
with our previousswoerk with electrode pairs, which showed that cortical responses to physical
and virtual retinal electrodes elicited similar levels of cortical activation spread, and that
delivering equal proportions of charge to each electrode elicited responses with centroids
approximately halfway /between centroids calculated for each individual electrode [10]. Our
results show that the ability to create virtual electrodes with cortical activation spread to
physical,clectrodes is maintained with two-dimensional current steering, and that the spatial
linearity of¢field interactions remains consistent. Somewhat surprisingly, although we
predicted IVE stimulation would elicit a centroid shift from CPE stimulation greater than that
of repeats of CPE stimulation, we found this was not the case. This data suggests IVE
stimulation created a virtual electrode closer to the central electrode compared to the outer

electrode receiving the greater charge proportion. Moreover, the thresholds found between
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CPE and CVE stimulation in total charge were similar, indicating a much reduced ¢harge
requirement on a per electrode basis when performing CVE stimulation. This indicates the
CVE stimulation may be an attractive replacement for CPE stimulation when requiring low
voltage stimulation, particularly for smaller sized electrodes where the impedances would be
high.

Creating intermediate virtual electrodes

Due to the degree of variability in the centroid location calculated for sesponses to repeated
CPE stimulation, it may have been that that virtual electrode ptoduced when performing IVE
stimulation did not shift the cortical response enough to be distinguished from this baseline
noise, most likely due to an insufficient alteration to charge proportions. As such, we devised
a method to determine whether there was a preferred shift toward the electrode/s with the
greatest proportion of charge. Our predictive technique is,a very crude adaptation of Tusa’s
map of visual cortex and does not account for the curvatiire of the retinotopic map as it
approaches the longitudal fissure and thesplenial suleus{42,41]. Our technique also relies on

the assumption of the maintenance of similar scaling to the retina in all cortical directions.

To validate our technique, we first trialled it by calculating the directionality of the shift in
centroids calculated for responses to CPE vs’OPE stimulation. We showed that there was a
statistical preference for the direction that we predicted, showing that this technique was a
valid model. When applied to responses to CVE and IVE stimulation, we found that we also
could predict the direction of?ortical shift for rectangular and hexagonal shapes, using only
the knowledge of which outer electrodes received greater proportions of charge. However
this was not the case for triangular shapes. This may have been due to the differing geometry
of electrode artangements and proportions of charge between the shapes. Given our array of
electrodes had a,1 mm pitch, and assuming absolute linearity in field interactions, the
weighted shift'in the centre of mass of the electric field in the retina for IVE stimulation for
triangular, rectangular, and hexagonal electrode shapes would be 0.25 mm, 0.33 mm, and
0.33 mm respectively from the geometric centre. As there is a reduced shift for stimulation of
triangular.shapes, it may explain why we were unable to observe a measurable preference in
the expected direction. However, while the theoretical basis for field shaping techniques such
as current steering and focusing are predicated on the assumption of linear summation of field

potentials, it does not necessarily imply a linear relationship between current weightings and
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the location of the peak of the summated electrical field. In the absence of a validated model
of electrical stimulation from the suprachoroidal space, we cannot know for certain the

effects of electrode arrangement on the shape of the resultant electric field.

The cortical centroids that did shift in the direction of the electrodes that reeeived the greatest
proportion of charge confirmed that IVE stimulation is shifting the electrical field in the
retina, consistent with our previous work with electrode pairs [10]. However, the absence of
significantly observable shifts in cortical centroids with IVE stimulation-may also be a result
of the generally broad spread of cortical activation elicited by, moenopolar stimulation. The
large spread of the electrical potential in the retina [20,43], coupled with undesired activation
of axons of passage [44], may provide insufficient resolution,to observe spatially discrete
responses to intermediate virtual electrodes. This i§ consistent with patient reports that
phosphenes elicited through monopolar stimulation. from the suprachoroidal space often
appear large and overlap with phosphenes elicited by neighBouring physical electrodes [45].
Using a stimulating array that has smallex electrodes and is implanted closer to the target
neurons, such as devices designed for epi- and,sub-retinal placement, may result in more
spatially discrete activation pattemns.. Using longer pulse widths (>25 ms) or sinusoidal
stimulation has also shown promise i improving the selectivity of retinal neuron activation
and avoiding activation of axens of passage, These techniques may result in more uniform
and discrete cortical activation'patterns and phosphenes, and allow for more accurate centroid

calculations [46,47].
A S

Implications and future directions

This study demonstrates for the first time that virtual electrodes created by simultaneous
stimulation of/ up to six physical electrodes can reproduce the spatial characteristics of
responses to.individual physical electrodes. These data also supports other studies that assert
that field interactions are both predictable and repeatable, and, rather than a hindrance, have
the potential to be‘'a powerful tool in increasing the range of percepts that can be presented to

patients.

Electrode failure is a significant issue for many prosthetic devices [23,24]. Due to the
complexity of making miniaturised and biocompatible devices, electrode arrays are fragile

and prone to lead wire and electrode breakage. Due to the similarity between thresholds,
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centroid locations and spread of neural activation, it is possible that CPE stimulation and
CVE stimulation of such geometric shapes will elicit similar percepts in patients. Using
simultaneous stimulation of adjacent surrounding electrodes, the percept elicited by the failed
electrode in the centre may be able to be replicated, compensating for the loss,of sensory
input. As it may take a significant amount of time and training for patients to be able to
interpret the stimuli they are being presented with, the consistency of percepts elicited by a
device will likely play a substantial role in its usefulness [48,49]. Using virtual electrodes,
device lifespan may be improved and will provide patients with longer=term consistent
stimuli. Virtual electrodes may also replace the need for electrode-dense arrays, reducing
manufacturing complexity. However, it may be prudent to include redundant physical
electrodes available for virtual electrode stimulation in case of electrode failure. In a device
with fewer electrodes, breakage of an electrode could have further reaching consequences on
phosphene generation than a traditional electrode,array, as a single electrode may be

responsible for multiple percepts when used as part of différént geometric shapes.

Incorporation of current steering in cochlear implant stimulation strategies have been shown
to elicit additional pitch percepts [15], however the functional benefit to speech recognition
has been minimal [17,50]. This may in,part be due to broad spread of current, resulting in
perceptual overlap [51]. Asnmentioned earlier, psychophysical testing has shown that
phosphenes often appear large and overlap with phosphenes elicited by neighbouring
physical electrodes [45]. As'such, creating additional phosphenes between these phosphenes
would likely provide little functional benefit, as patients may have difficulty discriminating
between them. In, addition; phosphenes are typically elicited sequentially in order to reduce
unwanted spatiotémporal electrical interactions [12,13]. As timing between stimuli is
compressed to/accommodate greater numbers of phosphenes (those elicited by both physical
electrodes and virtual electrodes), these interactions may become more prominent. Future-
generation devices-with improved electrode geometries and materials may be able to elicit
more_discrete discriminable phosphenes, however, for present generation devices, current
steering may needed to be combined with a form of current focusing. Traditional forms of
current focusing use local return configurations such as bipolar [39,52], hexapolar [21,39,53],
quasimonopolar [43,54], and common ground stimulation [39]. These techniques may prove
to berincompatible with this form of current steering as neighbouring return electrodes may

need to be recruited to create virtual electrodes and so would be unavailable to act as current
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sinks. Focused multipolar (FMP) stimulation, which utilises simultaneous stimulation of
surrounding electrodes with different weights and polarities to shape the electrical field, has
been shown to yield a similar degree of reduction of spread of neural activation as hexapolar
stimulation [20]. As the field is actively shaped by altering stimulation weights, it.is possible
that two-dimensional steering could be incorporated in to the calculation of these weightings.
Future studies should investigate the compatibility of these techniques and whether more

discrete cortical patterns can be elicited using virtual electrodes.

Limitations

We have used a number of measures such as centroid location, spread of neural activation,
and cortical activation threshold in order to quantify.the difference between the cortical
responses to physical and virtual electrode stimulation. While these metrics show that virtual
electrodes can reproduce certain properties of the cortical response, there are many other
spatial and temporal components that we did not investigatg that may impact on phosphene
appearance. As such, we cannot claim| with any ‘certainty that phosphenes generated by
physical or virtual electrode stimulation using surrounding electrodes would appear the same
to patients. However, we believe thatiour.measures still provide a strong argument that virtual
electrodes created using two-dimensional current steering can produce phosphenes in a
similar location to those elicited by physical electrodes, and share a similar spread and
perceptual threshold.

N

Further investigation should/be conducted in to the limitations of this technique, such as the
maximum physical distance between electrodes before electrical field interactions diminish.
Due to time constraintsythis study investigated only a limited number of current proportions.
Experimenting with “a»wider range of unequal current weights may provide a more
comprehensive understanding of the generation of intermediate virtual electrodes. Delivery of
different/current amplitudes to electrodes simultaneously adds the engineering requirement of
multipler independent current drives, increasing the technical complexity of the device.
Multiple current drives may not be required to deliver equally-weighted stimulation, provided
the impedance of the physical electrodes are similar. Stimulation of physical electrodes in
irregular geometric arrangements may provide a more comprehensive way to produce virtual

electrodes in regions other than the centre of a shape.
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The cats used in this study were acutely-implanted and normally sighted. As such, theré area
number of structural and functional differences between the visual system of these cats and
visually-impaired patients. Firstly, there are a many effects that occur following long-term
implantation in patients. such as chronic inflammation and fibrosis, that were not.reflected in
this study [55,56]. Secondly, the morphology of a degenerated retina is very different to that
of our normally-sighted cats. In addition to the loss of photoreceptors, thete is also a
significant degree of remodelling and indirect cell death that occurs in the inner layers of the
retina [57]. There is also substantial attenuation of the retinal vasculature and thinning of the
choroid in response to reduced metabolic demand [58,59]. Duesto loss of visual input there is
also significant cortical remapping, however, recent studies have shown that prolonged use of
retinal prostheses may partially reverse this [60]. While“we would not expect retinal
degeneration to affect the shape of the electrical fields produced by current steering, it is
possible that the altered physiological conditions may result in unexpected cortical activity.
Our previous work in a cat model of retinal/degeneration has shown increased cortical
thresholds, decreased cortical spread, andrincreased size of retinal receptive fields [61,62].
While this may not affect the location of phosphenes elicited by virtual electrodes, shape,
spread, and other spatio-temporalsproperties may be different in degenerated eyes. Future
studies in long term implanted blind cats would provide a more representative insight in to

the benefits of this technique.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JNE-102112.R1

Creating virtual electrodes with two-dimensional current steering 28

Conclusion

This study shows for the first time that virtual electrodes can be created using two-
dimensional current steering with simultaneous stimulation of up to six physical electrodes.
Virtual electrodes created using this method produced cortical responses that"shared similar
thresholds, centroid locations and activation spread to responses elicited by the  eentral
physical electrodes surrounded by the electrodes used for steering in the'form of'a geometric
shape. We have also shown that virtual electrodes can be shifted in desired directions by
altering the proportions of currents applied to steering electrode groupsyhewever the change
in charge proportions to observe this directionality preference needs to be large enough. This
technique could provide a greater level of control over the location of phosphenes in patients’
visual field, increase the number of percepts that can be presented to patients, as well as
compensate for faulty physical electrodes. Further studies in long-term implanted blind feline

models could give clearer insights in to the translational benefit of these techniques.
4
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