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Abstract

Objective. Sensory prostheses use arrays of electrodes to stimulate neural tissue and restore a sense
of vision or hearing. At perceptible levels of stimulation, the current from each electrode spreads
and causes overlapping regions of neural activation. This lack of specificity results in perceptual
deficits. Methods to overcome this reduced specificity, such as a closed loop stimulation approach
require measurement of the neural response to stimulation. This investigation tests the possibility
of using the large stimulating electrodes such as those required by some subretinal or
suprachoroidal retinal implants to measure the neural response to stimulation, an approach similar
to Evoked Compound Action Potentials measurements used in cochlear implants. Approach. Ex
vivo tissue samples from Long Evans rats with healthy retinas and Royal College of Surgeon rats
with retinal degeneration were used to investigate both stimulating and recording from electrodes
of the same array. A hexagonal array was used with 20 platinum electrodes with 500 pm diameter
and 700 pm pitch. Post-stimulus voltage decay was reduced with appropriate tuning of a triphasic
stimulation pulse and in post-analysis with a high-pass filter. A method using alternating polarities
of biphasic pulses was also trialed. A cocktail of synaptic and ion channel blockers was used to
block all neural response including action potentials and thus confirm the biological origin of the
signal. Main Results. It was found that a neural signal was observable on electrode that were
sufficiently distant from the stimulating electrodes. The signal appeared to be due to direct
activation of ganglion cells or possibly mediated via inner retinal neurons. Significance. This result
confirms that recording usable neural signals from large electrodes is possible, which is an essential
step in implementing a closed loop stimulation strategy for a subretinal or suprachoroidal retinal
prosthesis.

1. Introduction

Neural prostheses use pulsed electrical currents to
induce activity in neural tissue and restore functions
such as hearing (Wilson and Dorman 2008), sight
(Shepherd et al 2013), or bladder control (Fall and
Lindstrom 1991) or to prevent pathological activity

© 2025 The Author(s). Published by IOP Publishing Ltd

such as seizures (Fisher and Velasco 2014) or tremors
(Krauss et al 2021). In each of these cases, more tar-
geted electrical stimulation could increase efficacy
and safety while reducing side effects.

Sensory prostheses such as cortical, cochlear, or
retinal implants consist of arrays of electrodes that
are electrically stimulated to induce useful sensory
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perceptions of sound or light. At perceptible levels of
stimulation there is a spread of neural activation from
each electrode that overlaps with the neural activa-
tion created by neighboring electrodes (Wilke et al
2011, George et al 2015). This overlap creates a limita-
tion on the potential benefit of high-density electrode
arrays with increased numbers of electrodes.

Retinal prostheses treat conditions like Retinitis
pigmentosa (RP), that lead to the degeneration of
light sensitive cells. They may be located in an epiret-
inal (Sekirnjak et al 2008, Ho et al 2015, Luo and da
Cruz 2016), subretinal (Stingl et al 2015), or supra-
choroidal (Fujikado et al 2011, Ayton et al 2014,
Bareket et al 2017) position. The suprachoroidal pos-
ition maximizes surgical safety (Villalobos et al 2013)
but it is most distal from the ganglion cells of the ret-
ina that are the target of the electrical stimulation.
An array implanted in this suprachoroidal position
typically requires higher stimulation currents com-
bined with associated larger stimulation electrodes
(Shivdasani et al 2014). Higher stimulation currents
lead to wide overlapping spread of neural activa-
tion from each electrode (Sinclair et al 2016). These
spreads of neural activation are associated with large
phosphenes that do not allow perception of small
visual features. Given that users of visual prostheses
face significant limitations in on their ability to navig-
ate or recognize objects (Karapanos et al 2021, Gliven
etal 2023) it is important to develop methods to over-
come this effect.

Conventional strategies activate electrodes
sequentially and aim to build perception of an image
by combining the limited number of fixed phos-
phenes associated with the electrodes of the array
(Chen et al 2009). This leads to poor vision out-
comes, especially in sub-retinal and suprachoroidal
implants, where the these phosphenes overlap, cre-
ating a low-resolution blurred effect (Wilke et al
2011, Sinclair et al 2016). The limit on visual acu-
ity is the size of these phosphenes. More sophistic-
ated ‘current-steering’ strategies attempt to improve
this outcome by using multiple electrodes activated
simultaneously. These focused multipolar or phased-
array approaches synthesize a ‘virtual’ phosphene and
manipulate its position and size to build an image
sequentially (Frijns et al 2011, Spencer et al 2016,
2018). The use of the trans-impedance matrix to cal-
culate the weights of each electrode as a proxy for
neural activation is a limitation because it entails an
implicit assumption that neural activation is a linear
function of current. In reality, neural activations have
nonlinear dependencies on electrode currents levels.
It is likely that this is the reason that these strategies
have not been widely adopted in the clinical setting.

It has been proposed that the negative effects
of the conventional strategy and current-steering
strategies could be overcome using a closed-loop
approach (Guo et al 2018, Shah and Chichilnisky
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2020, Tong et al 2020, Grani et al 2022) including a
model-based neural activity shaping (NAS) algorithm
(Spencer et al 2019, 2021, 2023, Castro et al 2024).
Both solutions require measurement of neural
responses, ideally via the electrodes of the stimu-
lating array itself. These measurements must record
the retinal response to electrical stimulation in the
context of conditions such as RP.

The benefit of the proposed NAS strategy is
that it uses these neural measurements to calcu-
late an optimum simultaneous stimulation pattern to
manipulate the pattern of neural activation (Spencer
et al 2019). The perceived image is not built up
of sequential phosphenes but is instead delivered
in a ‘single-shot’ This approach is likely to achieve
higher acuity because the pattern of neural activa-
tion can be spatially sharpened using a push—pull
approach between neighboring electrodes of oppos-
ite electrical polarity. This is possible because both
linear, and non-linear neural activations are incor-
porated into the selection of the electrode current
strengths and polarities. Using NAS, the main limit
on visual acuity is no longer individual phosphene
size, but instead, a less restrictive function of the
electrode spacing (pitch), the accuracy of the neural
response measurements, and the maximum electrode
current (Spencer et al 2023). This higher acuity vision
is expected to lead to significantly improved outcomes
and higher quality of life for implantees. The present
study represents a step towards this outcome by
presenting evidence of the capacity of large electrodes
to record an electrically evoked neural response.

There are existing studies that use small 6-25 ym
electrodes in an epiretinal position to stimulate and
record individual spikes using electrodes from the
same array (Sekirnjak et al 2006, 2008, Madugula et al
2022). The present study investigates the possibility
that the measurements of neural response could be
performed by large 500 pm stimulation electrodes
like those used in suprachoroidal implants. Under this
proposal, one or more stimulation electrodes would
be activated simultaneously and the resulting voltage
fluctuations due to the combined neural response
recorded. This is similar to the evoked compound
action potential approach used in cochlear implants
(Lai et al 2002).

Stimulation artifact is a notable obstacle to
acquiring the neural signal. The stimulation artifact
consists of both a direct recording of the voltage cre-
ated by the stimulation pulse as well as the voltage
decay (due to non-linear resistive-capacitive effects)
following this pulse (Cohen et al 2003, Garcia et al
2021). Depending on the parameters of the record-
ing apparatus, the decay artifact is approximately
100-1000 times larger than the neural response and
so obscures the recording of the neural signal. In
addition, the amplitude of neural signal is lower
in the distal subretinal or suprachoroidal positions
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compared to the proximal epiretinal position. If this
decay artifact were significantly lower in frequency
than the neural signal, it could be easily removed with
a high-pass filter. However, large electrodes record the
compound signal due to the spatial integration of the
neural signals from many nearby neurons; this sig-
nal has lower frequency components than the higher
frequency extracellular action potential recordings
acquired with smaller electrodes.

The aim of this study is to determine whether
measurement of electrically evoked ganglion cell sig-
nals in the retina is possible using large stimulat-
ing electrodes in a subretinal position. This result is
essential in defining the steps necessary to develop
a closed loop or activity shaping large-electrode ret-
inal prosthesis. The result also has implications for
other large-electrode stimulating arrays where NAS
or closed loop approaches may be used.

2. Methods

This study was aimed at an initial characterization of
the signals obtained from large electrodes in the ret-
ina, so measurements were undertaken using ex vivo
retina tissue samples from rats. Rats have previously
been used as a model for exploration of the efficacy
of retinal implants (Kanda et al 2004, Ho et al 2019),
including Royal College of Surgeons (RCS) rats which
are amodel of retinal degeneration (Strauss et al 1998,
Pardue et al 2005).

A2 mm x 3 mm hexagonal array was used to suit
the size of rat retina tissue samples (figure 1(A)). The
retina samples were placed in a subretinal orientation
(figure 1(B)).

2.1. Electrode array

A hexagonal array was manufactured with four rows
of five electrodes; 16 of these 20 electrodes were util-
ized during the experiment (figure 1(A)). The plat-
inum electrodes had diameter 500 pym and pitch
700 pm. The array was embedded within a well that
facilitated continuous perfusion of the retina with
carbonated Ames’ medium.

2.2. Retinal preparation

All experimental procedures were approved by the
University of Melbourne Animal Ethics Committee
(Ethics Approval #21886) and conformed to the
policies of the National Health and Medical Research
Council of Australia (NHMRC).

Retinas from 4 Long Evans rats (Animals #1-#4,
17-22 weeks old, all male) and 1 RCS rat (Animal #5,
21 weeks old, female) were used during the study.

Rats were initially anesthetized with a mixture of
ketamine (100 mg kg) ! and xylazine (10 mg kg) !,
and then humanely killed after retina dissection using
intracardiac injection of Letharbarb (150 mg kg)~!.
Dissections were carried out in dim light conditions
to avoid bleaching of photoreceptors.

M J Spencer et al

Retinal preparations were carried out as described
by (Maturana et al 2018). In brief, each eye was
hemisected around the ora serrata, the vitreous body
removed, and the eye cup inverted to detach the ret-
ina from the pigment epithelium. The retina was then
divided into two or three segments and kept in a petri
dish containing carbonated Ames’ medium (Sigma-
Aldrich) at room temperature until being placed on
the array with ganglion cells facing up. An insulated
tissue harp was used to hold the tissue in place.

2.3. Neural blockers
Pharmacological blockers were used when it was
necessary to abolish neural signals. This was used to
create a control condition in which identical stim-
ulation protocols were performed before and after
the application of blockers to determine the sources
of recorded signals. A cocktail of blockers was used
to remove all neural responses including the action
potentials in ganglion cells. The blockers were added
to the Ames perfusion medium with at least 40 min
delay before new stimulations were performed.
NBQX (10 M) was used to block AMPA/Kainate
receptors. Strychnine (10 uM) was used to block gly-
cinergic receptors. Picrotoxin 100uM was used to
block GABA receptors. D-AP5 (50 M) was used
to block NMDA receptors. L-AP4 (20 uM) was to
block mGluR6 receptors. This follows an approach
used in a similar study (Zha et al 2023). In addi-
tion, Tetrodotoxin (TTX, 1.7 M) was used to block
sodium channels in retinal ganglion cells.

2.4. Stimulating and recording hardware

A Tucker-Davis Technologies ‘122’ was used as the
current stimulator and a Tucker-Davis Technologies
PZ2 preamplifier was used as the voltage recorder
(figure 1(C)).

The 122’ can provide a maximum of 250 pA
per channel. Multiple channels from the 122" were
combined to provide higher current input to each
electrode.

The ‘PZ2’ has a maximum input voltage of
+10 mV. The recordings were obtained at a sample
rate of 48.828 kHz. No in-line analogue filters were
included in the recordings.

2.5. Electrical stimulation protocols

Stimulation was performed at a rate of 2 Hz on either
a single electrode or three electrodes simultaneously.
Clinically relevant current levels of up to 1500 pA
were used (see discussion). In cases where three elec-
trodes were used, the electric current listed is the
total current across all three electrodes. For each para-
meter combination, multiple repetitions of stimula-
tion pulses were delivered to allow for the removal of
noise by averaging of the recorded signals. Animals
#1-#3 and #5 used 80 repeats and animal #4 used 40
repeats for all measurements.
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Figure 1. Dimensions of the electrode array used during the experiment and the position of the ex vivo retina on the array. (A)
Electrode array size and topology. (B) Subretinal orientation of the ex-vivo retinal tissue sample on the electrode array. (C)
Stimulator/recorder configuration during the measurements of neural response. Three channels of the Tucker-Davis technologies
‘122’ were combined into single stimulation channel that was connected to either one or three electrodes to allow higher current
stimulation. Voltages on all non-stimulating electrodes, were recorded by the ‘PZ2’. The reference (Ref) and ground (Gnd) of the

‘PZ2’ were wired to a single electrode.

Unless otherwise stated, charge balanced triphasic
pulses were used (figures 2(A)—(C)) that consisted
of three phases: cathodic—anodic—cathodic (Bahmer
et al 2010, Bahmer and Baumann 2012). Each phase
was 500 ps in duration. The total charge delivered
by the middle phase was balanced by the other two
phases. The amplitudes of the first and third phases
(o and 1 — «) were adjusted to reduce the observed
decay artifact (figure 2(C)). The values were chosen
to be @ = 0.62 (1 — o = 0.38), based on a subjective
evaluation of the most effective artifact removal, and
these values were retained across all stimuli.

An alternative approach used biphasic pulses of
opposite polarity (figures 2(D)—(F)). This is based on
atechnique originally described by (Abbas and Brown
1991). These consisted of two equal amplitude cath-
odic and anodic phases where each phase had a dur-
ation of 500 us. To remove the decay artifact, two
biphasic pulses were delivered with opposite polar-
ity. By inverting the second pulse, the decay artifact’s
polarity was reversed while the neural signal’s polar-
ity was retained (blue and red traces in figure 2(F)).
By averaging the resulting two recordings, the decay
artifact could be removed, assuming an ideal linear
response (black trace in figure 3(F)).

2.6. Light stimulation protocol

Light stimulation was used only to confirm the health
of the ex vivo tissue and the capacity of the electrode
array and recording apparatus to measure neural
activation.

For this, a triggered laser with a wavelength of
488 nm and 275 mW peak power output was used
with pulses of 0.1 ms. The laser light was passed
through the lenses of a microscope, diffusing the light
to cover the electrode array and tissue. The response
to 8 pulses at 0.5 Hz were averaged and signals filtered
with a 3rd order Butterworth lowpass filter with a
cutoff of 150 Hz. The larger initial response to light
for each stimulation trial series was discarded as it was
often substantially higher amplitude than others.

A cathodic D
c lal1-a
o
5 .
O B anodic E
al|]l—-a
c F
signal + |
artifact
()] signal
% /\/ f\jveraged
5
>

Time

Figure 2. Stimulation protocols showing the methods used
to reduce the electrical stimulation artifact amplitude and
extract the neural signal. Left column: triphasic pulse
stimulation. Right column: biphasic pulse stimulation. (A)
Triphasic pulse with an untuned amplitude ratio. (B)
Triphasic pulse with a tuned amplitude ratio. (C) Schematic
depiction of the neural signal measured with an untuned
pulse (blue trace) and a tuned triphasic pulse (black trace).
(D) Biphasic pulse; cathodic phase first. (E) Biphasic pulse;
anodic phase first. (F) Schematic depiction of the neural
signal measured with a single biphasic pulse (blue and red
traces) and an average measurement using two separate
pulses of opposite polarities (black trace).

2.7. Experimental procedure

The experimental procedure is shown in figure 3.
During each experiment, the retina was dissected,
prepared, and placed on the electrode array inside the
perfusion well. The retina’s response to light was con-
firmed, and then electrical stimulation and record-
ing were undertaken. Blockers were then added to
the perfusion fluid to eliminate any neural response.
After waiting at least 40 min, electrical stimulation
and recording were repeated as a control.
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Figure 3. Schematic of experimental procedure timeline showing the sample preparation and confirmation of neural signal via
light stimulation followed by the initial measurement of neural response before it was blocked using the cocktail of synaptic and

channel blockers and then re-measured more than 40 min later.

2.8. Data analysis
After averaging the voltage recordings across repeated
pulses, the final voltage waveform was band-pass
filtered in the reverse time direction using a 3rd-order
Butterworth filter with cutoffs of 5 Hz and 3500 Hz.
To calculate the amplitude of the neural response,
a temporal window was chosen by visual inspection
to exclude any decay artifact but retain the neural sig-
nal (shown as a grey region in figures 5, 6, and 7).
This was chosen to be 3.5-10 ms post-stimulus from
visual observation. The amplitude of the neural sig-
nal was defined to be the difference between the max-
imum and minimum voltage values within this win-
dow. This max—min approach was taken to exclude
any voltage offset from the estimate of the neural sig-
nal amplitude.

3. Results

In this study, we considered a closed-loop sensory
prosthesis whereby the same electrode array was used
to stimulate and record neural activation simultan-
eously (Spencer 2024a, 2024b). The proximity of the
stimulating and recording electrodes created large
electrical artifacts that obscured the neural response.
In quantifying the neural response, it was therefore
important to account for the presence of any decay
artifact resulting from stimulation.

3.1. Light stimulation

After placing the tissue, light stimulation was used
to confirm its health and the correct operation
of the recording apparatus. Increasing light intens-
ity showed a response on all recording electrodes
(Animal #3, figure 4(A)).

3.1.1. Triphasic pulse stimulation
Electrical stimulation was applied uniformly across
either 1 or 3 electrodes. Recordings were made on
all electrodes not used for stimulation (Animal #3,
figure 4(B)). Different electrodes show a different
level of artifact (grey arrows) and neural response
later confirmed with blockers (green arrows).

It was found that with the recording apparatus
used there were some recording electrodes that had

a large exponential decay with or without the pres-
ence of blockers; electrode 9 for example (figures 5(B)
and (E)). These artifact signals were not removed by
adjustment of the value of « for the triphasic pulse
(data not shown). Therefore, these electrodes were
excluded from the analysis of the neural signal.

A second set of electrodes showed a response sig-
nal to electrical stimulation (figure 5(C)). Blockers
were then introduced to remove all synaptic trans-
mission as well as the direct activation of action
potentials in ganglion cells. The signal was sub-
stantially removed by the addition of these blockers
(figure 5(F)). This provides strong evidence that this
signal is of neural origin. Furthermore, this signal
was spatially localized (figure 5(A)). Other electrodes
showed no response to stimulation before or after
the addition of blockers to the perfusion (electrode 3,
figures 5(D) and (G)). This collection of observations
was consistent across all five animals.

Four wild-type rat retinas were tested for a
neural response (figure 6). In each animal, there
were large artifacts present in the recordings from
the electrodes neighboring the stimulating electrodes.
There was also a spatially localized neural response
(figures 6(Ai)—(Di) and (Aii)—(Dii)). This signal was
substantially removed by the addition of blockers
(figures 6 (Aiii)—(Diii))

When the peak-to-peak amplitude of the neural
response was plotted as a function of the stimulat-
ing electrode current, it was observed that the neural
response showed a non-linear, sigmoid-like response
with a threshold and saturation (figures 6 (Aiii)-
(Diii)). This non-linear response is further indication
of the neural origins of this signal. The reduced amp-
litude of the signal in animal #2 was possibly due to
poor attachment of the retina to the electrode array.

The thresholds of approximately 250 1A (figures 6
(Aiii), (Biii), (Ciii) and (Diii)) correspond to a charge
of 125 nC.

A frequency analysis of the data reveals that the
neural signal has a frequency band of between 0 Hz
and 400 Hz (figure 7). In addition, there is a peak
for animal #1 at 120 + 30 Hz (figure 7(A)) and
animal #4 at 120 &+ 30 Hz (figure 7(D)). Animal #2
and #3 have less clear peaks. Using the time between
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Figure 4. The response to light and electrical stimulation (Animal #3). Electrodes are numbered according to their positions in
the array (refer to figure 1). Electrodes 1, 2, and 5 were used for electrical stimulation and so were not used for recording. (A)
Response to a 0.1 ms flash of light of increasing intensity at a rate of 0.5 Hz. Colors indicate the power setting of the 488 nm laser
used. Vertical black lines indicate the timing of the light stimulus. Note that small vertical offsets were added for visualization
purposes. (B) Response to triphasic electrical stimulation at increasing currents. Colors indicate the total stimulation current
used. Green arrows show likely neural response and black arrows indicate likely electrical artifact.

the minimum and maximum amplitudes in the time
domain (figure 7) for each animal allows for an
alternative estimate of the main frequency compon-
ent of the signal of: animal #1 175 £ 25 Hz, animal
#2 125 + 25 Hz, animal #3 125 + 25 Hz, animal #4
100 +£ 25 Hz.

Retinal prostheses are used in cases of retinal
degeneration. For this reason, the recordings were
repeated with a retina from an RCS rat. A neural sig-
nal was observed with a similar spatial (figure 8(A))
and temporal (figure 8(B)) profile as the wild-type
rats. This signal was also removed with the addition
of blockers (figure 8(D)).

3.1.2. Biphasic pulse stimulation

The observations made in figures 4-8 were obtained
using a tuned triphasic pulse approach to stimu-
lation (figures 2(A)—(C)). This approach was taken
to remove as much of the decay artifact as possible
from the recordings. Although this was effective, it
is known that this approach can require fine tuning

of the pulse phase-weight parameter () to suppress
the artifact with minor changes to the preparation or
changes to the implant. For this reason, an altern-
ative approach to removing the artifact was trialed
using a pair of biphasic pulses of opposite polarity
(figures 2(D)—(F)).

For both polarities, the neural signal in animal
#4 in response to 1020 pA across the three stimula-
tion electrodes (figure 6(Dii), orange trace) was sub-
stantially corrupted by a decay artifact (figure 9(A),
catholic phase first—red trace, anodic phase first—
blue trace). This decay artifact can be seen in the
absence of a neural signal in the recordings taken
after the addition of blockers (figure 9(C)). By aver-
aging these recordings in response to stimulation of
opposite polarities, the decay artifact was removed
and the neural signal was revealed (figure 9(A), black
trace). This signal was substantially removed by the
addition of blockers (figure 9(C)), just as with the
triphasic pulse approach. The method was applied at
two stimulation currents before and after the addition
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Figure 5. Recordings of neural response to electrical stimulation using triphasic pulses of varying current amplitudes (Animal
#3). (A) Electrode array diagram with stimulating electrodes labeled black, electrodes with a large decay artifact labeled grey and
the remaining electrodes colored according to the peak-to-peak amplitude of the neural signal. (B) Average post-stimulation
response at different stimulation amplitudes recorded from an electrode with a large decay artifact (electrode 4 shown in A). (C)
An electrode with a neural signal (electrode 4 shown in A). Green arrow indicates signal, red arrow indicates artifact. (D) An
electrode with no artifact or neural signal (electrode 16 shown in A). (E)—(G) The same as (B)—(D) after the addition of blockers
to the perfusion. In each of (B)—(G) the shaded area shows the temporal window used for the calculation of the amplitude of the
response.
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Figure 6. (A)—(D) Recordings of the response to electrical stimulation in four different animals (animals #1—#4, wild-type rats).
(i) Electrode array diagram for each retina as described in figure 5 caption. (ii) Recording from the electrode with the highest
amplitude neural response (yellow electrodes in i). The grey box shows the temporal region used during the calculation of the
peak-to-peak amplitude of the neural signal. (iii) Input—output curve for the same electrode showing the peak-to-peak amplitude
of the neural response as a function of the stimulation current. (iv) and (v) are the same as (ii) and (iii) after neural blockers were
added to the perfusion. The error bars show the noise level that was calculated as the standard deviation in the signal for the same
duration as the window but beginning 10 ms post-stimulus.
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of blockers (figure 9(B) and (D)). The difference with
and without blockers can be easily observed (compare
figures 9(B) and (D)).

4. Discussion

It was found that a retinal implant with large stim-
ulating electrodes can successfully record a retinal
response induced by stimulation using electrodes of
the same array. This shows that there is a capacity to
use the array in a closed-loop configuration or with a
NAS algorithm.

Most ex vivo recordings involving electric-
ally stimulated retina use patch-clamp record-
ings to record action potentials, see for example:
(Maturana et al 2016). Previous extracellular record-
ings in response to electrical stimulating use small

(10-30 pm diameter) electrodes positioned epi-
retinal (Sekirnjak et al 2006, 2008, Sekhar et al
2017, Madugula et al 2022). No previous work has
examined the potential of measuring ganglion cell
responses using much larger (500 pm) electrodes
positioned sub-retinal. Investigating this possibility
is important, given the superior safety profile of this
position compared to epiretinal implantation.

The duration of the neural response (approxim-
ately 5 ms, figures 4—6) indicates that it was highly
likely to be a compound action potential spatially
averaged across a local population of retinal neurons.
Furthermore, the short latency of the neural response
(< 5 ms, figures 4—6) indicates this likely originated
from ganglion cells as a result of either their direct
electrical stimulation or indirect activation by bipolar
cells or a combination of both (Im and Fried 2015). It
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Figure 9. An alternative approach to artifact removal using biphasic stimulation with alternating polarity stimulation pulses as
depicted in figure 2(D)—(F) (Animal #4, electrode 14). (A) Measured response before blockers added at an amplitude of 1020 pA.
Red and blue curves show the response to biphasic pulses of opposite polarity. Black curve is the average of red and blue curves.
Green arrow indicates neural signal. (B) Averaged alternating biphasic polarity results before blockers added at 600 1A and

1020 pA. Green arrow indicates neural signals. (C) After blockers added at an amplitude of 1020 pA. (D) After blockers added

with stimulation of 600 A and 1020 pA.

was unlikely to be due to photoreceptor activation. In
future experiments specific blockers could be added
in a sequence to isolate the contributions of various
neuron types in the vertical processing pathway of the
retina. In particular, it would be important to first
block all synaptic input to ganglion cells to validate
that there are no network contributions to the signal
and finally using TTX block sodium channels in gan-
glion cells. This would provide strong evidence that
the signal is likely from ganglion cells as a result of
their direct activation.

Additional evidence that this signal was unlikely
to be a result of photoreceptor activation was the
threshold of its onset. The present study found the
threshold to be approximately 125 nC. Activation
of photoreceptors requires a lower charge given the
suprachoroidal location of the implant. This is con-
firmed by comparison with the perceptual thresholds
measured in the equivalent clinical device in human
trials of a suprachoroidal retinal implant with a 500 us
phase duration; see figure 10(A) in (Shivdasani et al
2014) and (Petoe et al 2025).

The human suprachoroidal implant, with 1 mm
diameter electrodes (Allen et al 2025) has a charge
safety level of 745 nC (or 95 uC cm)~2 calculated
using the same approach as in (Shivdasani et al 2014),
which used the Shannon model of safe levels for elec-
trical stimulation (Merrill et al 2005). This corres-
ponds to a current of 1500 ptA; more than that used
in the present study. This safe level of 745 nC is
also 6 times the 125 nC thresholds measured in this

investigation, giving confidence that the signals can
be acquired clinically.

The choroid and retinal pigment epithelium
(RPE) was not present in the preparations tested
during this investigation, having been removed dur-
ing dissection. Patients with retinitis pigmentosa are
known to have substantially thinned choroid (Ayton
et al 2013). However the presence in vivo of any addi-
tional choroid thickness will contribute to decreased
signal to noise ratio (SNR) due to the modified elec-
trical properties. In this study the distance from the
electrodes to the ganglion cell layer was approxim-
ately 0.25 mm (Adachi et al 2016). In RP patients, due
to the additional tissue, suprachoroidal implants are
located approximately 0.3 mm from the ganglion cell
layer (Ayton et al 2014, Yoon et al 2022). Due purely
to the resistive properties of this additional ~0.05 mm
material the SNR will be decreased. Previous stud-
ies have assumed a purely resistive choroid (Joarder
et al 2011) but additional capacitive or active proper-
ties may also reduce the SNR in a way that would dif-
fer on a patient-to-patient basis. The RPE may con-
tribute some active response due to the presence of
excitable cells. However, they will not introduce high-
amplitude responses with similar frequency contri-
butions in the same period of time as the signals
measured. In an electroretinogram measurement for
example the RPE contributes to the ‘c-wave’ which
peaks after approximately 1 s (Audo et al 2008). These
signal amplitudes are also reduced in conditions such
as RP that lead to rod and cone cell degeneration.
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The total effect of the presence of the choroid
and RPE layer is something that should be invest-
igated in future experiments in vivo. Given a SNR
of 5 (figure 5(C) shows a peak-to-peak signal amp-
litude of 0.1 mV and peak-to-peak noise amplitude
of 0.02 mV) a decrease in SNR is not anticipated to
threaten the viability of the measurement.

In this investigation, artifact removal was
achieved using a tuned triphasic pulse. In principle,
if the baseline noise is sufficiently low, this method
could use single-pulse recording. This is particularly
advantageous in a closed-loop prosthesis that requires
fast processing. Artifact removal using a biphasic
alternating polarity protocol was also found to work
using a pair of alternating polarity biphasic pulses.
However, this approach, along with other approaches
such as a mask-probe approach (Cohen et al 2003),
require post-processing to extract the neural signal
from the artifact.

It was not possible to record from the electrodes
that were stimulated or the immediate neighboring
electrodes due to the very large artifacts that saturated
the recording amplifier. This was likely due to satur-
ation of the recording amplifiers above 10 mV dur-
ing stimulation (the limit of the TDT PZ2 amplifier).
Improvements could be achieved using an amplifier
with a higher maximum input voltage to allow for
more accurate recording of the ~100 4V neural signal
amplitudes. These changes will likely allow record-
ing from the immediate neighboring electrodes to
the stimulating electrodes, or even from the stimulat-
ing electrodes themselves. The retinal response recor-
ded by the stimulating array electrodes in response
to full field high-intensity light stimulation was used
in this study only to confirm the health of the retina
and the functioning of the recording apparatus. To
precisely measure the ganglion cell response to light
requires particular specialized procedures (Porciatti
2015). For example, it is reported that stimulation at
scotopic levels may reveal ganglion cell activity in an
electroretinogram (Audo et al 2008). Such techniques
were not performed in this study because the form
of the neural signals obtained from light stimulation
are likely very different to those obtained via electrical
stimulation and so would not serve the purpose of
informing us whether electrically evoked ganglion cell
activity would be measurable with our setup.

Although rats are a previously used model for
human vision in the context of retinal implant
research (Kanda et al 2004, Ho et al 2015), it will also
be important to verify that similar responses can also
be recorded and characterized in vivo in larger anim-
als prior to translating NAS for human application.

This study included results from only a single RCS
rat and showed evidence for alternating polarity arti-
fact removal from only a single rat at a limited num-
ber of current amplitudes. Further work is required to
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gather more evidence of the efficacy of the approach
in degenerate retinas and with alternating polarity
biphasic pulses.

The results of this paper demonstrate the poten-
tial for using large stimulating electrodes at relat-
ively large distances from the retina for measurement
of neural responses while simultaneously conducting
electrical stimulation. Most retinal implants stimu-
late a population of retinal ganglion cells within a
local area of the electrode. Given that the summed
potentials we measure are likely from population that
is local to that electrode, the signals are appropri-
ate for the type of stimulation that is being applied.
Given existing visual acuity is constrained by over-
lapping phosphenes, the measurements must simply
obtain an estimate of the local neural activation at
each electrode due to stimulation of neighboring
electrodes.

The fact that signals could not be obtained from
all electrodes is an impediment to obtaining the
full forward model of electrical stimulation (which
requires recording the response to simultaneous pat-
terns of electrical stimulation). As noted above, modi-
fications to the equipment is expected to allow greater
artifact rejection. An additional approach is to spa-
tially interleave stimulation and recording patterns
to create multiple forward models that can then be
merged into a single model.

Any increase SNR would impact the accuracy of
the model, leading to a lower achievable increase in
visual acuity via the NAS algorithm. The exact rela-
tionship also depends on other factors such as max-
imum safe electrode currents, and neural spread size;
this is something that is explored explicitly in pre-
vious modeling studies (Spencer et al 2019, 2023).
The SNR and spatial resolution of the measurements
in the present investigation show that the neces-
sary information to constrain this forward model is
available.

In future in vivo experiments, spatial patterns of
stimulation should be applied and recordings used
to constrain a forward model (Maturana et al 2016).
This fitted forward model can then be used to calcu-
late optimal patterns of stimulation to induce particu-
lar neural activation in the form of spots and gratings
(Spencer et al 2019). These patterns of neural activa-
tion could then be used to calculate the likely Snellen
visual acuity (Spencer et al 2023) and compared to the
visual acuity obtained via more conventional single
electrode sequential stimulation.
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