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Abstract

Visual prostheses electrically stimulate nearby neurons to generate artificial vision in patients blinded by retinal degenerative
diseases. Current prosthetic devices offer limited spatial resolution that results in unselective stimulation of ganglion cells
and the generation of percepts with shapes other than a small spot of light. In this study, we introduce a theoretical ap-
proach to treat the biomimetic retinal electrode array. This array produces electrodes that are self-determined to adjust their
spatial parameters for single localized stimulation. Electrode stimulation of the biomimetic electrode array was simulated in
a 3D reconstruction of the retina and ganglionic layer at locations in the retina with high area cell density. We also simulated
ganglion cell stimulation in the far periphery as the array could be relocated on the retina due to the natural movements of
the eye. Single localized stimulation was achieved throughout the retinal regions near the fovea, which is required in humans
for activities where visual detail is of primary importance and thus relevant for high resolution vision. Single-cell stimula-
tion responses leveled off until 30° of eccentricity in average using the biomimetic array with large array area. That is, the
biomimetic array can produce a stable stimulation of single cells and a broad field of view for a wide region of the retina.
Lastly, we provide considerations for the biomimetic electrode array for practical applications. Together of being useful to
improve single cell activation, the applicability of the biomimetic electrode array can yield strategies to increase the area of
the array and produce a wide-ranging field of view.

Keywords: Biomimetic Electrode Array; Prosthetic Vision; Retina Implant; Single-Cell Selectivity; 3D Retinal Reconstruc-
tion.

visual space are sent to the brain via temporal patterns of activity
in RGC types that are spatially mixed. RGCs that are close to each
other frequently transmit very different signals [13].

Introduction

Visual prostheses are designed to restore some vision to patients
blinded by photoreceptor degenerative diseases, such as retinitis
pigmentosa and age-related macular degeneration [1]. The major problems with current visual prostheses are 1) the
use of large electrodes with some fixed electrode spreading that
misdirect the stimulus and create phosphenes with shapes other
than a small spot of light and 2) the incapability to adapt electrode
stimulation at locations with high RGC density. This presumably

may be the cause of current clinical trials that revealed that

Recently, epi-and subretinal implants have been developed [1-10].
Humayun et al., [1-4|, Mahadevappa et al., [5], Rizzo III et al,,
[6, 7], Klauke et al., [8], Eger et al., |9] and Keserii et al., [10]
and recent clinical trials [11, 12] have confirmed the feasibility

of producing perception of light in blind patients by electrically
activating nearby retinal ganglion cells (RGCs).

Visual prostheses would ideally reproduce accurately natural
spatiotemporal patterns of activity in RGCs with high resolution.
This requites the capacity of each electrode to reach single-
cell selectively. In other words, RGCs are tightly-packed in the
ganglionic layer, mainly at the fovea. Unique characteristics of the
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patients do not obtain a complete visual scene composed of
simultaneously presented percepts [11, 12].

Electrode array topology influences the shape and breadth of the
phosphenes while the retina is electrically stimulated [14]. That is,
by applying a given value of peak stimulus amplitude, the current
spread varies according to the topology of the electrode array
and the position of the active and ground electrodes. This could
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lead in changes in the area of stimulation, thereby causing the
generation of phosphenes with shapes other than a small spot
of light. Thus, electrode topology is fundamental to restrict
the stimulus to the space required for producing round dot-like
percepts. Experiments which were performed with different
electrode topologies revealed dissimilar shapes of phosphenes
e.g. elongated shapes [15, 10], triangles [17], lines/bats [106, 18],
doughnut-shaped 3|, complicated patterns [17] and round spots
of light [3-5, 10, 16].

With that said, a novel theoretical approach must introduce an
electrode array that can achieve small percepts and single localized
stimulation at locations with high area density of RGCs. Thus, we
introduce a theoretical approach to treat the biomimetic retinal
electrode array. This biomimetic array produces electrodes that
are independent to adjust the spacing between adjacent electrodes
using a given area density of cells and ganglion layer thickness for
the purpose of single cell stimulation.

To acquire a precise understanding of how electrodes activate
RGCs, we shall consider first an accurate three-dimensional (3D)
reconstruction of the retina, particularly in the ganglionic layer for
an epiretinal design; second the activationof RGCs in a perspective
three-dimensional region; third a mathematical approach for the
activation of a single cell per stimulating electrode and fourth a
theoretical approach to treat the biomimetic electrode array for
the purpose of single localized stimulation.

The retina was reconstructed using a simulation framework built
by integrating the relevant retinal interface elements and the
dynamics of the ionic channels in the ganglion cell.

A three-dimensional reconstruction of the ganglion layer
considered a realistic 1) density distribution of RGCs along
the retina, 2) distribution of RGCs in the vertical section, 3)
distribution of RGC size (diameter) and 4) variable ganglionic
layer depth as a function of the eccentricity along the retina.

Recent retinal models [19-23] disregarded a representative three
dimensional reconstruction of the ganglion layer for evaluating
the direct stimulation of RGCs.

This present work examines the use of the biomimetic electrode
array and its advantages for single localized stimulation at
locations in the retina with high area RGC density. This is a
requisite in visual prostheses because actions that require visual
detail are processed within £15° of eccentricity. We also inspect
RGC stimulation in the periphery as the array could be relocated
on the retina due to the natural movements of the eye.

Background
Biomimetic Retinal Array

Rodger et al., [24] designed, fabricated and implanted in animals
a biomimetic retinal parylene C-based electrode array with 60 of
1024 75um-diameter electrodes connected through dual-layer
process. The biomimetic retinal array was able to stimulate tissue,
elicit a response similar to the response generated from a light
pulse and confirm excellent biostability.

http://scidoc.org/IJCNE.php

Although that the biomimetic retinal array retained the spherical
curvature of the retina and produced a complex biomimetic
pattern that closely mirrored the area density distribution of RGCs
in the human retina [25], the reasoning of how the biomimetic
pattern is generated is incomplete.

RGCs found in the human ganglion cell layer [25] ate not
distributed along the border between the ganglion layer and the
vitreous chamber but along the three-dimensional space of the
ganglion layer that makes the volumetric density of cells.

Peak volumetric density is not in contact with the border between
the ganglion layer and the vitreous chamber but leans toward the
boundary between the ganglion layer and the inner nuclear layer
[14].

These findings suggest that consideting the area cell density as the
only assumption could result in a clear misdirection of electrode
stimulus to empty regions of cells, a misuse of electrodes and a
misrepresentation of the nature of cell distribution.

As a result, an increase in stimulus amplitude is required to
stimulate remote cells in the ganglion layer. This may lead the
stimulus to reach undesirable localities where other cells could
be stimulated, thereby reducing focal activation and greatly
decreasing resolution, and to exceed electrochemical safety limits.
Other issues neglected are 1) ganglion layer thickness varies as a
function of the eccentricity, 2) single localized stimulation and 3)
relatively large electrodes likely activate hundreds or thousands of
cells over their area of stimulation [13].

Single Localized Stimulation

Jepson et al,, [26] reported that the five numerically dominant
retinal ganglion cell types (i.e. ON and OFF midget, ON and
OFF parasol, and small bistratified ganglion cells) have similar
activation thresholds. In addition, single cells could be precisely
activated without stimulating adjacent RGCs of the same type or
other types.

Materials and Methods
Volume Region of Stimulation

The algorithm to find the volume of stimulation is shown in
Figure 1(a). This volume is defined as a triggering boundary
where the spreading current is sufficient to stimulate a single or
nearby cells. That is, a cell located inside the volume is activated by
the respective electrode. Otherwise, the cell is not activated by this
electrode. Comsol Multiphysics and Matlab software were used
for the volume of stimulation. The procedure is explained next.

Stimulating Electrode Arrangement: The stimulation electrode
arrangement consists of an active electrode surrounded by eight
grounds. This array forms a 3 by 3 evenly distributed electrode
arrangement, see Figure 1(b).

This stimulating array yields an advantage for single cell activation
as the current density can be confined in a small region that
surrounds the RGC. This results in a more controlled stimulation
area [27].
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Let us call a square area-element inside the stimulating electrode
array with sizes labeled as d, see Figure 1(b), where d is the
electrode pitch:

p,, is the electrode density.

In the course of this study, a total of 32 by 32 electrode array
is considered. The control of selecting the role of electrodes to
function as active or ground is also considered as seen in previous
publications |27, 28]. Active electrodes can have their own time
slot for stimulation [28].

Procedure for the Volume of Stimulation: The description to
obtain the activation area and the volume region of stimulation
was introduced in Villarreal DL et al,, (2017) [14]. Here, the basic
information is given to generate such volume of stimulation.

Consider an electrode array with electrodes having a size diameter
and a local electrode density. The volume region of stimulation is
generated by following the algorithm shown in Figure 1(a). The
algorithm is created to restrict the spread of the stimulus to the
space requited for activation. This would result to a more precise
region of stimulation and a high-resolution vision.

The inputs in the algorithm are the stimulating parameters
(i.e. injected current, pulse duration, pulse shape and domain
properties) and the geometric parameters (i.e. cell location,
domain dimensions, proximity of cell to electrode and electrode
distribution). A short introduction of each processing step is
explained in sequential order based on its appearance.

Electric Field Response: A 3D computational model of
electrical stimulation was implemented in COMSOL Multiphysics
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software (COMSOL, AB., Sweden, Version 4.4). The model
consists of one half of a sphere that represents a segment of the
human eye, see Figure 2(a). The layers included in the simulation
model are the polyimide carrier of the electrodes, vitreous
medium, photoreceptor layer, ganglionic layer, ganglion cell soma
and retinal pigment epithelium. This schematic representation of
the retina is built to a greater degree of anatomical likeness than
previously published works [19-23]. The sizes of each layer and
electrical parameters are listed in Table 1 [19-23]. The geometric
values of the retina are listed in Table 2.

The retinal network models (i.e. bipolar, horizontal and amacrine
cells, ON- and OFF networks) are excluded because of severe rod
and cone photoreceptor impairment that cannot drive synaptic
connection started with a photocurrent input.

Biphasic pulses of uniform current are injected from the active to
ground electrodes to drive single or nearby RGC stimulation. We
extracted from Comsol the peak boundary current density in the
membrane that encloses the ganglion cell. Other extracted data
are the voltage across the electrodes and current delivered by the
active electrode.

Nonlinear Response of Cell Neurons: We assumed that the
peak boundary current density in the cell membrane serves as an
input parameter in the circuit modelling of the RGC. The RGC
circuit model was developed by Fohlmeister et al., [29]. The basic
mathematical structure for voltage-gated ion channels was based
on the Hodgkin and Huxley like equations [30]. Recent works
used this modelling assumption for the mathematical model of
Hodgkin and Huxley [31] and for the model of RGCs [14]. The
parameters and equations that describe the dynamics of the ionic
channels were kept as in the original model [29].

A Matlab (MathWorks, Inc., United States, Version 7.13) script
implemented the ganglion cell circuit model and determined the
stimulation of the RGC. That is, the threshold injected current
required for the activation of a cell by means of extracellular

Figure 1(a). Algorithm of the volume region of activation. Geometric and stimulation parameters serve as inputs during the
operation. Nonlinear response of the cell uses the peak boundary current density in the membrane (/) from Comsol simu-
lation as an input in the circuit model. The algorithm supports electrochemical safety to ensure safe stimulus delivery and

cell activation. The algorithm is implemented until the volume of stimulation becomes an enclosed-based geometry (action

not shown). Steps showing only letters are related to the corresponding actions in the algorithm. In this figure, the steps of

the biomimetic electrode array generation and the investigation of electrode stimulation are also shown. Figure 1(b) evenly

distributed stimulating electrode arrangement that consists of an active electrode surrounded by eight grounds.
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Figure 2a). Simulation model built in Comsol Multiphysics. Complete information of the model is listed in tables 1 and
2; 2b) shows a zoom-in view of the layers included in the model. The ganglionic layer where the cell can be shifted for

stimulation is shown. p corresponds to the proximity of cells to the electrodes. The electrodes are in contact with the retinal
surface layer.

2b)

y

2a)

Retinal Epithelium

Photoreceptor Layer

Ganglionic layer

X

Electrode Cartier

Light

Cell Retina

Electrode Carrier

Table 1. Description of The Values of Simulation.

Layer Conductivity [S/m] | Permittivity [-] | Thickness [um]

Polyimide Carrier le-17 1 65'

Vitreous Humor 1.5 98 22e3?
Epithelium Layer 2e-3 1 65!
Photoreceptor Layer 28.5¢-3 1 200
Intracellular space 10e-3 3.98e-11 30
PEDOT-NaPSS coating 400 1 0.2

Contact conductivity’ 321 - -

Cell membrane le-8 8.8e-11 0.01*

Ganglionic Layer 10e-3 1 65'

! Comsol minimum thickness of surface sphere is 65 um. * Value of vitreous humot is its diameter. > Conductivity is of the contact of
PEDOT-NaPSS deposition and tissue. * Value is the thickness of cell membrane.

Table 2. Geometric Values Of The Retina.

Layer Inner Surface Diameter@, [mm] | Outer Surface Diameter@ [mm]
Epithelium 22.265 22.33
Photoreceptor 22.065 22.265
Ganglionic 22 22.065
Vitreous Humor - 22

stimulation must generate a voltage shift of around +30 mV in
the cell membrane.

Electrochemical Safety: Safety, in terms of electrical
performance, is mainly related to three factors: charge density
injection level, heat generated at the tissue due to the power
dissipation by the device, and the water-voltage window. That
is, electrolysis of water, the formation of corrosion [32] and
excessive tissue heating that harm cellular functions [33] must be
avoided.

A Matlab script organized the extracted data of voltage across the

electrodes and current delivered by the electrode and performed
several tasks to obtain the heat dissipated by the device and charge
density on the electrode. Local charge density was obtained by
integrating the current delivered by the active electrode over time
and dividing it by the electrode area.

Neural tissue heating from the retinal implant is calculated as
seen in Villarreal DL et al., (2016) [27]. Initial value of body
temperature of 37° degrees is assumed. A temperature changeof
1°C |34], a voltage window of 1.7V [35] and a chatrge density of 1
mC/cm? [36] were assumed as safety limits for stimulation.
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Cell Activation, Cell Shifting and Outer Point Recording:
Comsol Multiphysics is used to stimulate a RGC by shifting it
around the horizontal direction (x or y axis) and locating it at a
distance of 4/2 away from the active electrode, i.e. (x, y, z), see
step a) and Figure 2(b). The algorithm is iterated until the cellis
stimulated. Electrochemical safety is checked first before the user
can step forward, step c).

When steps until d) are successfully achieved, the threshold injected
current across the electrodes can be recorded. Then, the cell can
be shifted with distances (Ax, Ay, Az) around the horizontal and
vertical directions (z axis), see step ¢), to find places where this
threshold current is not sufficient to stimulate. Then, the outer
boundary point can be recorded, see step f). The algorithm is
implemented until the volume is an enclosed geometry. This will
eventually lead to the volume region of stimulation.

The procedure to obtain the activation area is similar to the
volume region except that the cell is shifted only around the x
and y directions to mark the places of stimulation. This will lead
to the area of activation. This activation area bounded by the
volume of stimulation is defined as a triggering boundary where
the spreading current is sufficient to stimulate cells.

Thus, this volume can be related to the visual sensations
represented as a phosphene [14]. In this regard, section Discussion
- Supporting Evidence lists the supporting evidence. For more
information regarding the activation area and the volume of
stimulation, see [14].

Biomimetic Electrode Array Generation

The spatial information of the biomimetic electrode array was
found using a 3D reconstruction of the ganglionic layer that was
designed in Matlab for epiretinal stimulation. This reconstruction
considered a realistic area density distribution of RGCs in the
retina; a realistic distribution of RGC in the vertical section; an
accurate RGC diameter distribution and a realistic ganglionic
layer thickness along the retina. The features to reconstruct the
ganglionic layer are explained next. The mathematical approach
that ensures the activation of a single cell per stimulating electrode

described.

Area Density Distribution of Retinal Ganglion Cells: Watson
[37] gave an equation for the ganglion cell density found by Curcio
[25, 38] as a function of the eccentricity:

pe(r.k)=pc(0)x ak[”rT +i-a, )exp[_ r']

Y ok

~@

p(0) is the peak RGC density of 33162 in units of deg?, 4, is the
weighting of the first term, # is eccentricity in units of degrees,
r,,and r , are scale factors. The meridian is indicated by the index
k. The estimated parameters for each meridian as well as unit

conversion equations from degrees to millimeters can be found
in Watson A.(2014) [37].

We generated a computational based map of ganglion cell
distribution using eq. (1) and the assumption that within any one
quadrant of the retina the iso-spacing contours are elliptical based
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forms. This idea leads to an equation to obtain the ganglion cell
density at an arbitrary point {x, y} on the retina [37]:

’”xyzpc (rxyﬂl)pc (rxy’z)
¥ pe (1 2)+ 72 pe (1y51)

Pc (x,y)z

., is the radial eccentricity of the point {x, y} obtained as (x’ +
)%, the indicators 1 and 2 in eq. (3) represent the vertical and
horizontal meridians, respectively.

Figure 3(a), on top, shows the map of density distribution
of RGCs from 1 to 16 mm of eccentricity. Peak ganglion cell
density is found about 1 mm from the foveal center. At greater
eccentricities within the central retina, ganglion cell density falls
off with eccentricity more rapidly along the vertical meridian than
along the horizontal meridian [25].

Vertical Distribution of Retinal Ganglion Cells:
Photomicrographs of the retina of healthy human [39, 40],
monkey [41] and mice [42] were considered in the estimation of
the RGC distribution along the vertical section.

The ganglionic layer was divided in horizontal segments of equal
thickness and cell nuclei were counted for each segment. Then,
the results were averaged, normalized and plotted in red with
circular markers against the thickness of the ganglionic layer, see
Figure 3(b). The normalized results of each reference are shown
in black using four different line styles.

The curve shape of the averaged and normalized data was fitted
to a 3" order polynomial and plotted in red with a solid line, see
Figure 3(b). The curve peak amplitude (not included in Figure
3(b)) was build such that the integral of the polynomial over the
RGC thickness yields the same realistic amount of cells per mm?
measured by Curcio et al., [25]. Thus, the polynomial

AL +BZ +Cz+ D (4)

describes the volumetric cell density with numerical values of D =
0,C=37392p /F,B=0.741p /P, A=-44802p /7, where tis
the RGC thickness. As a reminder p_.is the area cell density. Here
we assumed that the cell distribution along the vertical section
behaves the same for all four meridians.

Retinal Ganglion Cell Diameter: In this present work, the
distribution of RGC diameter found by Ryskamp et al., [43] was
used in the reconstruction of the ganglion layer.

Ganglionic Layer Thickness: Raza et al., [44] measured the
ganglion layer thicknesses for 43 eyes of 36 human healthy
controls. In this study, the data found by Raza was used in
the reconstruction of the ganglion layer. Since the ganglion
layer becomes very thin in the periphery [44], there is no data
available for the layer thickness away from the fovea. Thus, the
layer thickness in the periphery was assumed to be equal to the
maximum diameter of cells found by Ryskamp. The interpolated
values of the thickness until the periphery were determined by
shape preserving piecewise cubic interpolation of the thickness.

Mathematical Approach for Single-cell Selectivity: Consider

Villarreal DL, Schroeder D, Krautschneider WH. Biomimetic Stimulating Array for Single Localized Stimulation in Visual Prosthesis. I | Comput Neunral Eng. 2017;4(3):76- 90.

80




OPEN ACCESS

an arbitrary electrode density and cell distribution. The condition
to activate a single cell per stimulating electrode can be written as

[[[ y(2)dxdyaz =1
v - (5)

p, is volumetric cell density described by the polynomial. 17 is
the volume of stimulation obtained in Comsol Multiphysics and
Matlab software, see section Materials and Methods - Volume
Region of Stimulation.

Let us assume that the shape of the volume of stimulation forms
one half of a spheroid with two equal semi-diameters described
as d/2. Using the relationship of & = 1/p, and rearranging eq.
(5) we get

. j[lfzéjpy ()de=1

4ppy

where the peak height for an electrode diameter of 5 um is fitted
to 4 = a*p,’ in millimeters with values of 0.087 for a and -0.2 for
B. The peak height of the volume region depends on the electrode
diameter and density. The implicit solution of eq. (6) yields

—a
2124 15 8

(| A _ B e C -
( 4pE1.8 +7a3pEl.6 +a2pE|.4)_1 :0

————— ™
where Matlab is used to solve the roots of eq. (7). Since Matlab
returned more than one solution, electrode pitches and peak
heights of the volume of stimulation were determined using
each electrode density, except of such with an imaginary part.
Then, the volumes tested their stimulation of cells. The electrode
density with cell activation closest to one is selected.

Procedure: The spatial information of the biomimetic electrode
array is obtained as follows. Consider a square region on the retina
that is divided into small 32 by 32 regular square shapes with equal
sizes labeled dr, where dr is the retinal pitch; Figure 3(a) on top.
The retinal pitch atea is defined as 4.

The area cell densities p_and ganglion layer thicknesses 7 inside
each retinal pitch area were averaged and used in eq. 7 to obtain
a local electrode density. This local electrode density is used to
obtain the local electrode pitch, 4, using eq. (1). The electrodes in
the biomimetic electrode array are separated with a distance of
d/2,, + d/2. That is, the separation distance is equal to the sum
of one half of the electrode pitch of the previous electrode 4/2,,
and one half of the electrode pitch of the actual electrode /2.

Figure 3(a), on top, shows only the area density distribution of
RGCs. Within, a square region area is divided into small 32 by 32
regular squares with equal retinal pitches. As an exemplary case,
we took a single retinal pitch area whence a local electrode density
and electrode pitch are generated. The origin of the square region
is fixed for all retinal pitches.

Investigation of Electrode Stimulation

A Matlab script organized the data of the area density distribution
of RGCs, thickness of the ganglion layer, cell spreading in the
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vertical section, assignment of the RGC diameter and the design
of the biomimetic array to investigate the stimulation of RGCs
per stimulating electrode.

The distribution of RGCs along the ganglion layer is as follows.
Eq. 3 and the data from Raza A et al., (2015) [44] were used to
obtain the area cell density and the ganglionic layer thickness as
a function of the eccentricity, respectively. The area cell density
and layer thickness were interpolated in two-dimensions such
that each segment represented a small area on the retina. The
function of the volumetric cell density, p (2), defined on [0, 4
where 7is the ganglion layer thickness was divided into segments
of equal thickness. Riemann sum integration method was used
to approximate the integral of each segment with an interval
of 1/100 of the thickness of each segment. The results of the
integration were multiplied by the corresponding small area on
the retina to obtain the RGCs that were randomly located within
each segment.

RGC diameters were randomly assigned per ganglion cell. The
histogram that describes the distribution of the RGC size was
strictly followed to generate a realistic representation of the cell
dimensions along the retina.

The diameter of RGCs was randomly assigned as a function of
retinal eccentricity as evidence shows that no relationship was
observed between soma size and eccentricity for any cell group
or subgroup [45].

RGC overlapping was addressed by removing the cell that
intersects with an adjacent. This process was carried out only
in the space relevant for electrode stimulation. That is, RGCs
located within the vicinity until the peak heights were processed.
RGCs outside this range were neglected for computational time
purposes. Electrode stimulation of a single or nearby RGCs
positioned randomly in the ganglionic layer must satisfy the
following relationship:

r'<n, (8

t” corresponds to the Euclidean distance from the center of the
volume region of stimulation to the center of a RGC.

r,.is computed as:

r, = a’h\/(4h2 sin® @ +d” cos’ 9)_1

r,. corresponds to the actual radius of the volume region of
stimulation used for comparison. d relates the electrode pitch and
h is the peak height of the volume of stimulation.

f is calculated as:

O=a cos( Ze _”Z" J
d (10)

z_and z_relate to the center location of the RGC and the volume
of stimulation in the z axis, respectively. Figure 3(c) shows an
exemplary case for electrode stimulation.
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The condition to compute the quantity of RGCs stimulated per
electrode is as follows. If stimulation of an electrode is achieved
inside its own volume, a counter increases its value by 1 in this
specific electrode. Otherwise the counter remains unchanged.

The Matlab script was iterated 100 times in order to create a new
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random location of RGCs. This was carried out for a real case
randomness scenario of RGCs, to obtain probabilistic values of
the results and have meaningful conclusions about cell activation
and electrode usage.

Stimulation Parameters: The biomimetic array was built by
selecting a retinal pitch and forming a square region area where

Figure 3(a). On top, meridian map of the area RGC density distribution along the nasal, temporal, superior and inferior
meridians. Axes are shown with units of mm. Within the meridian map along the horizontal path (nasal and temporal)

at the superior direction, a square region is divided into small 32 by 32 regular square shapes with equal sizes coined the
retina pitch. As an exemplary case, we took a single retinal pitch area whence a local electrode density and electrode pitch
are generated. The origin of the square region is fixed with a location of (0,1). On bottom, meridian map of the area RGC
density distribution along the nasal, temporal and superior meridians. Axes are shown with units of mm. Within this map,
six square regions are drawn to their corresponding retinal pitches. Each square region produces a biomimetic electrode

array. rp in this figure means retinal pitch. Note that the bars at the bottom explain the color-coding for both figures. Figure

3(b) shows the sketch of the retina along the vertical section.

INL is the inner nuclear layer. Cell nuclei counting results are

shown as a function of the ganglion layer thickness. The averaged and normalized results are plotted in red with circular
markers. The 3" order polynomial is plotted in red with a solid line style. In addition, the normalized results of each refer-
ence are illustrated in black using four different line styles. Figure 3(c) shows an exemplary case for electrode stimulation.
In this figure, the volume of stimulation is shown with its respective peak height, h, and electrode pitches, d, bounded by a
3 by 3 stimulating electrode array. Figures 3(d) to 3(i) show six biomimetic arrays of 32 by 32 electrodes each. The informa-
tion of the retinal pitch is shown on top of each figure. These figures are not drawn to scale.
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inside small 32 by 32 regular squares with equal sizes examine
the surface of the retina; see figure 3(a), on top. The retinal
pitches selected are 0.0025, 0.032, 0.09, 0.12, 0.135 and 0.425
mm. In figure 3(a), on bottom, six squate regions are drawn to
their corresponding retinal pitches. Each square region produces
abiomimetic electrode array labeled AD1 until ADG, see figures
3(d) to 3(i). rp in this figure means retinal pitch.

The extent of the square regions is between 4° (1 mm) where peak
cell density is located [25] and 62.3° (16 mm) of eccentricities.
This boundary includes 1) the region until 10° (2.7 mm) needed
for critical functions such as object recognition, reading and
driving [46], 2) the region until 15° (4.06 mm) for the situations
related to safe navigation in out-door environments [47, 48], and
3) 62.3° (16 mm) for possible movements of the electrode array
inside the eye.

The retinal pitch started with a low value such that the electrode
spreading can be similar to a square-grid distribution, figure 3(d).
The last retinal pitch was selected such that the possible area on
the retina at the superior meridian is covered, figure 3(i). This
results to a total examined area on the retinal between 0.006 and
185 mm?. The origin of the square region is fixed for all retinal
pitches. See figure 3(a), on bottom, for the extent of the square
regions away from the origin.

In this report, single electrode stimulation is implemented
with electrode diameter of 5 um. The proximity of cells to the
electrodes is 10 pm, see figure 2(b). The present work focuses
on meridian maps of area cell density along the horizontal
meridians (nasal and temporal) at the supetior direction. This is
mainly because 1) the highest ganglion cell densities are found
in the hotizontal meridian and 2) in peripheral retina densities in
superior retina exceed those at the corresponding eccentricities in
inferior retina by 60% [25].

RGC stimulation was investigated by relocating the biomimetic
array due to the natural movements of the eye. This includes
eccentricities from 4° (1 mm) until 37.2° (10 mm).

Charge-imbalanced rectangular pulse shape was applied with
anodic first phase of 100us pulse duration followed by the
cathodic phase of 50us pulse duration. Between the anodic and
cathodic phases, the system is open-circuited with a delay of 100

us.

The stimulating electrode array consisted of an active electrode is
surrounded by eight grounds as seen in figure 3(c). The control
of selecting the role of electrodes to function as active or ground
is considered as seen in previous publications [27, 28]. Active
electrodes can have their own timeslot for stimulation [28]. In
total, a 32 by 32 electrode array was implemented.

Results

Figure 3(a), on top, shows only the map the area density
distribution of RGCs along the nasal, temporal, superior and
inferior meridians. The axes are shown with units of millimeters.
Within the meridian map along the horizontal meridians (nasal
and temporal) at the superior direction, a square region is divided
into small 32 by 32 regular square shapes with equal sizes labeled
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the retina pitch. As an exemplary case, we took a single retinal
pitch area whence a local electrode density and electrode pitch
are generated.

Figure 3(a), on bottom, shows the meridian map of the area
density distribution of RGCs only along the nasal, temporal and
superior meridians. Axes are shown with units of mm. Within
this map, six squatre regions are drawn to their corresponding
retinal pitches. Inside each, small 32 by 32 regular square shapes
must be accommodated to obtain the spatial information of the
biomimetic electrode array. Note that the bars at the bottom
explain the color-coding for both figures. r, in this figure means
retinal pitch.

Figure 3(b) depicts a sketch of the retina along the vertical
section. Cell nuclei counting results are shown as a function
of the ganglion layer thickness. The averaged and normalized
results are plotted in red with circular markers. In addition, the
normalized results of each reference are illustrated in black using
four different line styles.

Figure 3(c) shows an exemplary case for electrode stimulation. In
this figure, the volume of stimulation is shown with its respective
peak height, 4, and electrode pitches, 4, bounded by a 3 by 3
stimulating electrode array.

Figures 3(d) to 3(i) illustrate six biomimetic arrays of 32 by 32
electrodes each. The distribution per electrode is governed by
the retinal information inside each retinal pitch area where local
area densities and ganglion layer thicknesses are averaged and
used in eq. 7 to obtain a local electrode density. The electrode
pitch can be computed with eq. (1) by a known electrode density.
This electrode array allocates each electrode differently than the
evenly distributed electrode array. Mainly, the former arrangement
locates the electrodes according to their own electrode pitch.

Figures 4(a) to 4(c) show the averages and standard deviations
of percentage of electrodes of RGC activation. Each bar graph
represents the average of percentage of electrodes on a 32 by
32 biomimetic array that activated single RGCs (figure 4a), zero
RGCs (figure 4b) and multiple RGCs (figure 4c). The x-axis
relates to the location of the biomimetic array on the retina with
coordinates (x; y), compate to figure 4(d). The axes in figure 4(d)
are related to eccentricities in units of mm.

A total of 20 points were selected and distributed in the
horizontal meridians (nasal and temporal) at the superior path.
For organizing the data, all points were grouped in retinal regions
according to their distance from the central point of the retina.
These regions ate located inside figure 4(d) labeled 1%, 2, 3¢ and
4™ and are related to figures 4(a) to 4(c).

Figure 4(e) plots the area of the array and the field of view as a
function of the retinal pitch. Figure 4(f) exhibits the dependence
of electrode distribution on the area cell density and the ganglion
layer thickness (not shown). All results in our simulations were
within the electrochemical safety region.

Discussion

In this report, the biomimetic electrode array examined RGC
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Figure 4. (a) to 4(c) show the averages and standard deviations of percentage of electrodes of RGC activation. Each bar
graph represents the average of percentage of electrodes on a 32 by 32 biomimetic array that activated single RGCs (figure
4a), zero RGCs (figue 4b) and multiple RGCs (figure 4c). The x-axis relates to the location of the biomimetic array on the

retina with coordinates (x, y), compare to figure 4(d). The axes in figure 4(d) are related to eccentricities in units of mm.

A total of 20 points were selected and distributed in the horizontal meridians (nasal and temporal) at the superior path.

For organizing the data, all points were grouped in retinal regions according to their distance from the central point of the
retina. These are located inside figure 4(d) labeled 1%, 2*¢, 3¢ and 4™ retinal regions and are correlated to figures 4(a) to 4(c).
Figure 4(e) shows the array area and the field of view as a function of the retinal pitch. Figure 4(f) exhibits the dependence

of electrode distribution on the RGC density and the ganglionic layer thickness (not shown).
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stimulation by changing the retinal pitch and the location of
the array on the retina. In brief, the responses of single cell
stimulation leveled off until the 3" retinal region having a large
retinal pitch and large array area. That is, single cell stimulation
can be stable up to 30° of eccentticity in average and can produce
a wide-ranging field of view. These findings are explained next.

Mathematical Formulation of Single Cell Stimulation

This mathematical formulation presented in this report generates
single cell activation at locations with high area density of RGCs,
see eqs. 4 to 7. This is required to produce a high-resolution vision
in retinal stimulation [40].

The inputs include the spatial distribution of RGCs in a
perspective three-dimensional view and the thickness of the
ganglion layer [44]. This spatial distribution includes the realistic
area density [25] and the vertical distribution [39-42] of RGCs.
The response of this formulation can be accurate for any three-
dimensional topography of RGCs and the depth of the ganglionic
layer, outputting the electrode density that allows electrodes to
stimulate single cells.

How Biomimetic Array Changes Electrode Distribution?

The retinal pitch, as it is decreased, the distribution of the
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biomimetic electrode array exhibits a shape that resembles a
square-grid distribution, see figure 3(d). This arises because the
average cell densities and ganglionic thicknesses of adjacent retinal
pitch areas are similar to each other. Therefore, local electrode
densities and electrode pitches are neatly unchanged.

The retinal pitch, as it is increased, the distribution of the
biomimetic array varies according to a broader region of the
retina. Area density of RGCs has its peak of around 1 mm away
from the fovea. At greater eccentricities within the central retina,
the area density of RGCs falls off with eccentricity more rapidly
along the vertical meridian than the horizontal meridian [25], see
figure 3(a), on top. The ganglion thickness declines rapidly along
the vertical and horizontal meridians [44]. These rapid decays of
area density of RGCs and ganglion layer thickness could indicate
the incapability of electrodes to adapt their stimulation to the
corresponding site at the retina.

In this regard, biomimetic electrode array can locate the electrodes
with adjusted electrode densities to stimulate single cells. That is, a
local electrode density with narrow electrode pitch will result from
a high area density of RGCs and a small ganglion layer thickness.
A broader electrode pitch will result from a small area density and
a large ganglion layer thickness.

Response of Biomimetic Array within 15° of Eccentricity

The 1* retinal region shown in figure 4(d) can be categorized
as a critical region because its location lies between 4° (1 mm)
where peak cell density is located [25] and 15° (4.06 mm) where
critical functions such as object recognition, reading and driving
[46] and situations related to safe navigation in dynamic out-door
environments |47, 48| are processed.

As previously explained, the retinal pitch started with a low value
such that the electrode spreading can be similar to a square-
grid distribution, see figure 3(d). As the retinal pitch increases,
electrode distribution changes according to a different electrode
pitch. This leads a gradual falloff of single stimulation of RGCs
reaching a steady 40% of electrodes in average; see ADG in figure
4(a).

However, as electrodes examine a broader region on the retina, the
cases of no stimulation per electrode decrease, reaching a steady
20% of electrodes in average, see ADG in figure 4(b). Misusing
electrodes in retinal stimulation could lead to the generation of
dark gaps at sites related in visual space with the location of the
misused electrodes on the retina. Thus, electrodes require the
activation of single or nearby RGCs to a feasible extent.

The percentage of electrodes stimulating a bundle of RGCs
increases reaching 45% of electrodes in average.

In spite that the activation of packages of RGCs can restrict
detailed perception and can generate neuron activity dissimilar
from the healthy retina [49]; our simulation framework indicates
that double and triple RGC activation per electrode dominate
with an average percentage of 60% and 30%, respectively, of the
total percentage of multiple stimulation per case. The rest of 10%
can be assigned to quadruple activation per electrode.

Weiland and Humayun [36] reported that the stimulation per
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electrode site would ideally reach nearby cell bodies. This will
ensure that the perception generated by stimulation will be small
(on the order of the electrode) and related in visual space with the
location of the electrode on the retina. Fried et al., [32] supported
the use of small electrodes to activate small groups of cells. This
would lead to high resolution patterns of prosthetic-elicited
activity in neurons.

Although that the specific amount of nearby RGCs has not been
reported yet, single localized stimulation ideally remains a target
because RGCs ate tightly-packed in the ganglionic layer, mainly
at the fovea. Unique characteristics of the visual space are sent to
the brain via temporal patterns of activity in RGC types. RGCs
that are close to each other frequently transmit very different
signals [13].

RGC Stimulation by Relocating the Biomimetic Array

Epiretinal implants are located on the surface of the retina, near
to the ganglion layer boundary. This location guarantees that the
array is in close proximity to the RGCs. This is advantageous as
lower thresholds of activation are required when the stimulating
electrode is near to the target neurons [50]. However, natural
movements of the eye could relocate the epiretinal design toward
the large space in the vitreous cavity. Frequently, the eyes make
rapid shifts in position about 2-3 times per second [51]. This
would affect the stimulation of RGCs, particularly of single cells.
Typically, a single retinal tack is used to fasten the implant to the
retina [52].

That being said, the response of the biomimetic array should be
reported in several locations on the retina. This response is shown
in figures 4(a), 4(b) and 4(c) for the retinal regions 2™, 3¢ and 4.
The retinal pitch, as it is decreased, single stimulation of RGCs
has a low percentage of electrodes in the periphery. This behavior
can be attributed to the region of the retina being examined
by the biomimetic array. In this case, the electrode array would
have information of a small portion of the entire retinal surface;
compare square regions in figure 3(a), on bottom. Hence,
electrodes placed in this small region of the retina previously
examined by the biomimetic array are preferable to activate single
RGCs, whereas in the periphery groups of electrodes are misused,
see AD1 to AD5 in figure 4(a).

The explanation of why groups of electrodes cannot activate a
cell and are misused is as follows. RGCs have low density and
large spacing between adjacent cells in the periphery. The cases of
RGCs that are near one another are infrequently met. Thus, groups
of electrodes with small electrode pitches (this is because of the
small region with high density of cells formerly examined by the
array) will have small volumes unfilled of cells and electrodes will
be misused [53].

The retinal pitch, as it is increased, the region being securitized
by the biomimetic array increases. This leads the electrode array
to have larger information of the retina and abroader region
where single cells can be activated, see ADG in figure 4(a). In this
particular electrode array, the stimulation of a single cell is leveled
off until the 3 region with a percentage of electrodes of 38%
in average.

However, as the electrode array is shifted enough such that
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it is within the 4™ retinal region, the petcentage of electrodes
that cannot stimulate dominates, reaching 80% in average for
all biomimetic arrays. This suggests that the biomimetic array
must be fastened close to the fovea for practical applications.
This results the stimulation of the biomimetic electrode array
within the critical region of £ 15° of eccentricity where activities
demanding visual detail are processed [46-48].

Another consequence of the biomimetic array being relocated
away from the fovea is a reduction of multiple RGC activation
per electrode. This can be explained as follows. RGCs in the
petiphery have low density and large spacing between neighboring
cells. The situations of RGCs close to each other are sporadically
met. In addition, RGCs located in the ganglion layer have their
peak nearly in the center; see figure 3(b). Thus, as the area cell
density is reduced, single electrode sites are more concentrated to
stimulate single cells. However, groups of electrodes are carelessly
used [53].

RGC Stimulation in Arbitrary Locations on the Retina

The relocating points of the biomimetic array were grouped in
retinal regions according to their distance from the central point
of the retina, see in figure 4(d). These are located inside the 1%,
204 34 and 4* retinal regions.

In figures 4(a) to 4(c), the average percentage of electrodes that
activate a single RGC (figure 4a), zero RGC (figure 4b) and
multiple RGCs (figure 4c) remained roughly steady per retinal
region and biomimetic array. This suggests that the stimulation
of cells at an arbitrary location on the retina would have a similar
response to a corresponding retinal region and biomimetic array.

Verification of the Biomimetic Electrode Array

The electrodes in the biomimetic array are separated with a
distance of 4/2,, + d/2, That is, the separation distance is equal
to the sum of one half of the electrode pitch of the previous
electrode d/2,, and one half of the electrode pitch of the actual
electrode d/2. This array locates electrodes differently than the
previously described evenly distributed array, see figure 1(b).
Mainly, the former array locates the electrodes according to their
own electrode pitch, whereas the latter assigns a single electrode
pitch for the complete array.

For the former case, this could result to an uneven spread of
the current to the surrounding grounds. That is, if the active
electrode has an electrode pitch much different to the surrounding
grounds, the stimulus could generate variations in the volume of
stimulation.

In Villarreal DL, et al, (2017) [14], the volume region of
stimulation was simplified as one half of a spheroid with two equal
semi-diameters described as 4/2 and a peak height that depends
on the electrode diameter and density. This arrangement follows
a 3 by 3 stimulating electrode array, square-grid distribution
and the active electrode surrounded by eight grounds. Comsol
simulations generated a volume of stimulation that intersected
with the ganglion layer boundary and produced a circular shape
that followed a ‘sinking at the diagonals’ shape with an average
distance of 80% of d/2, see figure 5(a). This circular shape was
coined the activation area.
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We addressed this issue by finding in Comsol how much the
volume of stimulation deviates from being one half of a spheroid
for the cases of the retinal pitches until 0.425 mm. We used the
simplification in Villarreal DI, et al., (2017) [14] as a basis of
comparison. That is, an activation area with a distance more
than 80% of d/2 of the most sunken diagonal is accepted. The
method of building the volume of stimulation is explained in
section Materials and Methods - Volume Region of Stimulation.
For more information about the activation area and the volume
of stimulation, see Villarreal DL, et al., (2017) [14].

A 3 by 3 stimulating electrode array that consists of an active
electrode surrounding by eight grounds was considered. Each
electrode was separated with its corresponding electrode pitch.
This was carried out for the entire biomimetic array of 32 by 32
electrodes.

The retinal pitch, as it is increased, we mainly found two
patterns of electrode distributions different from a square-grid
distribution. These are presented in figures 5(b) and 5(c). The
biomimetic electrode arrayin figure 5(d) corresponds to a retinal
pitch of 0.425 mm.

In figure 5(b), the maximum deviation of the activation area
reached 85% and 86% of d/2 at their respective diagonal. The
peak height was not disturbed. Concerning figure 5(c), we
observed that neither the activation area nor the peak height
was disturbed. This kind of distribution was seen only in retinal
pitches larger than 1/3 mm. While electrodes follow their own
electrode pitches, the first and last rows are shifted in opposite
directions forming a hexagonal electrode distribution. This
kind of distribution was investigated in eatlier works. Wong et
al., [54] compared cortical stimulation of one-and six-ground
settings of current steering techniques. Experimental findings in
animals suggested that six-ground setting was efficient because
of the smaller area of cortical activation and the reduction
of unwanted interactions between multiple stimulation sites.
These results suggest that the volume of stimulation within the
biomimetic electrode array can be simplified as a spheroid with
two equal semi-diameters desctibed as d/2 and a peak height 4.
However, the cases of the retinal pitch that deviate the volume
of stimulation enough such that its shape is other than one half
of a spheroid should be considered separately. In this report, the
biomimetic array considered retinal pitches until 0.425 mm to
cover the possible area at superior meridian. See figure 3(a) on
bottom for the extent of the square regions away from the origin.

Advantages of Biomimetic Electrode Array

Here, the advantages to develop a biomimetic electrode array are
listed. In this case, the biomimetic array with retinal pitch of 0.425
mm is compared with lower retinal pitch arrays.

Greater Region to Activate Single RGCs: As the retinal pitch
increases, single localized stimulation leveled off until the 1*
region of the retina with high area cell density, see figure 4(a) for
ADT1 to AD5. As the retinal pitch reaches 0.425 mm, single cell
stimulation stabilized within the 3rd retinal region, see fig. 4(a)
for ADG. This stimulating behavior indicates that single localized
stimulation can reach steady-state within = 10° of eccentricity
away from the fovea and further. This also suggests that single
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Figre 5. (a) On top, the activation area is shown (Data from [14]). This shape of area of stimulation is a simplification
because simulations produced a volume of stimulation that intersects with the retina layer generating a circular shape
that sinks at the diagonals with an average distance of 80% of d/2. On bottom, the result of the volume of stimulation is
shown. 5(b) and 5(c) are mainly two patterns of electrode distribution (purple) different from a square-grid (black) seen by
increasing the retinal pitch. Shown in figure 5(c), the electrode array is transformed to hexagonal distribution around the
active electrode. Electrodes with red cross on top can be neglected for minimizing power consumption at the device. 5(d)
Biomimetic electrode array shown corresponds to a retinal pitch of 0.425 mm. For all stimulating arrays, the active elec-

trode is surrounded by eight ground electrodes.
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Table 3. Distance of Retinal Regions Away from the Central Region of The Retina.

Region | Nasal[®],[mm] Temporal[°],[mm] Superior|°],[mm] Inferior[°],[mm]
1 18.5,5 13,3.5 11.1,3 10.8,2.9
2nd 37.2,10 19.6,5.3 18.8,5.1 17.7,4.8
3 49.2,13 25.8,0.9 25.9,7 22.1,6
4 62.3,16 62.3, 16 62.3, 16 62.3,16

localized stimulation can be ensured for a wide region on the
retina. Table 3 lists the extent of the retinal regions away from
the fovea.

The region within * 10° of eccentricity is categorized as a space
with large quantity of RGCs and thus needed for critical functions,
such as object recognition, reading and driving [46]. Single cell
stimulation is required within this region to address activities that
demandhigh visual detail.

Larger Retinal Pitch Leads to a Wider Field of View:
Despite that reaching single cells per electrode can enhance visual
perception [13], electrodes need to be positioned close to each
other in the array. This would lead to a more precise stimulating
region. However, this causes that the visual field of view generated
by stimulation may be small because it is directly related to the size
of the stimulated area at the retina and hence to the size of the
electrode array. Tychsen [55] estimated that the projected visual
field of view for every 1 mm of the retina is about 3.35°.

An increase of the retinal pitch leads the biomimetic array
to investigate a broader area on the retina. Some of that area
could have an area density distribution of RGCs and a ganglion
layer thickness that both generate electrodes with low electrode
densities and large electrode pitches. Hence, a rise change in the
retinal pitch causes the area of the array to increase.

In figure 4(a), 0.425 mm retinal pitch biomimetic array generates
a steady response of single cell stimulation within £ 30° of
eccentricity in average. This direct dependence of the area of the
arrayon the retinal pitch leads to a wider field of view while single
cell stimulation remains stable. This is a major advantage of the
biomimetic electrode array. Figure 4(e) shows the relationship
between both the area of the array and field of view (y-axis) and
retinal pitch (x-axis).

Hexagonal Electrode Distribution Generation: An increase
of the retinal pitch more than 1/3 mm causes the electrodes to
procedure a hexagonal pattern distribution, see figure 4(c). This
has mainly three advantages.

Villarreal DL, Schroeder D, Krautschneider WH. Biomimetic Stimulating Array for Single Localized Stimulation in Visual Prosthesis. I | Comput Neunral Eng. 2017;4(3):76- 90.

87




OPEN ACCESS

First, experimental evidence suggested that six-ground setting
is efficient because a smaller area of stimulation was generated
and unwanted interactions among multiple stimulation sites were
reduced [54]. Second, the distribution of current density can be
restricted in a small region that surrounds the ganglion cell. This
results in a more controlled stimulation atea [54]. Third, the total
power consumption that would result from the power of the
transistors that drive the electrodes and the power per stimulating
channel will be reduced. This means a reduction of the power
dissipated as heat by the device.

Shortcomings of Biomimetic Electrode Array

The disadvantages to develop a biomimetic electrode array are
listed. Here, the biomimetic array with retinal pitch of 0.425 mm
is compared with lower retinal pitch arrays.

Nearby RGCs Activation: A rise change of the retinal pitch
causes the activation of multiple RGCs, see figure 4(c). The
reason for such behavior is as follows. The retinal pitch, as it is
increased, causes the electrode array to inspect a wider region on
the retina. This generates a unique electrode distribution where
electrode pitches become larger along the array, compare figures.
3(d) to 3@). As the array is located inside the 1% retinal region,
single RGCs, having the highest area density and smallest spacing
between them, will be activated by electrodes with small electrode
pitch. However, multiple cells could be activated in cases with
larger electrode pitches.

In spite that the activation of nearby cells can restrict detailed
petrception and produce RGC activity different from the healthy
retina [49], our simulation framework indicates that double and
triple RGC activation per electrode dominate with an average
percentage of 60% and 30%, respectively, of the total percentage
of multiple cell stimulation per case. The rest can be assigned to
quadruple RGC activation per electrode.

Greater Hardware Effort to Produce the Biomimetic Array:

Larger retinal pitches generate a characteristic electrode array
as clectrodes follow different spatial information that associate
the location of each electrode. This would cause an increased
hardware effort and human-hour work to produce such electrode
array.

Supporting Evidence

Before hand that any stimulation is given, patients report a grayish
background covering their visual fields [49]. In response to
direct activation of ganglion cells with electric stimulus, patients
frequently report a bright percept that is surrounded by a dark
background (2, 16, 56].

While electrodes stimulate nearby RGCs, the phosphene frequently
reported by the patients can be related to the response of a
cluster of ON type cells [14]. This is because 1) a bright percept
surrounded by a dark background is the frequent response while
RGCs are electrically stimulated |2, 16, 56]; 2) a bright phosphene
results from preferential activation of ON versus OFF type
ganglion cells [51]; 3) the bright response of ON type cells over
shadows the response of OFF cells when both are activated
identically by electric stimulation [51]; 4) activation thresholds
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for electrical stimulation of the five numerically dominant retinal
ganglion cell types (ON and OFF midget, ON and OFF parasol,
and small bistratified) are similar [26, 57, 58]; 5) ON and OFF
type cells are spatially intermixed [59].

While stimulus is delivered to the cells, the volume region of
stimulation can indicate the stimulation of RGCs regardless of
the type and class because cells are mixed in space [59] and have
similar activation thresholds |26, 57, 58]. ON and OFF type cells
are contained within the volume of stimulation. Hence, this
region can estimate the amount stimulated RGCs with a given set

of stimulation parameters [14].

Despite that the volume region of stimulation can indicate the
stimulation of RGCs regardless of the type and class, this region
can approximate the size and shape of the elicited phosphene
because it implicitly shows a volume that can be related to the
bright response of ON type cells. This indirect approach to map
the elicited phosphene relates to the respond of actual ON type
cells being electrically stimulated [14].

Both ON and OFF type cells can be stimulated with arrays of
electrodes with small diameter at comparable threshold levels
[57]. Margalit [60] reported similar findings in tiger salamander
retina. In many cases, a single cell could be individually stimulated
without activating adjacent cells of the same type or other types
[26].

Considerations for practical applications

Use Large Retinal Pitch: Operating with large retinal pitch will
allow the biomimetic array to stabilize the stimulation of single
cells from locations with high cell density to 30° of eccentricity
in average, figure 4(a). Likewise, misused electrode situations
are reduced; figure 4(b). Thus, the generations of dark gaps at
locations related in visual space with the location of the misused
electrodes on the retina are reduced. Electrodes require the
capacity to activate single or nearby RGCs to a feasible extent.
The rest would activate double and triple RGCs per stimulating
electrode, figure 4(c). Lastly, operating with large retinal pitch will
allow a broad array area that produces a wide field of view.

Locate the Biomimetic Array Close to the Fovea: Placing
the biomimetic array near the fovea will allow the activation of
RGCs in the region of high cell density. This is a requisite in
visual prostheses because actions that require high visual detail
are processed within £15° of eccentricity.

Fasten the Biomimetic Array to the Retina: Securing the
biomimetic array near the fovea will avoid the relocation of the
array and thus a decrease of the situations of single cell stimulation.
This relocation mainly occurs after natural movements of the eye
[61]. This could shift the array to the large space in the vitreous
cavity and change the direction of stimulation. Frequently, a single
retinal tack is used to fasten the implant to the retina [52].

Use Short-current Pulses with Small Electrode Diameter:
Applying short-current pulses of 100us or less are preferable
because passing retinal ganglion cell axons can be avoided while
stimulation. Choosing that pulse duration, the amount of current
needed to generate the response of a cell is much lower than that
required to generate an axonal response [62]. Greenberg etal., [63]
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