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Abstract

Objective: Artificial vision is cutrently in an eatly-stage of maturity. This can be understood as a falling short of visual
prosthesis to generate a complete visual scene with detail perception. Similatly, the physical aspects of phosphenes or spots
of light demand a better understanding,

Approach: This study introduces the strategy of the activation area and pinpoints its usefulness to estimate the amount
of cells activated and identify the size and shape of the phosphenes. A simulation framework was built by integrating the
relevant retinal interface elements and the dynamics of the ionic channels in the ganglion cells. Shape perceptions reported
by Keserti in clinical trials were directly compared with our simulation framework. Similarly, the strategy of the activation
area is used on a proposed electrode array to activate single cells and to produce a small spot of light required for high-
resolution vision.

Main Results: The wide range of shape responses formerly described by patients is highly correlated with our simulation-
based findings. Single-cell selectivity was reached throughout the regions near the fovea, which is necessary in humans for
activities where visual detail is of primary importance and thus relevant for high resolution vision. For realistic applications,
we provided the dimensions of the electrode carrier for single localized stimulation.

Significance: Together of being useful to identify the physical aspects of phosphenes generated by electrical stimulation,
the applicability of the activation area can yield valuable strategies to attain single-cell selectivity.

Keywords: Phosphenes; Pixelized Visual Perception; Prosthetic Vision; Physical Aspects of Phosphenes; Retina Implant;
Single-Cell Selectivity; Simulating Visual Prosthet.

was electrically stimulated. These experiments clearly validated
the viability of producing perception of light patterns in blind
patients by electrically activating nearby retinal ganglion cells

Introduction

PROSTHETIC vision is built upon phosphenes [1]. A phosphene

is defined as any visual sensation represented as a spot of light in
the visual field caused by methods other than stimulation of the
visual system by light. Phosphenes can be elicited by mechanical
forces 2], magnetic stimulation [3-5] or electrical stimulation [6-
15].

In recent years, epi-and subretinal implants have been developed
[6-15]. Humayun et al., [6-9], Mahadevappa et al., [10], Rizzo III
et al, [11, 12], Klauke et al,, [13], Eger et al., [14] and Kesertet
al,, [15] and recent clinical trials [16, 17] have reported that blind
patients perceived sensations of spots of light while the retina
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(RGCs). In recent years, Humayun et al., [7, 9], Keserti et al., [15],
Dobelle et al., [18, 19], Zrenner et al., [20, 21], Brindley et al.,
[22, 23] and Hornig et al., [24] have reported the generation of
recognizable symbols and simpleshapes from multiple stimulated
phosphenes.

Phosphenes have been observed in the form of doughnut shapes
[8], punctuate spots of light when occurring close to the center
of the visual field [18, 19], elongated shapes [22, 25], lines/
bars [25, 26], triangles [26], and more complicated patterns [206].
Phosphenes are commonly described as “round” spots of light
[8-10, 15, 25, 27] and carrying some colors, such as red [26], blue
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[8, 23, 26], yellow [8, 23, 26|, orange [8, 18, 26| and multicolor
[26].

Visual prostheses would ideally reproduce accurately natural
spatiotemporal patterns of activity in the RGCs. This requires 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 visual space are sent
to the brain by temporal patterns of activity in RGC types that
are spatially mixed. Hence, RGCs that are close to each other
frequently transmit very different signals [28].

For as much as phosphenes are the single elementary building
block in prosthetic vision, investigators have sought to create
richer and more complex patterns to represent visual scenes
while the retina is electrically stimulated. The foremost concern is
that advanced retinal implants induce atypical patterns of retinal
activity [10, 17]. Relatively large electrode diameter in implanted
devices [10, 12, 14, 16, 17] likely activates hundreds or thousands
of cells over their area of stimulation. Not only does this coatse
stimulation of cells restrict detailed perception, but also the
activity generated by stimulation remains dissimilar to the healthy
retina [29)].

Current clinical trials demonstrate that patients do not obtain a
complete visual scene composed of simultaneously presented
phosphenes. Recent clinical trials associated with Argus II
developed by Second Sight Medical Products in the United States
exhibited a best measured visual acuity of 20/1260 in 7 out of 30
test volunteers [16]. Similar conclusions have lately been reached
by Alpha IMS developed by Retina Implant AG in Germany
that reported a best visual acuity of 20/546 in 2 out of 9 test
volunteers [17].

Current strategies for single-cell selectivity have proven to be
inadequate [16, 17]. To evoke a narrow spot of light that resembles
a natural signal to the brain and can serve as a building block
for the pattern of phosphenes, each electrode should activate a
nearby cell [30].

As artificial vision is currently in an early-stage of maturity, the
physical basis of phosphenes in prosthetic vision demands a
better understanding, Together with a grasp of attaining single-cell
selectivity would be then a requirement to align retinal stimulation
with a high-stage of maturity.

http://scidoc.org/IJCNE.php

This paper introduces the activation area and pinpoints its
usefulness to estimate the amount of cells activated and to
identify the size and shape of the phosphenes. To prove the
activation area, our results were directly compared with the shape
perceptions reported by Keserti in clinical trials. Later, the strategy
of the activation area is used on a proposed electrode array to
activate single cells and to produce a small spot of light required
for high-resolution vision.

This paper is organized in two main sections. Section 11 is devoted
to prove the activation area. Section III is dedicated to introduce
a new method for achieving single cell stimulation per stimulating
electrode. Each section is subdivided in materials and methods,
results and discussion.

Proof Of Activation Area
Materials and Methods

Definition and Procedure of the Activation Area: The
activation area is defined as a space on the retina where the stimulus
initiated at the active electrode in effect triggers a response of
some cells. The activation area can estimate the amount of cells
activated and identify the size and shape of the phosphenes. The
criterion of the activation area states that a cell located inside the
activation area is activated by the respective electrode. Otherwise,
the cell is not activated by this electrode.

Figure 1(a) shows an example of the activation area related to the
flexible film electrode carrier developed by Kesert et al., [15]. In
this example, an array of active electrodes injects charge density
to trigger a response of some ganglion cells.

The shape of the activation area is related to the spreading
direction of current density from the active electrodes to ground.
The broadness of the activation area has a close relationship
with the amount of peak current injected to the electrode. The
current density spreads throughout the medium that consists of
layers of tissue. At the location of the electrodes, the intensity of
the current density has the highest degree. As the distance to the
electrodes increases, the current density becomes insufficient to
trigger a response of the cell and the activation area is brought to
an end. Thus, phosphenes generated by artificial stimulation can
be associated with the activation area. In this regard, section III-D

Figure 1. (a) Activation area related to the flexible film electrode carrier shown in figure 1(b) by applying a charge density.
The shape of the activation area is associated with the spread of current density, /, throughout the medium to the electrode
ground. The broadness is related to the amount of peak charge injected. 1(b) Electrode carrier with an effective electrode
diameter of 50, 200 and 360 pm.
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lists the supporting evidence.

The simulation algorithm of the activation area is as shown
in figure 2. The algorithm is designed as to meet two paths, 1)
phosphene shape description based on a predefined current
injection and 2) controlled-shape phosphene based on a specific
current injection. This multidirectional algorithm can ensure the
activation of cells within determined safety limits.

The inputs in the algorithm are stimulating parameters (i.e. injected
current i, pulse duration, pulse shape and domain properties) and
geometric parameters (i.e. cell location C, domain dimensions,
proximity of cell to electrode and electrode distribution).

The first path of the algorithm can identify the size and shape
of the phosphene. This path is shown in figure 2. Fixed inputs
during the implementation are all the geometric and stimulation
parameters except the location of the cell. The variability of cell
location is explained in the corresponding section. This path is
executed until enough boundary points are recorded to enclose the
area of activation (not shown in figure 2. For more information,
see step f). For the proper operation of the algorithm, the initial
values of cell location, C=(x, y, z) should be such that the cell
is placed inside the ganglionic layer, exactly below the center of
active electrode and enclosed with the cell membrane.

The second path of the algorithm is created to restrict the
spread of the stimulus to the space required for activation. This
path is shown in figure 2. Fixed inputs are all the geometric
and stimulation parameters except the injected current. The
variability is explained as follows. The cell can bemoved to a
desired distance inside the ganglionic layer, see figure 3b. This
path is executed until the threshold injected current across the
electrodes is found. This threshold current will restrict the current
spread across the electrodes and the region of stimulation will
be controlled by this specific current injection. Afterwards, input

http://scidoc.org/IJCNE.php

stimulation parameters take this threshold as the injected current,
7, and the activation area is generated based on the first path of
the algorithm. As a reminder, the location of the cell becomes a
variable parameter.

Each processing step is further explained in sequential order
based on its appearance.

Electric Field Response: A 3D computational model of
electrical stimulation was implemented in COMSOL Multiphysics
software (COMSOL, AB. Sweden, Version 4.4), see figure
3. The model similar to [31] consists of one half of a sphere
that represents a segment of the human eye. The inner surface
of the retina has a diameter of 22 mm. Experimental data of
microelectrodes coated with PEDOT-NaPSS was used in our
model. PEDOT-NaPSS was applied by electrode position with
a charge density of 40 mC/cm? This results in a thin thickness
of 200 nm [32]. 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. The ganglion cell soma was placed
inside the ganglionic layer. This schematic representation of the
retina is built to a greater degree of anatomical likeness than
previously published works [33]. The retinal network models (i.c.
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. The proper conductivity, permittivity and
thickness of the layers formerly mentioned can be found in table
I [34-37].

The 3D model operates with an array of electrodes as shown in
figure 1(b). Biphasic pulses of uniform current are injected from
the active to ground electrodes to drive stimulation of nearby cells.
We extracted from Comsol the peak boundary current density in
the membrane that encloses the ganglion cell. Other extracted

Figure 2. The algorithm of the activation area. The first and second paths are enclosed with red and green geometrical
shapes, respectively. 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 simulation as an input in the circuit model.

The algorithm supports electrochemical safety to ensure safe stimulus delivery and cell activation. The cell is initially
placed exactly below the center of active electrode and enclosed with the cell membrane. In the first path, cell location,
G, is incremented by Ax, Ay, Azin each iteration. The algorithm is implemented until the area of activation becomes an

enclosed-based percept (not shown, see step f). Steps showing single letters are related to the corresponding actions in the

algorithm.
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data are the voltage across the electrodes and current delivered
by the 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 model of the RGC. The RGC
circuit model was developed by Fohlmeister et al., [38]. The basic
mathematical structure for voltage-gated ion channels was based
on the Hodgkin and Huxley like equations [39]. This modelling
assumption was formulated in Joucla S, et al., (2014) [40] where
the original mathematical model of Hodgkin and Huxley was
used. The parameters and equations that describe the dynamics
of the ionic channels were kept as in the original model [38].

This externally applied current density is distributed to the
participating channel types found in this particular cell membrane.
The threshold injected current required for the activation of a
cell by means of extracellular stimulation must generate a voltage
shift of around +30 mV in the cell membrane. The extracellular
current density across the cell membrane computed in Comsol
simulation is assumed to be equal to the circuit modelling of
ganglion cell. Hodgkin and Huxley-like equations can describe the
eliciting of action potential in the cell membrane.

A Matlab (MathWorks, Inc., United States, Version 7.13) script
implemented the ganglion cell circuit model and determined the
stimulation of the RGC. LiveLink for Matlab was used to integrate

http://scidoc.org/IJCNE.php

the 3D computational model built in Comsol Multiphysics to the
Matlab scripting environment.

Electrochemical Safety: Electrochemical safety must guarantee
that the voltage across the electrodes, local charge density on the
electrode and the heat generated by the device must be within
the safe electrochemical limits. As such, electrolysis of water, the
formation of corrosion [41] and excessive tissue heating that leads
to significant damage to various cellular functions [42] 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 at 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 retina implant is
calculated using a linear approach of AT = 1°C per 12.2 mW/
cm? [42] assuming only heat conduction. Body temperature of
37° degrees was the initial value. A temperature limit of 1°C was
assumed [44]. The power density at the device was obtained by
following the approach seen in Lujan Villarreal D, et al., (2016)
[31] of 1024 evenly distributed electrodes, each with low power
consumption of 54 pW [45] of an existing stimulator device.

PEDOT voltage window extends beyond conductive materials,
such as MnO,, from 1.5V up to 1.7V [43]. Since the values of the

Table 1. Description Of The Values Of Simulation.

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

Polyimide Cartier le-17 1 65!

Vitreous Humor 1.5 98 22e3?
Epithelium Layer 2e-3 1 65!
Photoreceptor Layer 28.5e-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 humor is its diameter. * Conductivity is of the contact of PEDOT-
NaPSS deposition and tissue. * Value is the thickness of cell membrane.

Figure 3. a) Simulation model built in Comsol Multiphysics. @ and @ are defined as inner and outer surface diameter
(given in units of mm). Complete information of each modelis listed in table I; 3b) shows the proximity of cells to the elec-
trodes and the ganglionic layer where the cell can be moved.
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voltage window of low-area electrodes were not published [32],
an average limit of 1.7V isassumed. The charge density limit of
1 mC/cm? is assumed consideting that the values of safe charge
density of low-area electrodes coated with PEDOT-NaPSS were
not published [32].

Cell Activation: The threshold current necessary for cell
activation in the form of extracellular stimulation must produce
depolarization in the cell membrane. The circuit modelling of
the RGC in the tiger salamander developed by Fohlmeister et al.,
[38] is sufficient to describe the cell depolarization in response
to various levels of extracellular stimulation [40]. Hence, the
amplitude of the injected current from the active electrode must
be large enough to attain the formerly stated task.

Cell Location: As previously stated, the cell is initially placed
inside the retina ganglion cell layer and exactly below the center
of active electrode.

If the extracellular current density is large enough to trigger a
response (Yes-decision) a percept where the surface forms
a closed geometry is generated. Then, the cell is shifted inside
the ganglionic layer (see figure 3b) until the outer boundary of
activation is found. Next, this boundary point can be recorded.

Once the extracellular current density is not large enough for
stimulation (No-decision), two possibilities can occur; i) a percept
where the surface forms an opened geometry is created, e.g.
ring-shaped percept, or ii) there is no such thing as electrical
stimulation.

For the former case, the cell is shifted inside the ganglionic
layer until the inner boundary of activation is found. Then,
this boundary point surrounding the active electrode can be
recorded. For the latter case, if the cell has been shifted without
having stimulation, an increase of the injected current must be
petformed.

Enclosed Area Generation (not shown in Figure 2): The
algorithm is implemented until the atea of activation becomes
an enclosed-based percept. If the area of activation is not an
enclosed geometry, the cell location returns to its initial value
of being exactly below the center of active electrode (return to
step ¢) and the cell is shifted but in another direction. Since the
number of points to enclose a region can be as finite as the desire
of the user, a recommendation would be to enclose the percept
using an octagonal-based framing,

Once the activation atrea is generated, the criterion asserts that a
cell located inside the activation area is activated by the respective
electrode. Otherwise, the cell is not stimulated by this electrode.

Calculation of RGC Activation: Consider an arbitrary activation
area which is divided into regular shapes that together form a
region that is similar to the activation area. The total number of
ganglion cells activated is calculated as the sum of the areas of
these individual regular shapes multiplied by a local ganglion cell

density.
G=2 M, p,
z )

http://scidoc.org/IJCNE.php

G is the cells stimulated, 14 is the area of the individual regular
shapes, / is a subinterval and p_ is the area cell density. Watson
[46] gave an equation to obtain the ganglion cell density found by
Curcio [47] as a function of the eccentricity.

-2
pel )= e 13- sl o] -
r 2.k re,/c
~@
p,(0) is the peak ganglion cell density of 33162 in units of deg?,
a, is the weighting of the first term, 7 is eccentricity in units of
degrees, r,, and 7,  are scale factors. The meridian is indicated by
the index 4. The estimated parameters for each meridian as well
as unit conversion equations from degrees to millimeters can be
found in Watson AB (2014) [46].

We generated a computational-based map of ganglion cell using
the cell density equation (1) and the assumption that within any
one quadrant of the retina the iso-spacing contours are elliptical-
based forms. This idea leads to an equation to obtain the ganglion
cell density at an arbitrary point {x;5} on the retina [46].

rxyzpC (rxy’l)pc (rxy’ 2)
X’ pe (ny,Z) +3’ pe (rxy’l)

Pc (xay):

r., is the radial eccentricity of the point {x y} obtained as (x*
+ 9)%, 1 and 2 in eq. (3) represent the vertical and horizontal
meridians, respectively.

Clinical Trial Results for Comparison: A clinical trial was
carried out to test an electrode carrier that was implanted in 20
volunteers with different stages of retinitis pigmentosa (RP), rod-
cone dystrophy or usher syndrome retinal degeneration [15]. The
objectives of the study were to measure the perception threshold
and to identify the shape of the phosphenes induced by electrical
stimulation.

The electrode carrier consists of a flexible film of around 10 um
thick, 1 mm wide and 60 mm long, The electrode carrier followed
a ring-electrode approach with effective electrode diameter of 50,
200 and 360 um. The ground electrode has a diameter of 560 um
and is placed 5.5 mm away from the stimulation electrodes, see

fig. 1(b) or 4(a).

The perceptual threshold was measured in 15 patients using
an effective electrode diameter of 360 um, see figure 4(a), and
selecting either a single, see figure 4(b), or multiple electrode
stimulation, see figure 4(c).

The results revealed a wide range of perceptual thresholds ranging
from 20 to 768 nC (i.e. from 0.02 to 0.75 mC/cm?) for both single
and multiple electrode stimulation. The patients were asked to
describe the perceived objects in their own words. Although a
single electrode was active, a wide range of shapes were revealed,
such as a circle, ring, rectangle, hash mark, half paperclip, ‘@’
sign, fan-like arrangement, etc.

Due to the time slot between stimulation and postoperative
interviews, the patients were not able to assign the perceptual

Villarreal DL, Schroeder D, Krautschneider WH. A Treatise of the Physical Aspects of Phosphenes and Single-Cell Selectivity in Retinal Stimulation. In# | Comput Neural Eng.

2017:4(2):55-70.

59




OPEN ACCESS

http://scidoc.org/IJCNE.php

Figure 4. Three different electrode arrays. 4(a) Electrode array of 50, 200 and 360 effective diameters [15]. 4(b) Single
electrode stimulation. 4(c) Multiple electrode stimulation. The electrodes are in contact with the retinal surface layer. 4(d)
Position of the electrode carrier inside the eye.
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shapes to individual stimulation sequences. For more information
about threshold response verification see [15].

Verification of FEM-based Simulation Model: Keserii
and colleagues coated the electrodes with IrOx. IrOx allows
considerably greater levels of charge injection without electrode
dissolution or electrolysis of water.

IrOx has been used to coat a variety of electrodes including
deep brain, nerve cuff, pacing, and defibrillation electrodes [49-
51]. Despite that the specifics of IrOx deposition and contact
conductivity with tissue were not published in Keserii M, et al.,
(2012) [15], there is evidence that carbon nanotube-polyelectrolyte
electrodes coated with IrOx at 160 mC/cm? charge density
deposition [52] have similar impedance characteristics to PEDOT-
NaPSS nanotubes [32] up to 10 kHz.

However, the thicknesses and impedances of coating materials
such as IrOx [52] and PEDOT-NaPSS [32] are influenced by the
charge density deposition. Likewise, the technique of deposition,
layer thickness, chemical composition and micro/nanoscale
morphology and topography have a considerable influence on the
electrical, mechanical and biological interfacing properties of the
electrodes [52].

Keserti measured the mean voltage amplitude of 1.82'V for single
electrode stimulation and a charge of 380 nC. Using this value
as a basis of comparison, a prior verification of the model was
performed using Comsol Multiphysics.

PEDOT-NaPSS contact conductivity with tissue calculated in
Lujan Villarreal D, et al., (2016) [31] was used. The definition of
the domains is listed in table I. The contact conductivity listed in
that table is related to the interaction of charge transfer with the
tissues.

Since the specifics of the exact electrode were not published in
Keserti M, et al., (2015) [15], we used a single electrode shown
in figure 4(b). The stimulation parameters of pulse shape and
duration were kept as in the original experiment, i.e. rectangular
biphasic, anodic first of 2 ms of pulse duration followed by
cathodic of 1 ms of pulse duration.

The outcome of our simulation model revealed a good agreement
with the experimental findings by reaching a value of 1.784 V
with 2% of error. Accordingly, PEDOT-NaPSS conductivity
with tissue and the definitions of the domains formerly stated can

deliver accurate results of the electric field distribution throughout
the retinal tissue.

Stimulation Parameters: In this first section, the experimental
findings of perceptual thresholds and the shape of the phosphenes
found by Keserii were used to prove the activation area.

To achieve such challenge, the activation area was mapped by
following the first path of the simulation algorithm shown in
figure 2. Keserti developed a stimulator device that ensures high-
standard of safety for applications related to visual shown in
figure 4(d).

The stimulation parameters of pulse shape and duration were
kept as in the original experiment. Charge-imbalanced rectangular
pulse shape is delivered with anodic first with pulse duration of 2
ms followed by cathodic with pulse duration of 1 ms. In-between
anodic and cathodic pulse the system is open-circuited with a
delay of 100 ps.

Charge densities of 0.02, 0.1, 0.35 and 0.75 mC/cm? were applied
across single or multiple electrode configurations. The charge
capacity of an electrode material is calculated as the maximum
amount of charge per unit area that can be passed in a biphasic
pulse without causing eventual electrode damage [15]. Therefore,
the peak injected current applied across the electrodes was
calculated as:

i o, Ay

bo—m
o, is the charge density applied, A, is the electrode cross section
area and t is the total pulse duration of a biphasic pulse shape.

As previously stated, the range of perceptual threshold measured
in 15 patients was 20 to 768 nC [15]. The standard deviation
was 229.55 nC. This high variability of standard deviation may
be related to the distance between the retina surface and the
electrode array in different patients in the study [15]. Therefore,
the distance between the surface of the retina and the electrode
array tested was 10 and 1300 um.

Results
Graphical representations of the outer surface dimensions of

the activation area are depicted in Figure 5(a) labeled as ‘2’ to ‘.
Figure 5(b) shows the inner surface dimensions labeled as ‘¢’ to
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Figure 5. (a) Graphic representation of the outer surface distances of the activation area labeled as ‘2’ to ‘@. 5(b) Shows
the inner surface distances labeled as ‘€ to ‘g’. The distances shown in figure 5(b) are relevant when the activation area is a
non-closed geometry. 5(c) 6 represents the vertical visual angle. 5(d) 6, stands for the horizontal visual angle. n stands for
the distance from the eye’s nodal points to the retina. a and d are some of the dimensions of the activation area, see

figure 5(a).
}
5(a) N / 5(b) 5(c) 5(d)
Ny ¥
a— - e —P> K
7t N

o
o

‘¢. The dimensions shown in figure 5(b) are relevant when the
activation area is a non-closed form. Figure 5(c) shows the vertical
visual angle labeled as # and figure 5(d) shows the horizontal visual
angle 0. In both figures # stands for the distance from the eye’s
nodal points to the retina, 2 and 4 are some of the dimensions of
the activation area, see figure 5(a). Horizontal and vertical visual
angles are calculated as:

0,,0, =180

nT (3)
xis the size of ‘4 of the activation area for horizontal visual angle
and ‘4 for vertical visual angle. The space from the eye’s nodal
points to the retinais 17 mm [53].

The correlation between the experimental results of Keseri
and the activation areas are shown in figure6 for several charge
densities applied across single and multiple electrode stimulation.
The x axis shows the charge densities of 0.02, 0.1, 0.35 and
0.75mC/cm?, whereas the y axis shows the proximity of cells to
the electrode array of 10 and 1300 pwm.

As formerly described, the activation area can estimate the shape
of the phosphenes. Keseri reported a wide range of shapes with
different characteristics, such as a circle, ring, rectangle, hash
mark, etc. The outcomes of our simulation framework resulted
in a spectrum of elliptical-shapes, either being closed-surface
geometries or non-closed.

The shape of an ellipse is denoted by its eccentricity, which is
a measure of how much the conic section deviates from being
circular. For an ellipse the eccentricity is between 0 and 1. When
the eccentricity tends toward 1, the ellipse gets a more elongated
shape and can be related to a hash mark or a rectangle. Phosphenes
in the form of elongated shapes [22, 25] and lines or bars [25, 20]
have also been observed.

When the eccentricity moves away from 1, an ellipse can be
related to a circle. Phosphenes were frequently described as
“round” spot of lights in Humayun MS (2003), Humayun MS
(2004), Mahadevappa M (2005), Kesert M (2011), Rizzo JF
(2003), Weiland JD (2004) [8-10, 15, 25, 27]. Once the minor axis

of the ellipse is approximated to the value of ‘@’ of the activation
area, the eccentricity can be calculated as:

Vd* - d?

4 @

E =

‘d of the activation area is related to the major axis of an ellipse.
Therefore, the shape of the phosphenes recorded by Keserii can
be categorized as an elliptical-shaped hash mark (or rectangle) or
an elliptical-shaped circle based on their eccentricities.

Despite the fact that most phosphenes were described or
otherwise implied as “round” [8-10, 15, 25, 27], it is doubtful that
the patients had always defined the shape of the phosphene as
a “perfectly circular-shaped phosphene”. Such description can
include any shape with a smooth, curved circumference, including

balls, ovals, and pebbles [1].

Having stated the above, the criterion to identify the shape of
phosphenes is as follows. Ring-shaped phosphenes are related to
non-closed forms. Hash mark-or rectangular-shaped phosphenes
are associated when the eccentticity is higher than 9/10. Circulat-
shaped phosphenes are related when the eccentricity is lower than
9/10.

The information for each activation area is given in figure 0.
The amount of cells activated is computed using eq. (1), where
each activation area was divided into 106 regular square regions.
Horizontal and vertical visual angles are calculated with eq. 5.

Discussion

Activation Area: In this study, the activation area is conclusively
proven by directly comparing the shape perceptions reported by
Kesert and our simulation framework.

Our results exhibited a spectrum of elliptical-shape forms which
can be related with circular, hash mark, rectangular or ring-shaped
phosphenes.
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Circular-Shaped Phosphene: This specific shaped phosphene
belongs to an activation area with an eccentricity lower than 9/10.
In essence, figures 6.1 to 6.6 are suitable to this critetion.

Chen et al,, stressed that phosphenes should be preferably round
[1] because ideally electrodes ate required to produce a visual
petrception of an m X n array of narrow spots of light that can be
precisely controlled by the system.

The previous challenge is associated with single-cell selectivity.
Visual perception must be related to the control of each electrode
in an array to activate its corresponding cell and elicit a narrow
phosphene. Accordingly, one-to-one cell-electrode stimulation
can generate a better perception with high-resolution.

Hash mark- or Rectangular - Shaped Phosphene: These
particular shaped phosphenes belong to an activation area with
an eccentricity higher than 9/10. As such, figures 6.7 to 6.10 are

http://scidoc.org/IJCNE.php

appropriate to this criterion. Hash mark- or rectangular-shaped
phosphenes can be attributed tothe distant location of the ground
to the active electrode and to single-electrode configuration. The
current spreads deep into the tissues leading to the activation of
cells in its path to the ground electrode.

These specific-shaped phosphenes can also be generated by the
activation of ganglion cell axons [30]. Retinal ganglion cell axons
pass within short distances from each other along their path to the
brain. In practice, though, while subjects receive single electrode
stimulus, they often report a stripe-shaped phosphene, rather than
a focal spot of light due to unintended stimulation of passing
axons [54]. This makes difficult to distinguish faces and objects
[30].

Ring-Shaped Visual Phosphene: Ring-shaped phosphenes
belong to an activation area where the surface forms a non-
closed geometry. As such, figures 6.11 to 6.13 are suitable for this

Figure 6. Correlation between simulation-based findings and experimental results. The simulation findings are represented
as the activation areas for single and multiple electrode stimulation. X-axis is related to the charge densities applied by the
electrodes. Y-axis is associated to the proximity of the cells to the electrodes. In the lower left corner of each activation area
is depicted the sizes from ‘2’ to ‘d" for the outer surface dimensions and from ‘€ to ‘g’ for the inner surface dimensions. An
empty space inside the plot represents a case where the electrodes could not activate a cell. A,, G, 6, and 0 are the activa-
tion area, number of ganglion cells activated, and horizontal and vertical visual angles, respectively. We assumed to place
the electrode array as shown in figure 4(d).
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criterion. Looking carefully, ring-shaped responses atise when the
electrode array is in distant proximity to the ganglion cell bodies.
Non-closed geometries such as doughnut-shapes have been
reported by the patients [8].

When the stimulating electrode is in close proximity to the retinal
sutrface, body cells can be activated with low stimulus amplitudes.
This generates small regions of stimulation at the retina. As the
proximity increases, the stimulus amplitude needs to be increased
to activate some body cells. This contributes to the varying current
spread to the ground electrode and causes changes in the area of
stimulation.

The closeness is critical not only for the generation of small
phosphenes but also for safety limits in stimulation. The major
limitation can be attributed to the charge density required to
elicit activity in neurons [31]. With close proximity, the threshold
current and thus the charge density are reduced, leading to a
safe stimulus delivery. Further, the current can be contained in
a small volume that surrounds the electrode, leading to a small
region of stimulation and possibly the activation of a single cell.
Power consumption and thus heat generated by the device [42]
are minimized allowing small electrodes to generate phosphenes
within safe heat limits [29].

Perceptual Threshold: We found that the charge densities
and the proximities of the electrodes to the retina generated
stimulation of nearby cell bodies see figure. 6. These outcomes
were related to the spectrum of perceptual thresholds between
0.02 to 0.75 mC/cm? found by Kesert and colleagues.

Physical Aspects of Phosphenes: Our simulation framework
having as a basis the activation area proposes the following insights
to explain how the shapes of the phosphenes are generated by
stimulation.

a) Electrode array topology and characteristics of electrodes
influence the shape and breadth of phosphenes. The activation
area of single and multiple topologies of stimulating electrodes
revealed different shapes of phosphenes e.g. hash mark-shaped
percepts and circular-shaped forms. The viable justification
of such forms is the far placement of the ground to the active
electrode, causing the current to flow deep down into the tissues
and activating cells in its path to ground.

Experimental findings which were performed with different
experimental setups of electrode topology revealed dissimilar
shapes of phosphenes e.g. elongated shapes [22, 25|, lines/bats
[25, 26, 55|, triangles [26], doughnut-shaped [8], complicated
patterns [26] and round spots of light [8-10, 15, 25, 27].

b) Cell density in the degenerate retina influences the shape and
formation of phosphenes. The variability of thresholds in the
experimental findings by Keserii was attributed to a combination
of a varying degree of retinal degeneration [15]. This degree
of retinal degeneration can influence the shape of the visual
petrception because gaps of dark vicinities would be exhibited at
locations of cell depletion.

¢) Single and multiple electrode configurations play a role in the
shape and broadness of phosphenes. Our simulation framework
revealed that single and multiple electrode stimulation generated
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different shapes of phosphenes, see figure 6. Experimental
observations on the human volunteers by Rizzo et al., [25] and
Wilke et al., [55] yielded validating evidence on different shapes
of phosphenes such as spots of light or lines by driving one or a
line of four electrodes, respectively.

d) The closeness of the cells to the electrodes influences the
outline and extent of the phosphenes. With close proximity,
body cells can be activated with low stimulus amplitudes. This
generates small regions of stimulation at the retina. Increasing
the proximity results in a larger area of activation because the
stimulus amplitude needs to be increased to activate some body
cells, thereby expanding the size of the phosphene. The shape
of the phosphene is related to the spreading direction of current
density from the active electrodes to ground. As the proximity
increases with an increase of the stimulus amplitude, the current
spread vaties according to the topology of the electrode array and
the position of the active and ground electrode. This will lead to
changes in the area of stimulation, thereby causing the generation
of phosphenes with shapes other than a small spot of light.

Activation of Ganglion Cells: There is a close association
between the broadness of the activation area and the amount of
peak current injected to the electrode, see percept breadth among
charge densities in figure 6. That is, far-localized ganglion cells
can be activated by increasing the injected current or charge.
Experimental findings by Rizzo [25] in human volunteers
demonstrated conclusively a direct relationship between the
stimulus charge and the size of the percept.

Likewise, electrode topology plays a major role in the amount
of body cells activated. A far placement of the ground to the
active electrode causes a deep flow of the current into the tissue
environment leading to the activation of cells in the interim to
the ground.

Decreasing electrode dimensions generate higher resolution
patterns of prosthetic-elicited activity that are closer to light-
elicited patterns [41]. The prosthetic devices developed by
Mahadevappa et al., [10], Rizzo et al, [12], Klauke et al., [13]
Eger et al., [14] and Humayun et al., [16] used big-sized electrode
diametersof 500, 200 and 100 um, respectively. The electric
current field from large electrodes indiscriminately drives local
retinal activity in an abnormal way, leading to complex retinal
responses [29].

Drawbacks of the Activation Area: The flexibility to trigger
near or far localized cells should not be misinterpreted. Despite
that a larger activation area influences a distant cell to be activated,
the stimulus could reach undesirable localities whetre additional
cells could be stimulated, thereby reducing focal activation and
greatly decreasing resolution.

Safeguarding the operation of stimulators is a crucial issue in
neural activation. Safety, in terms of electrical performance, is
mainly related to three factors: charge density injection level, heat
generated at tissue due to the power dissipation by the device,
and the water-voltage window. Reducing electrode dimensions
will generate small activation areas that could stimulate a single
cell. However, thiscould cause a breakdown of the electrode and
adverse tissue reactions due to a high charge density demand [41].
It is a general principle that the onset of irreversible Faradaic
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processes should be avoided when body cells are activated. As
a rule-of-thumb, the injected charge should be kept at low levels
where it may be accommodated strictly by reversible charge
injection processes. Electronics of any kind dissipates a certain
amount of power. Temperature increase at tissue exhibits a linear
relationship with power dissipation of AT = 1°C per 12.2mW/
cm? [42] assuming only heat conduction. Thus, as a rule-of-thumb,
the implanted device should not exceed 12.2mW/cm? of power.

Single Cell Stimulation

A comparison is made between the electrode arrangement
developed by Keserti and our proposal in terms of the broadness
of the activation area and the number of activation of cells for
the purpose of single cell stimulation. To make a fair comparison,
a replica of the simulation model formerly explained is used, see
figure 3.

Methods.

Proposed Electrode Arrangement: We proposed an evenly
distributed 32 by 32 electrode array; see figure 7(a). The length,
/, and width, », of the electrode carrier are assumed to be equal
and calculated as:

w=l=d ( e, + 1)

T
e, is the total number of electrodes inside the carrier. Let us call a
square area-element inside the electrode carrier with sizes labeled
as d, see figure 7(a), where 4 is the electrode pitch.

P

Ver g

0, is the electrode density. For given electrode diameter, the
electrode distance can be computed as:

E, is the electrode diameter and I, represents the electrode
distance. The electrode carrier area is:

A=1" __qp)

Procedure for Single-cell Selectivity: Single-cell selectivity is
treated as enhancing the control of the electrodes over single cells
to produce an array of independent phosphenes [48]. Thus, the
stimulus that spreads through the medium must be constrained to
the space required for activation. To be precise, the discrimination
of the area of stimulation must be generated such that the detail
perception of the visual field of view is improved.

Nevertheless, a large proportion of ganglion cells are found in
the central region within £ 10° of eccentricity away from the
fovea. This region is needed for critical functions, such as object
recognition, reading and driving [56]. With high density, ganglion
cells may overlap with each other and may cause electrodes to
activate more than a single cell.

To acquire a clear understanding of how electrodes activate
some ganglion cells for the purpose of single-cell selectivity,
we shall consider first the activation of cells in a perspective
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three-dimensional region; second a realistic distribution of RGC
along the vertical section of the ganglionic layer and third a
mathematical approach that ensures the activation of a single cell
per stimulating electrode. The latter challenge shall provide the
dimensions of the electrode carrier for realistic applications.

Volume Region of Stimulation: Consider an electrode array
distributed equally with electrodes having a diameter and a density.
The procedure to generate the volume region of stimulation
consists in following the second path of the algorithm shown in
figure 2.

The cell is shifted around the horizontal direction (x ot y axis) and
located at a distance of 4/2 away from the active electrode, see
figure 7(a). The algorithm is executed until the threshold injected
current across the electrodes is found. Then, the cell is shifted
around the horizontal and vertical direction (z axis) to mark
the places of stimulation using this threshold current. This will
eventually lead to the volume region of stimulation.

Comsol produced a region of stimulation that consists of an
area of activation bounded by the electrode pitches and a peak
height 4, all forming the volume of stimulation. The peak height
of the volume region depends on the electrode diameter and
density. Figure 7(b) illustrates the volume region of stimulation
with the peak height, electrode pitches, and horizontal and vertical
directions.

The area of activation is illustrated as a red dash-line boundary
that follows a ‘sinking at the diagonals’ shape with an average
distance of 80% of d/2. For simplicity, the activation atea of
each electrode is represented as a circular shape with a distance
d/2 away from the active electrode. The area can be computed as

nd’ /4.

Realistic Distribution of Retinal Ganglion Cells:
Photomicrographs of the retina of healthy human [57, 58],
monkey [59] and mice [60] wete considered in the estimation of

the RGC distribution along the vertical section.

In brief, we divided the ganglionic layer 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 7(c). It is also shown the normalized results of each
reference in black using four different line styles.

The curve shape of the averaged and normalized data was fitted
to a 3rd order polynomial. The curve peak amplitude was build
such that the integral of the polynomial over the RGC thickness
yields the same realistic amount of cells per mm?® measured by
Cutcio et al, [61]. Thus, the polynomial A7 + BZ + Cz+ D
describes the volumetric cell density with numerical values of D
=0,C=37392p /¥, B=0.741p /F, A= -4.4802 p /7, where
tis the RGC thickness. As a reminder p s the area cell density.

Here we assumed that the cell distribution along the vertical
section behaves the same for all four meridians.

Mathematical Approach for Single-cell Selectivity: Consider
an arbitrary electrode density and cell distribution. The
approximation to activate a single cell per stimulating electrode
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can be computed as:

[[] () dvdydz =1
e 11)

p, is volumetric cell density described by the polynomial. [”is the
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. (11) we get

h 2
VA z

= (l1-= dz =1
s e

where the peak height for an electrode diameter of 5 um is fitted
to hfp,, E,) = asp .’ in millimeters with values of 0.087 for o and

-0.2 for 8. The implicit solution of eq. (12) yields

E(A(Z4PEI'8+BOZ3,DE]'6+CO!2,DE]'4]—1:0
2\24 15 8 —(13)

where Matlab is used to solve the roots of eq. (13). 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.
Later, the volumes tested their stimulation of cells. The electrode

density with cell activation closest to one is selected.

Stimulation Parameters: In this study, we set a boundary
between 4° (1 mm) where peak cell density is located [61] and
10° (2.7 mm) [56] of eccentricities that covers critical functions

such as object recognition, reading and driving and thus relevant

for high resolution vision. Within this boundary, we tested the

eccentricities of 1, 1.5, 2 and 2.7 mm.

Curcio [01] and Raza [62] measured in these eccentricities the atea

cell densities and RGC layer thicknesses for six retinas and 43 eyes

of 36 human healthy controls, respectively. The results of each

meridian are shown in table 2.

Throughout the study, single electrode stimulation is implemented
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with electrode diameter of 5 pm. The stimulation arrangement
consists of an active electrode (blue) surrounded by eight grounds
(black), see fig. 7(a). The proximity of cells to the electrodes in fig.
7(b) is 10 pwm.

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 control of selecting the role of electrodes to function as
active or ground is considered as seen in previous publications
[31, 45]. Active electrodes can have their own time slot for
stimulation [45].

Assembling the electrodes evenly gives the advantage for
each active electrode to have eight surrounding grounds. The
distribution of current density can be restricted in a small region
that surrounds the ganglion cell. This results in a more controlled
stimulation area [31].

Results.

Figure 7(a) depicts the square area-clement inside the electrode
carrier with electrode pitches labeled as 4. The cell is located at a
distance d/2 away from the active electrode. A 32 by 32 electrode
array was implemented in this study.

Figure 7(b) also shows the 3-dimensional stimulating region with
the peak height, 4, electrode pitches, activation areas represented
as a gray dash-line, and horizontal and vertical directions. Figure
7(c) depicts a sketch of the retina along the vertical section. Cell
nuclei counting results are shown inside the ganglionic layer.

Figure 7(d) shows the comparison of the electrode array
developed by Keserii and our proposal in terms of the broadness
of the activation area. Here, the maximum and minimum
electrode pitches of 18.66 and 22.59um with peak heights of
17.69 and 19.1 um (electrode densities of 2871 and 1959 mm
%) were simulated, producing almost the same amount of charge
density of 0.1mC/cm? to obtain the activation area shown in fig.
7(b). Hence, the outcome of Kesert of single site electrode using
the same charge density at proximity of 10 um is compared, see
figures. 6.7. All results throughout our simulations were within the

Table 2. Cell Densities [mm™?] /RGC Thicknesses [um] From References.

Meridian/Eccentricity [ 1mm 1.5 mm 2 mm 2.7 mm
Temporal 26922/46 | 22897/47.5 | 16311/40 | 9642/28

Nasal 31544/56 | 27491/58.5 | 17037/46 | 8266/28.5
Superior 27118/60 | 18463/45 | 11622/35| 6836/26
Inferior 26503/60 | 18007/45 | 9746/31 | 5412/25

Table 3. Electrode Densities For Single-Cell Stimulation [mm?].

Meridian/Eccentricity [ 1mm |1.5mm | 2 mm | 2.7 mm
Temporal 2871 2443 | 2421 2640
Nasal 2446 2084 | 2062 2300
Superior 1991 2253 | 2264 2238
Inferior 1959 2212 | 2334 1964
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Figure 7. (a) Proposed electrode arrangement simulated in Comsol Multiphysics. Electrode pitch is labeled as d. Active and
ground electrodes are highlighted in blue and black, respectively. A 32 x 32 electrode array was implemented. Electrodes
have a diameter of 5um. Width, w, and length, /, of the carrier are assumed to be equal. The electrodes are in contact with
the retinal surface layer with proximity of 10 pm. 7(b) A perspective three-dimensional view showing the stimulating region
with peak height, A, electrode pitches, proximity of cells to the electrodes and horizontal and vertical directions. Comsol
gave the activation area shown a as red dash-line that follows a ‘sinking at the diagonals’ shape with an average distance of
80% of d/2. For simplicity the activation area is represented as a circular shape with some distance d/2 away from the elec-
trode. Thus, the activation areas ate represented as a gray dash-line and are observed to have a form such that the overlap-
ping with adjacent activation areas is avoided. Figure 7(c) shows a sketch of the retina along the vertical section. Cell nuclei
counting results are shown inside the ganglionic layer. Thickness of each layer is not drawn to scale. 7(d) Comparison of
the broadness of the activation area between the electrode arrangement developed by Keserii and our proposal. Here, the
maximum and minimum electrode pitches of 18.66 and 22.59 um with peak heights of 17.69 and 19.1 pm (electrode densi-
ties of 2871 and 1959 mm?) were simulated, yielding roughly a charge density of 0.1 mC/cm? to obtain the activation area
shown in figure. 7(b). Thus, the result of Keserii of single site electrode using the same charge density at proximity of 10
pm was compared, see figure. 6.7. 7(e) depicts the mean and deviation of stimulation, y-axis, against electrode densities,
x-axis. The red line crossing the plot at a value of one indicates single cell activation.
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electrochemical safety region.

Eq. (13) was solved for the electrode density using the data
provided by Curcio and Raza of area cell densities and RGC layer
thicknesses (table 2). As such, the electrode density can provide
parameters for the electrode carrier that allow the activation of a
single cell per stimulating electrode. Table 3 lists the results.

Since electrode density cannot be altered after implantation,
we sought for a single value of electrode density for realistic
applications. Thus, electrode pitches and peak heights of the
volume of stimulation were determined using the data of table
3. Then the volumes tested their activation of cells for every
distribution described by the polynomial using the data of Table 2.
The mean and standard deviation of stimulation were determined
for each electrode density. These results are shown in Figure 7(e),
y-axis, against electrode densities, x-axis. The winner is based on
a mean having a minimal distance from one (indicating single cell

selectivity) and preferably small deviation of the mean.
Discussion.

In this study, we reached the stimulation of a single cell per
stimulating electrode and small activation areas throughout the
boundary of eccentricities relevant for high resolution vision. The
results included cell densities from 31544 to 5412 mm™. This leads
to electrode densities between 2446 and 1964 mm?, electrode
pitches between 20.21 and 22.56um and an activation area per
stimulating electrode from 320 to 399 um?® The visual angles
(horizontal or vertical) reached 0.068° and 0.076° per electrode
site, all respectively, meaning a more precise stimulation region.

As previously stated, Keserti generated stimulation areas from
1.6 to 44.88 mm? and from 4.03 to 121.04 mm? for single and
multiple electrode stimulation, all respectively, see Figure 6. The
vertical and horizontal visual angles are from 4.3 and 4.8° to 18.5
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and 36° for single electrode stimulation. For multiple electrode
stimulation the visual angles are from 6.7 and 9° to 35 and 50.2°,
all respectively. These large oblong-like shapes of light lessen the
quality of vision and cause image sharpness and detail perception
to be reduced.

Shown in Figure 7(b), the activation area for each electrode is
observed to have a form such that the overlapping with adjacent
activation areas is circumvented. This can be achieved firstly
by having a different time slot of stimulation and secondly by
controlling the electrodes to play a role of being either active or
ground. This provides the benefit that the spreading of current
density can be confined in a small region that surrounds the cell.
This results in a more controlled stimulation area. Figure 7(d)
shows that our stimulation strategy produces a narrower activation
area than either single or multiple electrode configurations used in
Keserti M, et al., (2012) [15]. This activation area may enhance the
detail perception of the visual field of view. This is due because
the stimulus that spreads throughout the medium can be confined
to the space required for activation. As such, the discrimination
of the area of stimulation can be generated.

However, these results underline the necessity of using electrodes
with dimensions lower than the electrode pitch for realistic
applications. In general, an array of 32 by 32 electrodes with
square-grid distribution, 10 pm of proximity or below and
electrode size of 5 pm, all within the eccentricities tested, can
deliver safe stimulus using charge-imbalanced rectangular pulse
shape with anodic first phase of 100ps pulse duration followed by
the cathodic phase of 50us pulse duration. This is valid for limits
of charge density of 1 mC/cm? neural tissue heating of 1°C, and
electrode voltage of 1.7V.

In spite that reaching single cell selectivity can enhance visual
perception [63], the electrodes need to be positioned close to
each other in the carrier. This would lead to a more detailed
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 cartier. Using eq. (5) it is estimated
that the projected visual field of view for every 1 mm of the
retina is about 3.37°. Tychsen [64] estimated a similar value of
3.35°. Using the minimum and maximum electrode carrier area
of 0.37 and 0.55 mm? (electrode densities of 2871 and 1959
mm?, respectively), the visual field of view would cover 2.04°
by 2.04° for electrode cartier of 0.37mm?* and 2.5° by 2.5° for
0.55 mm? Cutrent visual devices can provide visual angles higher
than 10° [16]. This is required to perform simple navigation tasks,
recognize large objects and distinguish the direction of movement
[65]. Despite that those cannot generate single-cell activation per
electrode which would produce independent pixels, there is hope
to achieve such challenges. Meza et al., [45] suggested the use of
daisy chain configuration to connect the required amount of chips
with hybrid architecture current steering that enables low power
consumption and high channel integration on a small chip area.
This method can increase the number of stimulation channels and
generate a large area of stimulationat the retina while preserving
detail perception.

The array developed by Keserii, as opposed to our approach
that reached a single cell per stimulating electrode, used large
electrodes that activate between 30912 and 124776 for single-site

http://scidoc.org/IJCNE.php

and between 37492 and 340028 for multiple-site, see Figure 6,
respectively, assuming to place the electrode array as shown in
Figure 4(d). This coatse activation of cells not only constrains the
detail perception, but also the activity generated by stimulation
remains different from a healthy retina.

Lastly, figure 7(c) shows the mean and standard deviation of
stimulation against the electrode densities. As we sought for a
single value for realistic applications, electrode density of 2300
is suitable for placement within +10° of eccentricity by having
a mean with minimal distance from one (indicating single cell
activation) and having a small deviation as previously stated.

Supporting Evidence

There are mainly five numerically dominant retinal ganglion
cell classes: ON and OFF midget, ON and OFF parasol, and
small bistratified. Midget cells constitute the most densely visual
pathway in the primate retina with a percentage of about 80%
[66]. Parasol [67] and bistratified [66] cell classes represent about
20% of all ganglion cells.

Despite that ON and OFF type ganglion cells exhibit different
light-response properties [68], retinal connectivity [69] and
dendritic tree breadth [70], the activation threshold for these
two cell types is not statistically different both for epiretinal [71]
and subretinal |72] stimulation. Experimental findings by Jepson
[73] indicated similar thresholds for electrical stimulation of the
five numerically dominant retinal ganglion cell types previously
mentioned. These findings indicate that ON and OFF type
cells fire temporally in phase [74]. ON and OFF type cells can
be stimulated with arrays of electrodes with small diameter at
comparable threshold levels [71]. Margalit [75] 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 [73].

Before hand that any stimulation is given, patients report a grayish
background covering their visual fields [76]. In response to
direct activation of ganglion cells with electric stimulus, patients
frequently report a bright percept that is surrounded by a dark
background |7, 25, 77]. The brightness or darkness of the elicited
phosphene may be involved as to whether the ON or OFF
pathways are being stimulated. Freeman et al., [74] suggested the
possibility that the OFF pathway is outweighed by the signal from
the ON pathway when both are activated identically by electric
stimulation. Another possibility is that a bright phosphene results
from preferential activation of ON versus OFF type ganglion
cells.

While the electrodes stimulate nearby RGCs, the phosphene
frequently reported by the patients can be related to the response
of a cluster of ON type cells, see Figure 8. This is because ON
and OFF type cells are spatially intermixed [78] and the bright
response of ON type cells overshadows the response of OFF
cells and their activation is more preferred [74]. While the
stimulus is delivered to the cells, the activation area can indicate
the stimulation of RGCs regardless of the type and class because
they have similar activation thresholds [71-73]. ON and OFF type
cells are contained within the activation area. Thus, the activation
area can estimate the amount of RGCs stimulated with a given set
of stimulation parameters.
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Figure 8. Relation between the phosphene elicited by electrical stimulus and the activation area. The phosphene frequently
reported by the patients can be related to the response of a cluster of ON type cells. The activation area shown with white
outline can estimate the size and shapes of the elicited phosphene because it indirectly shows an area that can be related to
the bright response of ON type cells.

Activation ared

ON cell response

Regarding the estimation of the size and shape of the phosphene
while the activation area is used: despite that the activation area
indicates the stimulation of RGCs regardless of the type and
class, the activation area can estimate the physical aspects of the
elicited phosphene because it implicitly shows an area that can
be related to the bright response of ON type cells., see Figure 8.
This indirect approach to map the elicited phosphene relates to
the respond of actual ON type cells being electrically stimulated.

However the area of activation can have discrepancies with the
actual elicited phosphene when the degree of retinal degeneration
of ON type cells is high. This can influence the shape of the visual
perception because gaps of dark vicinities would be exhibited at
locations of cell depletion.

That being said, we found that the shape and size of the
phosphenes are directly influenced by the electrode topology,
characteristics of the electrodes, cell density at the degenerate
retina, stimulating electrode configuration, closeness of the
electrodes to the cells and the peak amplitude of the stimulus.

Intrinsically, the strategy of the activation area is linked to the
common goals of stimulating a single ganglion cell and producing
a small spot of light required for high-resolution. It can yield
key advantages to design optimal electrode arrays and optimal
stimulus parameters for artificial vision.

Limitations

A key challenge of artificial visual devices is to avoid the
stimulation of retinal ganglion cell axons [48].

Retinal ganglion cell axons pass within short distances from each
other along their path to the brain. Since images are reversed
horizontally and vertically on the retina by the optics of the
cornea and lens, stimulation on the left side of the retina should
create perceptions in the right side and vice versa. If the retinal
axons coming from cells in the periphery are as well stimulated,
then the perception would reflect activation of those peripheral
cells and appear as an ellipse or streak [48]. In practice, though,

while subjects receive single electrode stimulus, they often report
a stripe-shaped phosphene, rather than a focal spot of light. This
may be caused by unintended stimulation of passing axons [54].

This issue has been addressed by Jensen and Rizzo III [79]. In
their study, 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. Greenberg
et al, supported these observations by reporting that axonal
threshold was 20% higher than that of the retinal ganglion cell
[80]. Experimental findings by Jepson [63] exhibited single spike
responses with sub-millisecond latency which is a characteristic of
direct ganglion cell activation. In this study, short pulse durations
of 100 us and small electrodes of 15 um of diameter were used.

The ratio of axonal to cell threshold current recorded by Jensen
and Rizzo III was 4 for electrode diameter of 125 um. These
results are related to use the threshold or minimum current to
activate retinal ganglion axons and cells. Short-current pulses
have an additional advantage of reducing the charge required
for excitation. With reduced charge, the probability of electrode
corrosion and tissue damage is lessened [79].

Regarding our simulation-based findings, the minimum threshold
to activate a cell was increased to stimulate a cell at a distance
d/2 away from the active electrode. This approach may increase
the concern of generating an axonal response. The ratio of
the maximum to the minimum injected current in our study is
2.5, which is less than the ratio found by Jensen and Rizzo III.
However, further experimental tests are required to validate our
results. Through our study, short-current pulse of 100 us was
used.

Conclusion

An accurate explanation of the activation area and its benefits
to achieve single-cell selectivity are presented in this report.
The reasoning of how phosphenes are generated by electrical
stimulation can be better understood by applying in practice
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the activation area. We found that the shape and size of the
phosphenes are directly influenced by the electrode topology,
characteristics of the electrodes, cell density at the degenerate
retina, stimulating electrode configuration, the closeness of the
electrodes to the cells and the peak amplitude of the stimulus.
The activation area is linked to the common goals of stimulating
a single ganglion cell and producing a small spot of light required
for high-resolution vision.

Thus, prior to device implantation at the retina, simulation-based
findings of the activation area can be beneficial to understand life
like situations of phosphenes. The robustness of our technique
is such that any cell density can be evaluated to direct visual
prosthetic devices towards single localized stimulation. This
would result to a more precise region of stimulation and to a
high-resolution vision.
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