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Abstract

Background: An accurate understanding of the electrical interaction between retinal prostheses and retinal tissue
is important to design effective devices. Previous studies have used modelling approaches to simulate electric
fields generated by epiretinal prostheses in saline and to simulate retinal ganglion cell (RGC) activation using
passive or/and active biophysical models of the retina. These models have limited scope for studying an implanted
human retinal prosthesis as they often do not account for real geometry and composition of the prosthesis-retina
interface. This interface consists of real dimensions and location of stimulation and ground electrodes that are
separated by the retinal tissue and surrounded by physiological fluids.

Methods: In this study, we combined the prosthesis-retina interface elements into a framework to evaluate the
geometrical factors affecting stimulation thresholds for epiretinal prostheses used in clinical human trials, as
described by Balthasar et al. in their Investigative Ophthalmology and Visual Science (I0VS) paper published in
2008 using the Argus | epiretinal implants. Finite element method (FEM) based computations were used to
estimate threshold currents based on a threshold criterion employing a passive electric model of the retina.

Results: Threshold currents and impedances were estimated for different electrode-retina distances. The profiles
and the values for thresholds and impedances obtained from our simulation framework are within the range of
measured values in the only elaborate published clinical trial until now using Argus | epiretinal implants. An
estimation of resolution for the electrodes used in these trials was provided. Our results reiterate the importance of
close proximity between electrodes and retina for safe and efficient retinal stimulation.

Conclusions: The validation of our simulation framework being relevant for epiretinal prosthesis research is derived
from the good agreement of the computed trends and values of the current study with measurements
demonstrated in existing clinical trials on humans (Argus 1). The proposed simulation framework could be used to
generate the relationship between threshold and impedance for any electrode geometry and consequently be an

effective tool for design engineers, surgeons and electrophysiologists.

Background

More than 40 million people around the world suffer
vision impairment due to retinal degeneration diseases
e.g. retinitis pigmentosa (RP) and age-related macular
degeneration (AMD) [1]. These diseases are incurable
by current treatments [2] and affect the retinal photore-
ceptor cells that stop functioning and eventually die.
Electronic prosthetic devices [3] can be implanted to
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replace the functionality of the photoreceptors by excit-
ing the secondary neurons of the retina leading to a par-
tial perception of the visual scenario. Many groups (refer
to the review [3]) worldwide are working on different
devices based on the placement of the implant with
respect to the retina. One such device is the epiretinal
implant, which target retinal ganglion cells (RGCs) by
having the electrodes facing the inner surface of the
retina. Several modelling and simulation studies on ret-
inal prostheses [4-11] have been performed to analyse
the bioelectronic interface between the retina and the
electrodes, but not yet in an integrated framework. To
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solve this issue, preliminary steps in constructing a com-
plete framework for simulating epiretinal prosthesis have
been developed in the present study to evaluate the fac-
tors affecting the activation thresholds of RGCs. The
framework described here is similar to the one reported
recently by us to study spatial extent of stimulation and
effect of electrode-tissue gap in subretinal implants [12].
Throughout this manuscript, the word activation can
mean activation of one or more RGCs as a result of
extracellular stimulation.

Two major electrical parameters responsible for affect-
ing the efficiency of retinal prostheses [13] are: (i) the
fluctuation of current amplitude for activation (thresh-
old current) that can occur due to unstable positioning
of the electrode array on the inner retinal surface, elec-
trochemical alterations in the electrodes, or neurophy-
siological remodelling of the retina. (ii) The charge
density necessary to elicit visual percepts to permit
long-term stimulation without damaging the retina or
the electrodes. The determination of threshold current
and charge density is important for achieving safe sti-
mulation. Appropriately, electrode-retina distances along
with the electrode geometry are factors influencing the
retinal stimulation. The development of an integrated
simulation framework can predict the stimulation para-
meters by including these factors in the model.

An electrode-retina distance contributes to the varying
current spread from the electrodes causing changes in
the stimulation area in the retina and therefore affects
the resolution of the prosthesis. In vitro electrophysiolo-
gical data and analytical calculations suggest that the
threshold currents rise rapidly with increasing distance
of the electrodes from the retinal surface [14,15].

Electrode geometry has an effect on the current
required for RGC activation. In vitro experiments [16]
have established that the threshold current necessary to
elicit spikes in RGCs has a power law relationship with
electrode area. Incorporating these geometrical factors
affecting perceptual thresholds in a simulation frame-
work can be of interest to: design engineers of retinal
implants-aiding them to determine optimal electrode
schemes for retinal stimulation by predicting values for
spatial extents (resolution) and probable electrochemical
effects on the electrode surface; surgeons - assisting
them after surgery to verify the distance between
implant and the retina in addition to a visual confirma-
tion [17]; and electrophysiologists - to estimate the
threshold current, voltage or charge needed during an
actual stimulation trial [13].

Presently, proximity of the retina to the electrodes is
verified by two different techniques after implantation of
retinal prostheses. Optical coherence tomography
(OCT) is one of the methods that reveal only proximity
of the edges of the device to the retina for a non-
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transparent retinal implant. The other technique, known
as impedance analysis [18] uses the changes in impe-
dance to estimate the electrode-retina distance. The
changes in impedance occur when the implant moves
closer or away from the retina. The utilisation of an
integrated framework can predict the impedance asso-
ciated with an electrode-retina distance considering dif-
ferent electrode geometries.

Discretisation methods such as Finite Element Method
(FEM) can be employed to compute electric fields
within the retina for different electrode geometries and
electrode-retina distances in either epiretinal or subret-
inal schemes. For real geometries, it is cumbersome to
analytically calculate and predict the effect of these fac-
tors on retinal stimulation. To resolve such a complex
electrostatic problem, FEM can be used in a simulation
framework. For a successful simulation, the framework
should include anatomically correct retina model
describing electrical characteristics of the retinal layers
[19] with due attention to the retina size corresponding
to an actual implantation scenario. In addition, the fra-
mework should incorporate models for the stimulation
and ground electrodes, and the physiological fluid.

For our studies, a simulation framework was built
integrating the prosthesis-retina interface elements
involved in an epiretinal prosthesis closely resembling
the one used in the framework of the only and most
comprehensive published human trials until now using
Argus I epiretinal implants by de Balthasar et al. [13].
Following are the features of our framework that has
not been dealt by previous modelling studies on epiret-
inal stimulation: (i) the location and dimensions of sti-
mulation and ground electrodes were adapted to a real
implantation scenario; (ii) a realistic representation of
the electrical properties of the retina; (iii) choice of a
simplified, yet realistic activation threshold criterion
based on a recent analytical study [20] that incorporates
the critical stimulation parameters such as stimulus type
(monophasic/biphasic), shape (cathodic/anodic) and
duration under a single unified model (iv) Predictions
on threshold currents and impedance with varying elec-
trode-retina distances for different electrode dimensions.
Using this framework, variation of threshold currents
and impedances were computed using different elec-
trode-retina distances and disc electrode sizes. In order
to demonstrate the relevance of our simulation frame-
work to implanted human epiretinal prosthesis, the
frame of reference for the computed results from our
simulation framework is the most recent experimental
data on geometrical factors affecting perceptual thresh-
olds presented in Argus I trials. We estimated lateral
extents of stimulation for the electrodes, which provides
an indication to the resolution of the epiretinal prosthe-
sis used in those trials. Subsequently, this simulation
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model can be easily modified to predict the efficiency of
novel electrode geometries for epiretinal prostheses.

Methods

Simulation model

Elements of the framework are: physiological fluid, sti-
mulation and return (ground) electrodes, and retina.
Physiological medium encompasses the implant until
the photoreceptor layer of the retina and defined to
have a resistivity of 2 Q-m. The retinal pigment epithe-
lium (RPE) is represented by a highly resistive block
above the retina, which is set to a resistivity of 500 Q-m.
The stimulation electrode is positioned on the RGC
layer side of the retina in the form of a planar disc
embedded in an insulated substrate and located at the
geometrical centre of the entire model geometry. The
insulation (flexible sheet of the implant) was defined
with a resistivity of 1 x 107 Q-m [21] corresponding to
Polyimide and an electrode resistivity of 94.35 x 10°
Q-m, a standard value for bulk platinum. The ground
electrode is placed on the photoreceptor (subretinal)
side and axially shifted by 15 mm away from the stimu-
lation disc electrode. The ground was defined as a 100
mm diameter platinum disc electrode.

The retina was modelled as an inhomogeneous ele-
ment with a piecewise linear change in resistivity, from
35 Q-m at the photoreceptor layer to 2 Q-m in the RGC
layer. These values were extrapolated from measure-
ments carried out in macaques, in vivo [22]. Even
though mammalian eyes exhibit differences in sizes,
thickness of retinal layers (including the nerve fibre
layer), etc. which are all critical factors under considera-
tion, the reason for the extrapolation is that the anato-
mical organisation of the primate retina closely
resembles that of humans [23]. The selection for thick-
ness of the retina depends mainly on the location of an
epiretinal implant. Typically, in retinal implantation
trials [24], the implant is placed closer to the fovea, but
not over it [25] due to the absence of ganglion and
bipolar cells in the fovea. The retinal thickness in the
region surrounding the fovea is known to vary between
~100 pm at the foveal floor to ~320 um at the foveal
rim [26]. Considering that the location of the implant
near the fovea is not precise, the chosen value for the
retinal thickness was 200 um.

Two geometrical factors affecting the activation
thresholds were included in the simulation model as
variable parameters, electrode-retina distance (g) and
electrode disc diameter (d). The retinal resistivity model
is positioned according to the electrode-retina distance,
between 0 um and 1500 pm. The diameter of disc elec-
trodes was defined to be 260 pm and 520 um to mimic
the electrode geometry used in the human trials [13].
Other variables defined in the model are: sg; - depth at
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which ganglion cells are assumed to be located, and /.,
- depth where the retina ends and the RPE starts. /gy,
was defined to be 20 pm outwards from the epiretinal
side, i.e., (g+20) pm from the surface of the implant. Fig-
ure 1 presents a schematic representation of the above
mentioned elements (excluding the ground electrode)
and the variable parameters together with a graph repre-
senting the resistivity change as a function of the retina
depth.

Threshold current and depth of RGC activation
The threshold current necessary for activation of an
RGC by means of extracellular stimulation has been
both experimentally and theoretically demonstrated to
depend upon various parameters such as activation of
soma versus axon (axon initial segment) [27-29], stimu-
lus pulse type (cathodic or anodic), polarity (monophasic
or biphasic) and shape (pulse duration) [20,30]. For the
purpose of our study, we consider a spherical RGC
soma (without axon and dendrites) activated using a sin-
gle, balanced, cathodic pulse of 0.975 ms (per phase)
duration at threshold excitation. The rationale behind
choosing a spherical model of an RGC soma instead of
planar (disc-like) or cylindrical (unmyelinated axon-like)
was based on a recent modelling study by Boinagrov et
al. [20] employing the six-channel salamander RGC
model [31]. They calculated strength-duration curves
based on this model (Figure twelve, Pg. 2245 in their
paper) and demonstrated good matching with experi-
mental data [32] that were generated using large elec-
trode (125 um and 500 pm in diameter) stimulation.
Similar range of sizes was used for electrodes in our
study as mentioned in the next section. The stimulus
pulse parameters were taken from Argus I clinical trials
in order to be relevant for comparison with results from
our study. The influence of pulse type and duration on
RGC activation was neglected from our simulation fra-
mework as this was accounted for directly in the
assumption for activation criterion (explained below).
An RGC activation threshold criterion can be
extracted from one of the multiple strength-duration
curves computed by Boinagrov et al. [20] using a planar
Hodgkin-Huxley (HH) cell model studied using a single,
charge-balanced, cathodic-first, biphasic stimulus (type
used in Argus I trials). The threshold current injected to
create a voltage gradient to activate an RGC located at a
distance from the electrode (cell activation depth) leads
to a local electric field near the cell. In the current
study, an electric field criterion of 1 kV/m is chosen,
assuming uniform electric field around the cell. This
value corresponds to a local voltage drop (transcellular)
of 10 mV for a biphasic 1 ms stimulus pulse duration
and a planar Hodgkin-Huxley cell with a cell polarisa-
tion time RC of 10™* ms [20] (refer Figure five (A) in
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Figure 1 Schematic representation of the various elements of the simulation framework. A schematic representation of the elements
constituting the simulation framework (excluding the ground electrode) and a graphic representation of the resistivity change as a function of
the retina depth. RPE is the retinal pigment epithelium, hg, is the depth at which ganglion cells are assumed to be located, hg., is the depth
where the retina ends and the RPE starts, g is the electrode-retina distance and d is the electrode disc diameter.
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their paper). The model also demonstrates that biphasic
stimulation thresholds for planar cells are lower than
those of a spherical cell by a factor of 1.7-1.8 through-
out all pulse durations. In spite of this factor, we consid-
ered a transcellular potential of 10 mV created across an
RGC soma of around 10 pm in diameter, a typical RGC
size in primates used in modelling studies previously
[33]. By neglecting the factor and considering soma to
be spherical, a compromise between experimental (or
clinical) and modelling inaccuracies was made. By
selecting another threshold electric field criterion (here,
based on the strength-duration curve) would simply
change the computed threshold voltages, which affects
related parameters (e.g. threshold currents, electric field
distribution, etc.). RGCs are considered to produce
robust responses when directly activated [20,34]. There-
fore, it was assumed in our studies that the retina can
be directly stimulated at the /g, layer.

FEM simulation framework

Comsol Multiphysics® 4.0a was used as the finite element
modelling environment. An external bounding box of 44
x 25 mm drawn from the axis of the stimulation electrode
is used to limit the computation space. A 3D finite ele-
ment model of the stimulation and the ground electrodes
was created with a mesh resolution between 0.5 M and 2
M nodes, depending on the framework configuration. A
Delaunay advancing front type triangulation meshing algo-
rithm of Lagrange-quadratic element type was utilised in
Comsol for meshing the simulation volume. Element
refinement (high density meshing) was performed on the
stimulation and the ground electrodes to ensure current
conservation. The data extracted from the simulations
were post-processed to generate the required plots. The
current delivered by the electrode was computed by a
boundary integration of the normal component of current
density over the ground electrode. Impedance is computed

as the ratio between the applied voltage stimulus and the
resulting current seen at the electrode taking into consid-
eration the retina with or without an electrode-retina gap.

The time-varying bio-electric fields, currents and vol-
tages in a biological medium can be examined in the con-
ventional quasi-static limit [35]. In our recent modelling
studies (submitted for publication elsewhere), we com-
puted the threshold current and the impedance using both
harmonic and DC modes of representing the various sub-
domains in our finite element simulation framework. The
results suggest that the quasi-static formulation could be
reduced to a simple DC model at large stimulation vol-
tages and pulse widths for the purpose of our studies. It
was observed that, at large voltage stimulus amplitudes,
the voltage drop across the electrode interface impedance
is relatively small. In addition, the stimulation parameters
such as stimulus pulse shape and duration mainly affect
only the capacitive component of the retinal tissue impe-
dance. It was seen that the capacitive component of the
tissue impedance at frequencies ranging from 1 kHz up to
10 kHz (range of stimulation pulse frequencies) is more
than an order of magnitude higher than the resistive com-
ponent. Consequently, a frequency independent DC mode
of computation was used in the simulation framework
considering retina as purely resistive along with the
neglected electrode interface impedance.

Based on an earlier explanation, we emphasise that in
our simulation framework, injecting a current that will
produce an electric field of 1 kV/m at hg; is a sufficient
condition to activate the RGCs. The FEM simulations
used a monopolar stimulation scheme for which the
return electrode is located in the far field. Simulations
were performed with a potential difference applied
between the stimulation and ground electrodes. The
area of activation for a 400 um electrode is graphically
illustrated in Figure 2. The FEM was solved using a geo-
metric multigrid iterative solver. The underlying
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Figure 2 A graphical representation of the activation area for a 400 um diameter electrode when in contact with the retina. A
graphical representation of the electric current lines elicited by the stimulation of a 400 um diameter electrode when in contact with the retina.
The area of activation for a threshold criterion of >1000 V/m is represented by the white regions in the retina and RPE. The stimulation voltage

was 1V giving rise to a current of 17 pA. The threshold stimulation current was found to be ~8 pA. Note: An over-stimulation of the retina was

intentionally shown here to clearly illustrate the area of activation.

equations employed in our simulations along with sym-
bol notations are presented in Table 1.

Results and Discussion

The effectiveness of this computational study can be
evaluated by directly comparing clinical and electrophy-
siological results with outcomes based on our simulation
framework. One of the principal results for comparing
our study are the only exhaustive measurements made
during the clinical study conducted by de Balthasar et al.
[13] on human beings implanted by Argus I epiretinal

implants. The scattered impedance and threshold data
observed in their experimental study was associated with
small movements of the electrode array. In order to
determine a theoretical water window for electrodes used
in Argus I experimental protocol, charge and charge den-
sity were calculated with a stimulus duration of 0.975 ms.

Stimulation thresholds as a function of electrode-retina
distance

A computed threshold current is plotted as a function of
electrode-retina distances for the two electrode sizes:

Table 1 Equations employed in the simulation framework operated in DC

Domain/Boundary name

Type of condition

Equation (s)

« Physiological fluid Current conservation V-J=0
« Retina model J=okE

« Substrate insulation E=-VW
Bounding box Electric insulation n-J=0

Stimulation electrode

Electric potential

V= Vstimutation

Ground electrode Ground

V=0

Equation to compute electric scalar potential, V in the medium due to an electrode stimulation

V. [oW] =0

Notations: J - current density on the electrode, E - electric field vector,

Vstimulation - amplitude of the voltage stimulus, o - conductivity of the physiological medium,

n - normal vector.
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260 pm and 520 pm are presented in Figure 3. A factor
two difference between the thresholds for both electro-
des was noticed when the electrodes were in contact
with the retina. We observed an approximate order of
magnitude increase in thresholds when the electrode-
retina distance reached half of the electrode diameter.
Subsequently, for electrode-retina distances exceeding
the electrode diameter, the threshold current becomes
proportional to the square of the electrode-retina dis-
tance. For smaller distances (<20 um), the threshold
changes were less pronounced as also observed in in
vitro experiments conducted by Jensen et al. [14]. At
large electrode-retina distances, above 300 pm, the two
electrodes are not differentiated as they showed nearly
the same threshold current values. Threshold current
variation as a function of electrode-retina distance
obtained in this study, shown in Figure 3, are within the
range of values obtained in the experimental results of
the Argus I clinical trials [13].

Safe stimulation is critical for a chronic usage of a ret-
inal prosthesis. Platinum electrodes have a charge den-
sity limit ranging between 0.05 [36] and 0.49 mC/cm?
[37] per stimulation pulse above which electrochemical
reactions dominates at the electrode surface [37]. The
range of charge densities (also known as reversible
charge storage capacity) is related to considerations on
real surface area, geometry of the electrode and on the
stimulus pulse width [38]. A theoretical charge density

——— 260pm
- 520um

1000 0.35mClcm® limi

-
o
o

Threshold (LA)

=
o

1 I
1 10 100 1000

Electrode-retina distance (um)

Figure 3 Threshold current versus electrode-retina distance.
Evolution of computed threshold current with variation in
electrode-retina distance for two electrode sizes (260 um and 520
um). We observe that there is a factor two difference of threshold
between the two sizes when the electrode is in contact with the
retina. Approximately, an order of magnitude increase in threshold
current is observed when the electrode-retina distance reaches half
of the electrode diameter. When electrode-retina distance exceeds
the electrode diameter, the threshold current becomes proportional
to the square of the distance. The corresponding charge injection
limit (for 0.975 ms pulses) is displayed for both electrode sizes.
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limit of 0.35 mC/cm® was chosen for our study consid-
ering a real geometry of the electrode and a pulse width
of 0.975 ms. Currents corresponding to this charge limit
are 190.6 pA for 260 um and 762.4 pA for 520 pm elec-
trodes. It can be observed that the current injection
limit can be reached at an electrode-retina distance of
about 270 um for 260 pm diameter electrodes and
nearly 600 pm for 520 um diameter electrodes. Close
proximity of RGCs to the electrodes is thus a critical
issue for safe and chronic retinal stimulation.

Stimulation thresholds as a function of electrode sizes

A range of disc electrodes with diameters ranging
between 10 um and 1500 pm were used to simulate the
relationship between the stimulation threshold and elec-
trode-retina distances - 0 um (in contact with retina),
10 pum and 100 um. In retina contact condition pre-
sented in Figure 4 (axes plotted in logarithmic scale), it
is observed that the threshold current is a power func-
tion of the square root of the electrode area (follows a
power law with the electrode circumference) as inferred
from the linearity between the quantities. The charge

Electrode diameter (pm)

10 100 1000
10000 vy — ———rt ——
S 0.35 mC/em” limit
r contact with retina o
1000 “oee 10pm away L7 3
E ——— 100pm away L7
T 100f L P
e E e -
=] [ P
© L —
] ot e
g o - ) : 4
= E -7
[ [ e -
1L 4
01 1l n PRt 1 3ol PR 1 s 1 aaanl

100 1000 10000 100000 1000000

Electrode area (umz)

Figure 4 Threshold current versus electrode diameter/area.
Computed trend for variation of threshold currents with changing
electrode area (corresponding electrode diameter is shown on the
top axis). Dotted line represents the charge density limit calculated
for platinum electrodes using a stimulation pulse width of 0.975 ms.
When electrodes are in contact with the retina, the threshold
current is a power function of the square root of the electrode area
(or a power law with the electrode circumference). When electrodes
are not in contact with the retina, the threshold is almost
independent of the electrode size until the electrode diameter is
roughly equal to the electrode-retina distance, and then follows the
power law. This behaviour is explained by dominance of edge
effects at small electrode-retina distances. The current injection limit
trend line is also plotted on the graph. It is observed that for an
electrode with a radius smaller than the electrode-retina distance
will typically require a stimulation current larger than the injection
limit.
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density increases to a high value with smaller electrodes,
as the decrease in surface area outweighs the threshold
current decrease, explaining the change in slope of the
linear trend below electrode sizes of 25 pm. Our simula-
tion results for large electrodes (> 100 pm) are in agree-
ment with the trends observed in in vitro experiments
conducted by Jensen [32] and the literature review by
Sekirnjak [16] groups indicating that the threshold cur-
rent necessary to elicit spikes within RGCs varies as a
power law with electrode area. The thresholds obtained
for smaller electrodes (< 25 pm) cannot be compared
with a previous report by Sekirnjak et al. [16] as the sti-
mulus pulse widths used in their study was different.
When the electrode is not in contact with the retina,
the threshold is almost independent of the electrode
size for all electrode-retina distances below a distance
approximately equal to the electrode diameter and for
distances above this, follows the power law again. This
behaviour is explained by the electrode edge effect dom-
inating at small electrode-retina distances. Another
interesting result in relation to safe stimulation is that
for an electrode with a radius smaller than the elec-
trode-retina distance will typically require a stimulation
current above its current injection capacity (refer Figure
4).

Computed threshold currents for 260 pm and 520 yum
electrodes differ only slightly at electrode-retina dis-
tances from ~200 pm onwards. This similarity between
threshold currents for the two electrodes was also
observed in Argus I clinical trials [13]. It is interesting
to notice from their measurements (threshold versus
electrode-retina distance, refer Fig. seven (b) in [13])
that the similarity in thresholds for the two electrodes,
results from the electrode-retina distances being in the
range of 150-300 um. The consistency offered by our
predictions in comparison to the existing clinical mea-
surements on thresholds correlating to electrode-retina
distance reiterates the importance of a realistic
framework.

Electrode-retina distance influences the threshold cur-
rent values for various electrode sizes having a pro-
nounced effect on safe stimulation of the retina. A trend
line between threshold current limits for different disc
electrodes based on the electrochemical limit for plati-
num (0.35 mC/cm?) is plotted in Figure 4. The approxi-
mate electrode sizes below which the electrochemical
limit (for platinum electrodes) is exceeded for the three
electrode-distance conditions is as follows: (i) 11 pm
diameter when the electrode is in contact with retina,
(ii) about 20 pm diameter when the electrode is within
10 um distance from the retina and (iii) about 100 um
when the electrode is within 100 um distance from the
retina. Since both charge and charge density are to be
considered for discussion on safe stimulation [38], the
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stimulus pulse duration is critical. Our simulation fra-
mework is capable of computing threshold currents for
different electrode geometries based on a stimulus pulse
dependent threshold criterion, rendering it a powerful
prediction tool.

Impedance variation based on electrode-retina distance
Impedance changes in neuroprostheses (e.g., cochlear
implants) have been correlated with changes in the tis-
sue resistivity surrounding the electrode [39] and elec-
trochemical changes at the electrode surface with time
[40]. There has been no strong evidence for these phe-
nomena in chronic epiretinal implantation studies [13].
Moreover, the probability of an immune response (e.g.
tissue encapsulation) in such implantations is low
because the electrodes were observed to be in the vitr-
eous significantly away from the retina during trials
[41,42]. Consequently, by neglecting effects influencing
impedance changes, impedance measurements can be
compared to the simulated values for obtaining informa-
tion on distance of the retina with respect to electrode
array of the implant. As threshold currents reduce with
closer proximity between the retina and electrodes,
impedance can be used to predict threshold currents for
retinal stimulation. Studies [13,42] based on frequent
monitoring of impedance during the post implantation
period suggest that there is a continuous change in dis-
tance between the electrode array and the retina influ-
encing the variation in measured impedance.

Our framework computed the trend between impe-
dance and electrode-retina distance and is shown in Fig-
ure 5. By using this trend, the threshold currents can
then be directly predicted from computed impedance
values knowing the relationship between threshold cur-
rents and electrode-retina distance (refer Figure 3).
Higher impedances (electrodes closer to the retinal sur-
face) means low thresholds for the activation of RGCs.
Electrode-retina distances which affect the computed
values of impedance indicate that there is no benefit of
using a smaller electrode other than the capacity to
place more electrodes within the same area; as at large
electrode-retina distances (especially in the range 100-
300 pum), there is small difference in thresholds for dif-
ferent electrode sizes. But, when multiple such electro-
des are stimulated simultaneously, a higher resolution
might be produced as shifting stimulation of an array of
four small electrodes (for e.g., half the size of larger
electrode) by one row could shift the stimulation by a
smaller distance than shifting stimulation of larger elec-
trodes by one row. Even though there is a large variabil-
ity within the impedance measurements presented in
Argus I clinical trials [13] (reproduced in Figure 5 for
convenience), they are grossly within our simulated
range of values for impedance versus electrode-retina
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Figure 5 Impedance versus electrode-retina distance. Computed
impedance change with variation in electrode distance from the
retinal surface. The impedance during electrode-retina contact is not
indicated. Impedance values for the contact condition for 260 um
electrode: 70.5 kQ); 520 um electrode: 52 kQ. Open circles are
experimental data points from the Argus | clinical trials [13]. The
clinical data demonstrate large scattering of impedance but are
grossly within the range of simulated values from our framework. A
fitting of the experimental data is not completely relevant, but it
would lead to an impedance-distance relationship that is not in
contradiction with our simulations.

distance. Considering the data spread of impedance-dis-
tance measurements in the Argus I clinical data; a fitting
of the data is not totally relevant, but a fit would not be
in contradiction with our simulations.

Estimation of resolution based on spatial extent of
stimulation

In our study, we have computed threshold currents for
activation of a single RGC located at the cell activation
depth (hgr) from the stimulation electrode. During
actual experiments, to ensure stimulation, there is a ten-
dency to use stimulation currents 10-20% above the
pre-determined minimum threshold current. In our
study, we define lateral extent as the horizontal distance
(measured from the electrode axis) covered at /g, cor-
responding to a threshold electric field of 1 kV/m
caused by a 20% excess on the threshold current. An
illustration of the assumption and the lateral extent defi-
nition is presented in Figure 6. Implant resolution can
be calculated based on the lateral extent of stimulation
for the electrodes. A relationship between the lateral
extents of stimulation zone with varying electrode-retina
distances for both the electrodes has been plotted in
Figure 7. The lateral extent is proportional to the sum
between half of the electrode-retina distance and the
radius of the electrode. The lateral extent for a point
source electrode (or very small electrodes) would be

N
2xLateral extent

— - 12E,,

Figure 6 A graphical representation of lateral extent of retinal
stimulation. An illustration of the definition for lateral extent of
retinal stimulation. It is denoted by a horizontal distance measured
at hg, where the threshold electric field criterion is reached for a
20% increase in stimulation amplitude. The dark block represents
the stimulating electrode.

zero ideally. The linear-like relationship between the lat-
eral extents of stimulation and the electrode-retina dis-
tance implies that the resolution of the implant drops
with increasing electrode-retina distances for the elec-
trode geometries studied.

Conclusions

Simulations on the effect of geometrical factors, viz.
electrode size and electrode distance to the retinal sur-
face affecting impedance and threshold values is an
indication of the importance of proximity between the
electrode array and the retina for a successful retinal
implant. Resolution of the implant can be estimated for
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Figure 7 Lateral extent of stimulation versus electrode-retina
distance. Relationship between the computed lateral extent of
stimulation and the electrode-retina distance demonstrates that an
increase in electrode-retina distances decreases the resolution of the
retinal implant. The lateral extent is proportional to the sum of half
of electrode-retina distance and radius of the electrode. For a point
source (or very small electrodes), the graph would cross the origin
of the graph.
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different electrode-retina distances considering the com-
puted lateral extents of stimulation. Electrode break-
down and tissue encapsulation effects, in spite of being
extremely important in the viability of neural pros-
theses, have not been observed to be dominant in
implanted human retinal prostheses studied until now.
This could be due to the fact that they have not been
studied long enough to evaluate their performance
under long term exposure to retinal milieus. Based on
the threshold and impedance data collected during clin-
ical epiretinal trials conducted in human subjects until
now [13,41], the variation in threshold current and
impedance can be linked to changes in electrode-retina
distance (Pg. 281, Chapter 14 of [43]). Hence, the pre-
experimental computation of characteristic dependency
between threshold and impedance is generally a signifi-
cant guideline and supplemental information for sur-
geons and electrophysiologists. Furthermore, the
presented simulation framework is a powerful and use-
ful tool for implants’ designers - as it can be used to
predict threshold of each electrode, irrespective of its
geometry, in arrays of high electrode count targeted at
high-resolution retinal stimulation in future.

An integrated simulation framework computing elec-
tric fields in the electrode-retina interface could help in
understanding the effective operation of a retinal
implant. Knowledge of current densities in the retinal
tissue can resolve significant questions which include:
design of implantable electrode arrays, a proper location
for the implant to be placed, optimal electrode geometry
and ground placement, efficiency of different shapes and
sizes of electrodes, optimal inter-electrode spacing, max-
imum amount of current injected safely for a given con-
figuration, efficiency of current injection and current
circulation in a tissue for a particular scenario.

Acknowledgements

This work was funded by the Swiss National Science Foundation project
315200-114152. HK credits the excellent technical support received by
Swedish and Swiss teams of Comsol Inc. for successfully resolving many
issues during simulations.

Author details

1!\/Hcrosystems Laboratory (LMIS4), Ecole Polytechnique Fédérale de
Lausanne (EPFL), Lausanne 1015, Switzerland. “Second Sight® Medical
Products, Inc, Sylmar, CA 91342, USA.

Authors’ contributions

HK and PR designed the model and simulations. HK performed all
computations and simulations. HK and WH wrote the manuscript together.
WH along with HK was involved in systematic organisation and
representation of results. GC and AB supplied critically important intellectual
content in revising the manuscript. All authors read and approved the final
manuscript.

Competing interests

Gregoire Cosendai is affiliated with Second Sight Medical Products. The
other authors declare that they have no proprietary, financial, professional,
or other personal competing interests of any nature or kind.

Page 9 of 10

Received: 23 January 2011 Accepted: 19 August 2011
Published: 19 August 2011

References

1. Schiller PH, Tehovnik EJ: Visual prosthesis. Perception 2008, 37:1529-1559.

2. Congdon N, O'Colmain B, Klaver CCW, Klein R, Mufoz B, Friedman DS,
Kempen J, Taylor HR, Mitchell P: Causes and prevalence of visual
impairment among adults in the United States. Archives of ophthalmology
2004, 122:477-485.

3. Chader GJ, Weiland J, Humayun MS: Artificial vision: needs, functioning,
and testing of a retinal electronic prosthesis. Progress in brain research
2009, 175:317-332.

4. Resatz S, Rattay F: Excitability of bipolar and ganglion cells with retinal
prosthesis: a modeling study. Proceedings of the 25th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society IEEE; 2003,
2039-2042.

5. Loudin JD, Simanovskii DM, Vijayraghavan K, Sramek CK, Butterwick a F,
Huie P, McLean GY, Palanker DV: Optoelectronic retinal prosthesis: system
design and performance. Journal of neural engineering 2007, 4:572-84.

6. Ahuja AK Behrend MR, Kuroda M, Humayun MS, Weiland JD: An in vitro
model of a retinal prosthesis. IEEE transactions on bio-medical engineering
2008, 55:1744-1753.

7. Cottaris NP, Elfar SD: How the retinal network reacts to epiretinal
stimulation to form the prosthetic visual input to the cortex. Journal of
neural engineering 2005, 2:574-90.

8. Yin S, Lovell NH, Suaning GJ, Dokos S: A continuum model of the retinal
network and its response to electrical stimulation. Annual International
Conference of the IEEE Engineering in Medicine and Biology Society 2010,
1:2077-2080.

9. Wilke RGH, Moghaddam GK, Dokos S, Suaning G, Lovell NH: Stimulation of
the Retinal Network in Bionic Vision Devices: From Multi-Electrode
Arrays to Pixelated Vision. In Neural Information Processing. Theory and
Algorithms Edited by: Wong K, Mendis B, Bouzerdoum A Springer Berlin/
Heidelberg 2010, 140-147.

10.  Horsager A, Greenwald SH, Weiland JD, Humayun MS, Greenberg RJ,
McMahon MJ, Boynton GM, Fine I: Predicting visual sensitivity in retinal
prosthesis patients. Investigative ophthalmology & visual science 2009,
50:1483-1491.

11. Horsager A, Boynton GM, Greenberg RJ, Fine |: Temporal interactions
during paired-electrode stimulation in two retinal prosthesis subjects.
Investigative ophthalmology & visual science 2011, 52:549-557.

12. Kasi H, Bertsch A, Guyomard J-L, Kolomiets B, Picaud S, Pelizzone M,
Renaud P: Simulations to study spatial extent of stimulation and effect
of electrode-tissue gap in subretinal implants. Medical engineering &
physics 2011, 12.

13. Balthasar C de, Patel S, Roy A, Freda R, Greenwald S, Horsager A,
Mahadevappa M, Yanai D, McMahon MJ, Humayun MS, Greenberg RJ,
Weiland JD, Fine I: Factors affecting perceptual thresholds in epiretinal
prostheses. Investigative ophthalmology & visual science 2008, 49:2303-2314.

14.  Jensen RJ, Rizzo JF, Ziv OR, Grumet A, Wyatt J: Thresholds for activation of
rabbit retinal ganglion cells with an ultrafine, extracellular
microelectrode. Investigative ophthalmology & visual science 2003,
44:3533-3543.

15.  Palanker D, Vankov A, Huie P, Baccus S: Design of a high-resolution
optoelectronic retinal prosthesis. Journal of neural engineering 2005, 2:
5105-5120.

16.  Sekirnjak C, Hottowy P, Sher A, Dabrowski W, Litke AM, Chichilnisky EJ:
Electrical stimulation of mammalian retinal ganglion cells with
multielectrode arrays. Journal of neurophysiology 2006, 95:3311-3327.

17. Humayun MS, Weiland JD, Fuijii GY, Greenberg R, Williamson R, Little J,
Mech B, Cimmarusti V, Van Boemel G, Dagnelie G, Juan E de: Visual
perception in a blind subject with a chronic microelectronic retinal
prosthesis. Vision research 2003, 43:2573-2581.

18. Johnson L, Scribner D, Skeath P, Klein R, llg D, Perkins K, Helfgott M,
Sanders R, Panigrahi D: Impedance-based retinal contact imaging as an
aid for the placement of high resolution epiretinal prostheses. Journal of
neural engineering 2007, 4:517-523.

19. Schmidt S, Cela C, Singh V, Weiland J: Computational Modeling of
Electromagnetic and Thermal Effects for a Dual-Unit Retinal Prosthesis:
Inductive Telemetry, Temperature Increase, and Current Densities.
Artificial Sight 2008, 279-305.


http://www.ncbi.nlm.nih.gov/pubmed/19065857?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078664?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15078664?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19660665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19660665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17325419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17325419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18714839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18714839?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15876658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15876658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19098313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19098313?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20720224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20720224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21354850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21354850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18515576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18515576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12882804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12882804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12882804?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15876646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15876646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16436479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16436479?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129543?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17325412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17325412?dopt=Abstract

Kasi et al. Journal of NeuroEngineering and Rehabilitation 2011, 8:44
http://www.jneuroengrehab.com/content/8/1/44

20. Boinagrov D, Loudin J, Palanker D: Strength-duration relationship for
extracellular neural stimulation: numerical and analytical models. Journal
of neurophysiology 2010, 104:2236-2248.

21, Smith FW, Neuhaus HJ, Senturia SD, Feit Z, Day DR, Lewis TJ: Electrical
conduction in polyimide between 20 and 350° C. Journal of Electronic
Materials 1987, 16:93-106.

22. Heynen H, Wachtmeister L, Norren D van: Origin of the oscillatory
potentials in the primate retina. Vision research 1985, 25:1365-1373.

23. Sernagor E, Eglen S, Harris B, Wong R: Retinal development Cambridge Press;
2006, 400.

24.  Chow AY, Pardue MT, Chow VY, Peyman GA, Liang C, Perlman Ji,

Peachey NS: Implantation of silicon chip microphotodiode arrays into the
cat subretinal space. IEEE transactions on neural systems and rehabilitation
engineering: a publication of the IEEE Engineering in Medicine and Biology
Society 2001, 9:86-95.

25.  Perez Fornos A: Minimum requirements for a retinal prosthesis to restore
useful vision - PhD Thesis. 2006.

26.  Bonanomi MTBC, Nicoletti AGB, Carricondo PC, Buzalaf F, Kara-José N,
Gomes AMV, Nakashima Y: Retinal thickness assessed by optical
coherence tomography (OCT) in pseudophakic macular edema. Arquivos
brasileiros de oftalmologia 2006, 69:539-44.

27. Behrend MR, Ahuja AK, Humayun MS, Weiland JD, Chow RH: Selective
labeling of retinal ganglion cells with calcium indicators by retrograde
loading in vitro. Journal of neuroscience methods 2009, 179:166-172.

28, Fried SI, Lasker ACW, Desai NJ, Eddington DK, Rizzo JF: Axonal sodium-
channel bands shape the response to electric stimulation in retinal
ganglion cells. Journal of neurophysiology 2009, 101:1972-1987.

29.  Schiefer MA, Grill WM: Sites of neuronal excitation by epiretinal electrical
stimulation. [EEE transactions on neural systems and rehabilitation
engineering 2006, 14:5-13.

30. Fried SI, Hsueh HA, Werblin FS: A method for generating precise temporal
patterns of retinal spiking using prosthetic stimulation. Journal of
neurophysiology 2006, 95:970-978.

31. Fohlmeister JF, Coleman PA, Miller RF: Modeling the repetitive firing of
retinal ganglion cells. Brain research 1990, 510:343-345.

32. Jensen RJ, Ziv OR, Rizzo JF: Thresholds for activation of rabbit retinal
ganglion cells with relatively large, extracellular microelectrodes.
Investigative ophthalmology & visual science 2005, 46:1486-1496.

33, Greenberg RJ, Velte TJ, Humayun MS, Scarlatis GN, Juan E de: A
computational model of electrical stimulation of the retinal ganglion
cell. IEEE transactions on bio-medical engineering 1999, 46:505-514.

34. Tsai D, Morley JW, Suaning GJ, Lovell NH: Direct activation and temporal
response properties of rabbit retinal ganglion cells following subretinal
stimulation. Journal of neurophysiology 2009, 102:2982-2993.

35, Plonsey R, Heppner DB: Considerations of quasi-stationarity in
electrophysiological systems. The Bulletin of mathematical biophysics 1967,
29:657-664.

36. Rose TL, Robblee LS: Electrical stimulation with Pt electrodes VI
Electrochemically safe charge injection limits with 0.2 ms pulses. /EEE
transactions on bio-medical engineering 1990, 37:1118-1120.

37. Brummer SB, Turner MJ: Electrochemical considerations for safe electrical
stimulation of the nervous system with platinum electrodes. IEEE
transactions on bio-medical engineering 1977, 24:59-63.

38. Merrill DR, Bikson M, Jefferys JGR: Electrical stimulation of excitable tissue:
design of efficacious and safe protocols. Journal of neuroscience methods
2005, 141:171-198.

39. Duan YY, Clark GM, Cowan RSC: A study of intra-cochlear electrodes and
tissue interface by electrochemical impedance methods in vivo.
Biomaterials 2004, 25:3813-28.

40.  Hughes ML, Vander Werff KR, Brown CJ, Abbas PJ, Kelsay DM, Teagle HF,
Lowder MW: A longitudinal study of electrode impedance, the
electrically evoked compound action potential, and behavioral measures
in nucleus 24 cochlear implant users. far and hearing 2001, 22:471-486.

41. Mahadevappa M, Weiland JD, Yanai D, Fine |, Greenberg RJ, Humayun MS:
Perceptual thresholds and electrode impedance in three retinal
prosthesis subjects. IEEE transactions on neural systems and rehabilitation
engineering: a publication of the IEEE Engineering in Medicine and Biology
Society 2005, 13:201-206.

42. Mcmahon MJ, Fine |, Greenwald SH, Horsager A, Palmer G, Mech BV,
Greenberg RJ, Humayun MS: Electrode impedance as a predictor of
electrode-retina proximity and perceptual threshold in a retinal

Page 10 of 10

prosthesis. In ARVO 2006 Annual Meeting. Volume 47. Fort Lauderdale,
Florida; 2006:3184-B552.
43. Dagnelie G: Visual prosthetics. 1 edition. Springer; 2011, 453.

doi:10.1186/1743-0003-8-44

Cite this article as: Kasi et al.. Simulation of epiretinal prostheses -
Evaluation of geometrical factors affecting stimulation thresholds.
Journal of NeuroEngineering and Rehabilitation 2011 8:44.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/20702740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20702740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4090272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4090272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17119727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17119727?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19428523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19428523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19428523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19193771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19193771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19193771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16562626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16562626?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16236780?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16236780?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2331606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2331606?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790920?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790920?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10230129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10230129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10230129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741103?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5582145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5582145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2276759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2276759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/851475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/851475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15661300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15661300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15020157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15020157?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11770670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11770670?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11770670?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Simulation model
	Threshold current and depth of RGC activation
	FEM simulation framework

	Results and Discussion
	Stimulation thresholds as a function of electrode-retina distance
	Stimulation thresholds as a function of electrode sizes
	Impedance variation based on electrode-retina distance
	Estimation of resolution based on spatial extent of stimulation

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

