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Simulations of Electrode Placement for a
Thalamic Visual Prosthesis
John S. Pezaris*, Senior Member, IEEE, and R. Clay Reid

Abstract—Placement parameters for microstimulation elec-
trodes in a visual prosthesis are evaluated based on models
of retinotopic position of macaque and human lateral genicu-
late nucleus. Phosphene patterns were simulated for idealized
microwire electrodes as well as for currently available clinical
electrodes. For idealized microwire electrodes, spacing as large
as 600 micrometers in three dimensions would allow for over 250
phosphenes per visual hemifield in macaques and 800 in humans.

Index Terms—visual prosthesis, LGN, foveal magnification

I. INTRODUCTION

M ICROSTIMULATION in the dorsal lateral geniculate
nucleus (LGN) of the primate thalamus has been shown

to produce small visual percepts known as phosphenes [1],
similar to those elicited through microstimulation of human
retina and visual cortex [2]–[5]. Determining a realizable ar-
rangement of electrode contacts, in both number and location,
is an important part of designing a prosthetic vision device
based on LGN microstimulation.

Many groups have attempted to simulate prosthetic vision
(eg, [4], [6]–[13]), and to determine the minimum number
of pixels necessary to perform basic tasks such as reading,
object recognition and navigation. Heretofore, the arrangement
of pixels has been on a regular array, in great part because of
the regular mapping of visual space onto the retina through the
optics of the eye. However, the distribution of light-sensitive
cells across the retina is not uniform (eg, [14]), being highly
weighted toward the fovea at the center of the visual field.
This compressed layout is relaxed during the projection to the
constant neuronal density of subsequent stages of processing,
so that after the retina, the central part of the visual field has
a disproportionately large volume of tissue devoted to it, in an
effect called foveal or cortical magnification [15].

Foveal magnification contributes to the illusion of uniformly
high-resolution visual perception even though the region where
high resolution is available is sharply restricted to the central
part of the visual field [16], [17]. A visual prosthesis designed
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to take advantage of the endogenous, uneven sampling of
visual space might be expected to provide a higher level of
benefit to blind patients than one with an even sampling.

Accordingly, we performed a design study of electrode
placements for a prosthetic vision device, based on the obser-
vation that the evoked percept for a given electrode position is
largely equivalent to the response fields of cells near the tip [1].
We simulated a variety of potential electrode configurations
and surgical approaches for LGN to guide electrode design
and placement strategies. Simulations were performed with
the high-fidelity response field data from a model macaque
LGN [18], and for a coarse model based on the lower-fidelity
data from fMRI measurements in human [19].

We sought to answer the following questions, motivated by
our desire to bring a prosthetic device to clinical use, and our
curiosity as to the practicality of such a device given the size
of LGN and limitations its volumetric extent might impose on
the number of implantable microelectrode wires:

Question 1: What three dimensional (3D) contact density
and placement is necessary to have 50 to 400 points within
the central 10 degrees of visual space?

Question 2: What is the ideal placement for a two di-
mensional (2D) array of contacts with 600 µm spacing that
completely spans the LGN?

Question 3: What percept locations are possible with a
customized clinical deep brain stimulation (DBS) electrode,
specifically the Ad-Tech Medical Instruments (Racine, WI;
http://www.adtechmedical.com) macro-micro system modified
to hold sixty microwire contacts trimmed to three different
lengths?

Question 4: What range of percept locations are pos-
sible with an unmodified clinical DBS electrode, specifi-
cally the four-contact cuff-style Medtronic (Minneapolis, MN;
http://www.medtronic.com) electrode?

These four questions are intended to span the range of the
purely speculative (Question 1) to the immediately possible
(Question 4). The answers should guide future experiments
and inform the design of a prosthetic device for humans.

II. METHODS

Two basic assumptions of electrode-tissue interactions were
made. First, as brain tissue is conformally displaced during
microelectrode insertion [20], it was thought reasonable to
assume that microwire electrodes occupy zero volume and
therefore leave the retinotopy of the area undisturbed. This
simplifies determination of the response field locations of cells

0000–0000/00$00.00 c© 2008 IEEE



IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. X, NO. X, XXX 200X 2

at the tips of each electrode. Although our first assumption
ignores the serious issue of tissue damage due to mechanical
displacement and insult (see Discussion), it is reasonable for
microelectrodes and makes the present analysis tractable. Elec-
trodes that are large enough to non-conformally distort tissue
upon insertion, through effects like tearing, do not support this
simple, direct method. Therefore, for the Medtronic electrode,
it was assumed that the electrode replaced the tissue in the
cylinder it occupied such that the retinotopy of the area was,
again, undistorted (see Discussion).

Our second assumption was that, given the reported mi-
crostimulation levels in the early visual system that generate
focal or point-like phosphenes (eg, [1], [4], [5], [13], [21]),
the range of activated tissue was limited to a small three-
dimensional radius about electrode contacts. For microwire
style electrodes, this volume forms a miniature sphere at the
tip of each microwire; for cuff style electrodes, this volume
forms a thin cylinder at each cuff (see Discussion). Simulation
of placing electrodes in the tissue, therefore, consisted of
determining the appropriate three-dimensional coordinates in
published matrices of elevation and eccentricity data [18], and
reading off the response field positions. Response field sizes
were determined based on published measurements of size
versus eccentricity distributions [22] (see Discussion).

The first and second Questions were addressed using ide-
alized sets of microwire tips spanning three and two dimen-
sions respectively. Simulations were performed with varying
electrode density, measuring the arrangement of response field
locations of cells near the plurality of tips. In each of these
cases the electrode array was assumed to extend beyond the
edges of LGN. For a set of electrode tips spanning only two
dimensions, an easier engineering challenge than constructing
a set spanning three dimensions, simulations were performed
varying planar orientation and depth for a fixed tip density.

Three-dimensional tip density was also computed using
measurements of functional activation in human LGN from
Schneider, Richter and Kastner [19]. Because of limitations in
their experimental design and reported data, we confined our
computations to the central 10 degrees of visual space.

The third and fourth Questions were addressed using ide-
alized models of readily available clinical electrodes. Sim-
ulations were performed varying electrode placement along
different dorsoventral (axial) penetrations and simulating the
arrangement of aggregate response field locations of cells near
the contacts (tips or cuffs).

Simulations comprised four Cases:
Case 1: An array of microwire electrodes such that the tips

form a three-dimensional isotropic grid with mean Cartesian
spacing of λ where the grid spans the entirety of LGN in each
dimension.

Case 2: An array of microwire electrodes such that the tips
form a two-dimensional isotropic grid with mean Cartesian
spacing of λ at various dorsoventral, lateromedial, and poste-
rioanterior depths, where the grid spans the entirety of LGN
at the section depth.

Case 3: A single Ad-Tech tuft-style deep brain stimulation
electrode with 60 distal microwires trimmed to three distinct
lengths, implanted using various dorsoventral approaches. This

TABLE I
LGN ELECTRODE TIP COUNT FOR 3D ISOTROPIC PLACEMENT MATRIX

Monkey† Human‡

λ (µm) Total Points Magno Parvo Within 10o Within 10o

1000 59± 7 12± 3 46± 6 25± 5 193± 42

800 112± 9 24± 5 88± 9 48± 7 378± 82

600 260±13 55± 7 205±12 112± 9 895± 194

400 880±27 185±13 695±25 376±17 3,020± 654

200 6,965±77 1,461±38 5,504±64 2,974±44 24,161±5232

†The mean and standard deviations of the numbers of electrode tips landing
in LGN were counted for varying average densities based on Cartesian
electrode tip spacing (λ). The total count of electrode tips falling in one
hemisphere’s LGN is given, along with the breakdown for those in magno-
cellular and parvocellular layers, and the total number that fell within the
portion of LGN representing the central 10 degrees of visual space.
‡For human data, the mean and standard deviation of LGN volume

representing the inner 10 degrees of visual space have been normalized by λ3

using volumetric data from 14 LGNs (volumes of 138, 139, 153, 162, 170,
177, 182, 200, 200, 208, 209, 241, 247, 280 mm3 for the central 10 degrees,
data extracted from Schneider, et al., 2004 [19], bottom right panel of Fig. 5;
compare with 25 mm3 for monkey, see main text).

is a modification of their standard design both in terms of wire
count and trim length.

Case 4: A single, standard, Medtronic deep brain stimula-
tion electrode with cuff style contacts, implanted using various
dorsoventral approaches.

III. RESULTS

A. Three-Dimensional Sampling

An idealized prosthesis would have electrode tips evenly
distributed throughout the LGN. Accordingly, we simulated
such a placement of electrodes in monkey LGN where the
electrode tips were located on a regular three-dimensional grid
with spacing λ and then individually perturbed by a fixed
normal distribution of σ = 500 µm. The tip perturbation is
intended to simulate the potential inaccuracies that might be
seen with a given implantation and is is on par with what is
achieved in functional stereotaxic deep brain surgery [23].

Simulations were performed for λ values of 1000, 800,
600, 400, and 200 µm for an electrode tip matrix that was
assumed to span beyond the entirety of LGN. Each simulation
was repeated 100 times with different perturbation noise. The
number of tips landing in LGN, and therefore the number of
phosphene points generated in the visual field, was counted.
The number of tips falling within monkey LGN is 59 through
6900 with decreasing λ; the number of points generated
within the central part of the visual field is approximately
half as many, 25 through 2900. The ratio of tips falling
within the parvocellular layers versus magnocellular layers of
monkey LGN is approximately 4:1. Details can be found in
Table 1, and further information regarding parvocellular versus
magnocellular layers can be found in the Discussion.

Additionally, data were taken from the fMRI study of
human LGN retinotopy by Schneider, Richter and Kastner
[19], where the volumes for human LGN representing given
eccentricities were reported for 14 LGNs from 7 subjects.
These volume measurements were used to estimate the number
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Fig. 1. Simulated monkey LGN response field locations for electrode
tip placements in three-dimensional matrices with λ = 1000, 800, 600,
400, and 200 µm mean isotropic Cartesian spacing. Positions of electrode
tips began on a regular grid and were individually perturbed by normally
distributed noise of σ = 500 µm. Then, the response field locations based on
those tip locations were read out from published position-based eccentricity
and elevation data, and combined with published response field size data
to generate the figures. Left Column: Positions of response fields in left
and right hemifields analogous to a bilateral implantation with electrode
tips placed in three dimensions, at varying spacing decreasing by row from
1000 to 200 µm. Lighter colors (light red and light blue) are response
fields from parvocellular tip locations, darker colors (dark red and dark blue)
from magnocellular tip locations. Right Column: The central 10 degrees of
visual space for the electrode positionings in the left column. For central
vision, the coverage of visual space has become substantial by λ = 400 µm
and is approaching complete by 200 µm, as individual phosphenes overlap.
Additional density would presumably continue to increase potential resolution.

of electrode tips that would fall within the portion of human
LGN representing the inner 10 degrees of visual space by
normalizing each volume by λ3, however, unlike the case for
the monkey data, no Monte Carlo simulations were performed
because high-resolution retinotopy maps are not yet available.
Instead, results based on the different individual volumes
were used to compute means and standard deviations. The
simulated number of tips was found to range 193±42 through
24,000±5,200 with decreasing λ (see Discussion). As the ratio
of volumes devoted to central vision for human and monkey
LGN is approximately eight-to-one (human volumes given in
Table 1, caption; monkey volume computed from Erwin et al.
[18] data to be 25 mm3 by counting all voxels with eccentricity
less than or equal to 10 degrees), the ratio in the number of
phosphenes between the two species for a given λ is similar.
Details can again be found in Table 1.

The distribution of response fields found for the monkey
model and varying electrode tip densities can be seen in Fig. 1,
where the effects of foveal magnification are evident from the
increasing density of points toward the center of the figure.
Recall that each electrode tip generates a single point in these
simulations. Densities of 50, 100, 200 and 400 contacts within
the central 10 degrees are achieved with electrode tip spacings
of approximately 800, 600, 500 (not shown in Table 1), and
400 µm.

B. Planar Sampling

Rather than implanting a full 3D matrix of electrode tips
as simulated above, a simpler engineering task would be
to implant a set of electrodes of equal length whose tip
locations would approximate a single plane. This would be
simpler for two reasons: first, because for a given contact
density, fewer total electrodes would be involved, and second,
because all electrodes could be made to the same length,
rather than potentially a different length for each electrode
for a 3D matrix of tips. We therefore simulated three separate
surgical approaches using the monkey model: the traditional
dorsoventral approach used for DBS implants in midbrain
structures where, in our case, the electrode tips lie along axial
planes (orthogonal to the long axis of the body), a lateromedial
approach where electrode tips are in sagittal planes (as if
viewed from the side), and a posterioanterior approach where
electrode tips are in coronal planes (as if viewed from the
rear). Simulations were performed with in-plane electrode tip
spacing of 600 µm and at 500 µm increments along the
penetration axis.

To evaluate each placement of electrode tips, and thus in
aggregate each surgical approach, we compared the distribu-
tion of response field positions against those from an even,
isotropic 3D sampling in LGN (as computed above). The moti-
vation was to avoid electrode tip placements with substantially
higher irregularity or non-uniformity in phosphene configu-
rations under the assumption that such configurations are of
lower utility. The evaluation index used was the logarithm
of the two-dimensional Kolmogorov-Smirnov (KS) probability
[24] on the response field positions as compared to those from
the reference 3D sampling of LGN. This statistic measures
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Fig. 2. Typical response field locations for electrodes implanted in one
hemisphere with tips at successive 500 µm depths along a lateromedial
approach, such that electrode tips were evenly arranged in sagittal planes.
See black traces in Fig. 3 for the evaluation index of sections in this figure.

the probability that two 2D sets of points are drawn from
the same underlying two-dimensional distribution, and was
a somewhat arbitrary criterion that we hoped would identify
percept configurations of higher utility and was not intended
as a strict metric.

For each surgical approach, one or two placements were
typically identified as being preferable according to this evalu-
ation index. Overall, the lateromedial approach, with electrode
tips in sagittal planes, was found to be preferable (see Fig. 3).
The optimal location was found to be approximately midway
through the LGN for each approach, although not necessarily
at the depth with the largest number of tips falling within
LGN. The mean evaluation index values at the respective best
position for each approach were significantly different (t-test,
p < 0.001 for all three comparisons).

C. Sampling Using Clinical Electrodes

Certain companies (such as Ad-Tech) are currently making
DBS electrodes that combine the traditional cuff-style contacts
with a tuft of microwires that exit distally. Response field
placements for the microwire portion of these electrodes were
simulated, assuming 60 (3 × 20) wires per electrode, where
wires were trimmed by equal probability to one of three
lengths that differed by 1 mm. This was viewed as a realistic
engineering possibility, intermediate between a full three-
dimensional tip array and a degenerate two-dimensional array
as presented above. The microwire electrodes were assumed
to splay out from a central encasing sheath until the tips were
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Fig. 3. Phosphene count (upper graph) and placement evaluation (lower
graph) for lateromedial (approaching from the side of the head, with tips
forming sagittal planes), dorsoventral (from the top, axial planes), and
posterioanterior (from the rear, coronal planes) approaches. Every 500 µm
along each approach, the locations of electrodes in a noise-perturbed 2D
array with 600 µm average spacing were examined. Electrodes that fell
within LGN were counted, and the distribution of response field locations
evaluated by comparing to a full 3-D sampling at 600 µm with a Kolmogorov-
Smirnov test as an evaluation index (see main text). More positive values
of the index indicate higher similarity to the reference 3D sampling. Fig. 2
shows one such sequence of placements along the lateromedial approach.
This process was repeated 100 times. Data for positions with fewer than
10 phosphenes, typically at the start and end of penetrations, have been
suppressed as the evaluation index does not return meaningful values with
very few points. Maximal phosphene count is found midway through the
structure, and maximal evaluation index is found at the same point, or one
nearby. Across approaches, the sagittal approach yields the highest phosphene
count as well as the the best evaluation index (although see Discussion).

evenly separated on a planar 250 µm grid centered on the
penetration axis. The same three penetration axes were used
as above, lateromedial, posterioanterior, and dorsoventral; the
optimal positioning for the dorsoventral penetration, based on
the KS evaluation index, is shown in Fig. 5.

A more traditional DBS electrode, such as manufactured by
Medtronic, consists of three or four relatively large conductive
cuffs along the shaft of the electrode, separated by insulating
material. These were simulated with a dorsoventral penetration
axis similar to the surgical approach used when such electrodes
are implanted for treatment of movement disorders [25], [26].
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Fig. 4. Comparison of single-hemisphere phosphene placement for the depths with maximal evaluation index (see Fig. 3) from the three approaches using
2D electrode arrays with 500 µm spacing. Below each plot is a magnetic resonance image (MRI) from a monkey showing the plane in which electrode tips
would lie in the simulated approaches (lateromedial, posterioanterior, and dorsoventral), and an equivalent slice through the LGN model used in this study.

Because the contacts have substantial extent compared to
microwire tips, the resulting phosphenes form wide arcs rather
than points. A typical positioning is shown in Fig. 5, however,
possible phosphene patterns range from nearly semicircular
arcs close to the fovea, through more S or J shaped paths in
the mid-periphery, to quarter-circle arcs in the far periphery.
Because of the long extent of the electrode cuffs, and the
folded layout of the LGN, there are also placements with
phosphene patterns that form two segments, one in the upper
visual field, one in the lower field.

IV. DISCUSSION

The hope is that these results will inform the design of
a device intended for use in humans. Although maps of
human LGN are currently available [19], [27], they are of
limited utility for the present effort, either because of low
anatomical resolution or because they explore only the central
part of visual space. High-resolution anatomic maps are being
developed [28], which could be used to help constrain low-
resolution functional maps, once the anatomical models are
available.

Therefore we look to extending the macaque results to
human LGN using the data that are presently available until we
are able to make more accurate human measurements directly.
Macaque LGN is a six-layered oblate structure. The four
superior layers are part of the parvocellular system and span
the entire extent of the LGN. The two inferior layers are part
of the magnocellular system; these layers begin at the anterior
pole and end somewhat short of the posterior pole. Although
a strict delineation of the functions of the parvocellular and
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Fig. 5. Phosphene positions for clinical electrodes. Left: The microwire
portion of Ad-Tech style electrodes with leads trimmed to three levels.
Phosphenes shown for 60 microwires total, at three trim lengths separated by
1 mm, at the optimal placement based on the KS evaluation index (see main
text). Right: Medtronic style electrodes with 4 cuff contacts 1.5 mm long with
0.5 mm inter-cuff spacing. In this typical placement, the phosphenes appear
to form a single wide arc in perceptual space, but there are four independent
segments along the arc corresponding to the individual cuffs that lie within
the body of LGN. The evaluative index does not give meaningful results for
these placements as the percepts are not dispersed, and thus was not used
here. Instead an arbitrary, but typical, placement was selected for this figure
(see main text for the range of possibilities).

magnocellular systems is difficult, one distinction between the
two is that the parvocellular system conveys color information
while the magnocellular system conveys luminance. The six
LGN layers carry signals from the two eyes in alternating
form; these signals remain segregated until they arrive at V1.
Half of the visual scene is represented in each hemisphere’s
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LGN, split along the vertical meridian. As the LGN is a
three-dimensional structure that is used to represent a two-
dimensional surface (the retina), there is redundancy along
one dimension: Each point in the retina projects to a curved
line in the LGN.

Although precise functional measurements have not been
made in human LGN, studies of lesions [29] and observations
from fMRI [19], [27], have verified that the general layout of
human LGN follows that of the macaque. There are, however,
some differences. The first is in size: the macaque LGN is
about 55 mm3 in volume [18], while the human LGN is, on
average, about five times larger, at 250±50 mm3 [19], [30],
[31]. The human LGN is somewhat flatter [29], and appears to
vary more both in size [30] and structure [32]. Human LGN
layers often have irregular borders and the area can have a
maximum of eight layers, rather than six, although this is not
seen in every individual [32]. Despite these differences, the
general structure appears to be the same, and in particular, the
mapping of visual space to LGN appears to have the same
layout with central vision at the posterior pole and upper
and lower quadrants ranging in an approximate lateral-to-
medial direction [19]. Therefore, we can take these results
in macaque as a basis for human work, although refinements
will undoubtedly be necessary as higher-precision functional
data become available for human LGN.

One particular anatomical difference that will likely create a
functional difference relevant to a visual prosthesis is the flatter
aspect of human LGN when viewed in coronal (frontoparallel)
section. We report above that the sagittal approach (coming
in from the side of the head) for a 2D array of contacts
is preferable in monkey because the phosphene layout more
closely matches the normal visual density. This is because it
is the approach most orthogonal to the lines of projection. The
flatter form of the human LGN will reduce the attractiveness
of sagittal penetrations and increase that of axial penetrations
(coming in from the top of the head) in humans as compared
to macaques.

We assumed that LGN was conformally displaced during
electrode insertion for fine electrodes, and that the tissue was
replaced, instead of displaced, for the Medtronic electrode.
Both assumptions leave the underlying visual map essentially
undisturbed and allowed the use of straightforward analysis
techniques. For the Medtronic electrode in particular, the
replacement assumption is likely an overestimate of the ef-
fective damage, but a conformal insertion would seem to
underestimate it. Although not explored here, we would expect
tissue tearing during insertion would result in sets of response
fields somewhat between these two extremes. This would
mean, for example, the arc in Fig. 5 would be somewhat less
wide than presented.

Relatedly, of importance when designing a visual prosthesis
with a large plurality of contacts is the fractional volume
that the electrodes will occupy within the target structure,
and therefore the potential damage they might cause. The
volume of human LGN is about 250 mm3 and the longest
axis is about 10 mm [19], [30], [31]. Considering a bundle
of microwires where an average electrode penetrates halfway
into the area, 500 electrodes each 25 µm in diameter would

occupy 0.5 percent of LGN. In comparison, electrodes in the
Utah silicon electrode array occupy 1 percent of the contained
volume in a typical 1.5 mm long, 400 µm spacing, 10-by-10
configuration [33]. Also, Medtronic DBS electrodes, diameter
1.2 mm and active length 20 mm, are placed in globus pallidus,
3700 mm3, and substantia nigra, 800 mm3, for treatment of
movement disorders [25], [26], [34] and respectively have
0.7 and 3 percent of the volume of these two structures. Be-
cause of the variability in human LGN size, and the desirability
of minimizing total electrode volume, we would expect that
a range of visual prosthesis DBS electrodes with differing
contact counts would be available to the neurosurgeon, in a
manner analogous to other medical devices that are adapted
to variations in body size.

In humans, the LGN is approximately 1 cm away from sub-
thalamic structures that are routinely used for sterotaxically
implanting DBS electrodes [25], [26]. DBS electrodes are im-
planted using a rigid frame carefully aligned to the skull, and
are inserted through small craniotomies cut near the top of the
head. Because the craniotomies are small relative to those used
in other brain surgeries, the procedure is considered minimally
invasive [35], [36], although there are significant potential risks
[37]. A series of test penetrations with traditional tungsten
recording microelectrodes is often used before implanting a
DBS electrode to verify 3D registration. While implanting the
DBS electrode, micrometer control along the penetration axis
is possible and the ultimate accuracy of placement orthogonal
to the penetration axis is typically within 1 mm at depth [23].

The present research needs to be extended to psychophysical
experiments such as done by Brindley [6], Normann [7],
Schmidt [4], Humayun [38] and others, to determine the
utility of differing electrode densities for various tasks, such
as object localization, object recognition, facial recognition,
navigation through familiar and unfamiliar environments, and
so forth. Given the increase in volume of the human LGN
as compared to the macaque structure, it is likely that an
accordingly larger electrode spacing will suffice for a given
desired contact count, easing bioengineering issues such as
tissue displacement during electrode insertion. Nevertheless,
the number of independent phosphenes necessary to perform
a given task remains a subject for further research. Further,
while microstimulation of a single electrode in monkey LGN
produces pixel-like percepts that can be immediately used
in a spatial task [1], it is as-yet undetermined if patterned
stimulation across multiple electrodes can be used to produce
coherent, dynamic percepts.

V. SUMMARY

The combination of compact size and regular topography
of LGN makes it an attractive target for electrical micros-
timulation in a visual prosthesis. Understanding the scales of
potentially realizable contact densities and their distribution
in visual space is important in designing an eventual device
as well as more immediately achievable prototypes. Through
simulations in a model macaque LGN, we have shown that
reasonable three-dimensional tip spacings of microelectrodes
provide non-trivial numbers of contact points within LGN.
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Moreover, readily available clinical electrodes can provide
utility for a prosthesis through advantageous placement. While
there are anatomical differences between macaque and human
LGN, we have argued that the basic observations should be
easily extensible. In short, while many scientific and engi-
neering challenges remain, electrode density parameters do
not present fundamental impediments to creating an artificial
visual system with reasonably high resolution.
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