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Shape perception via a high-channel-count
neuroprosthesis in monkey visual cortex
Xing Chen1*, Feng Wang1, Eduardo Fernandez2, Pieter R. Roelfsema1,3,4*

Blindness affects 40 million people across the world. A neuroprosthesis could one day restore
functional vision in the blind. We implanted a 1024-channel prosthesis in areas V1 and V4 of the
visual cortex of monkeys and used electrical stimulation to elicit percepts of dots of light (called
phosphenes) on hundreds of electrodes, the locations of which matched the receptive fields of the
stimulated neurons. Activity in area V4 predicted phosphene percepts that were elicited in V1. We
simultaneously stimulated multiple electrodes to impose visible patterns composed of a number
of phosphenes. The monkeys immediately recognized them as simple shapes, motions, or letters.
These results demonstrate the potential of electrical stimulation to restore functional, life-enhancing
vision in the blind.

E
lectrical stimulation of the visual cortex
has long been proposed as an approach
to restore vision in blind people, by-
passing severe retinal degeneration or
damage to the eye or the optic nerve.

Experiments in humans (1–10) and animals
(11–20) have shown that electrical stimulation
of visual cortex can reliably evoke the percep-
tion of a dot of light, known as a phosphene.
The phosphenes elicited in the primary visual
cortex are typically perceived as white or gray
dots, although they are occasionally colored
(2–4, 8), and range in size from a pinpoint to
about 2 cm in diameter at arm’s length. Sub-
jects perceive phosphenes at the location of
the receptive field of the stimulated neurons
(9, 10, 17, 20). Notably, phosphenes induced in
blind but previously sighted subjects are com-
parable to those in normally sighted subjects,
even after decades without sight (2, 4, 8).
A typical visual prosthesis systemwould con-

sist of a camera that the user wears on a pair of
glasses and a portable processor that trans-
forms camera footage into instructions for
electrical stimulation of the visual cortex (21).
We hypothesized that simultaneous stimula-
tion of multiple electrodes would create recog-
nizable shapes in the user’s perception. The
generation of artificial percepts would require
a substantial number of functional electrodes
in the visual cortex, covering a sufficiently large
fraction of the visual field. Most previous
studies have focused on the properties of in-
dividual phosphenes and the electrical stimu-
lation parameters that reliably evoke them.

One recent study (22) demonstrated shape
perception by sequentially stimulating a num-
ber of electrodes positioned on the surface of
the visual cortex, to trace out a shape. How-
ever, sequential stimulation limits the amount
of information that can be transferred per
unit of time, and the generation of shapes via
simultaneous electrical stimulation of multi-
ple electrodes in the visual cortex remains to
be demonstrated (23, 24).

An implant with 1024 electrodes in the
visual cortex

Most [although not all (3, 8)] previous studies
in humans used electrodes that were posi-
tioned on the surface of the brain and required
delivery of currents in the milliampere range,
limiting the number of electrodes that could
safely be stimulated at the same time. Surface
electrodes activate several millimeters of cor-
tex and produce large phosphenes, and this
results in low spatial resolution. Furthermore,
previous studies have observed interference
between the percepts elicited by simultaneous
stimulation on nearby electrodes (2, 3, 11, 22).
By contrast, microstimulation by intracorti-
cal electrodes requires currents that are two
orders of magnitude lower (3, 8, 15, 16, 19),
activates neurons located within a few hun-
dred micrometers of the electrode tip, and po-
tentially yields higher-resolution phosphene
percepts (25) (supplementary text).
To investigate the generation of artificial

visual percepts using a large number of intra-
cortical electrodes, we created a 1024-channel
implant consisting of a titanium pedestal con-
nected to 16 Utah arrays (26), each with eight
rows and columns of 1.5-mm-long shanks (fig.
S1A). We tested the system in two macaque
monkeys, L and A. In both monkeys, 14 arrays
were tiled across the left primary visual cortex
(area V1) (Fig. 1, A and B). Two arrays were
placed in V4 (fig. S2), allowing us to monitor
the effects of V1 stimulation on neuronal ac-
tivity in a higher cortical area.

We presented moving bars (27) and ob-
tained multiunit receptive fields (RFs) on 820
of 896 and 616 of 896 V1 electrodes and on
120 of 128 and 92 of 128 V4 electrodes in
monkeys L and A, respectively (movies S1
and S2). In accordance with known retino-
topy (28), the RFs covered the foveal and
parafoveal regions of the lower right visual
field, with V1 RF eccentricities of ≤9° and ≤5°
(Fig. 1, C and D) and V4 RF eccentricities of
≤5° and ≤15° in monkeys L and A, respective-
ly (fig. S2).

Saccade-to-phosphene task

We used a saccade-to-phosphene task (Fig. 2A
and movie S3) to investigate phosphene loca-
tions and determine current thresholds for
phosphene perception (N = 184 electrodes in
monkey L, and N = 164 in monkey A). The
monkeys had previously been trained to make
eyemovements to visually presented dots on a
computer monitor, and we replaced the visual
stimuli by electrical microstimulation on indi-
vidual V1 electrodes. Figure 2B shows the
probability of saccade execution as a function
of current amplitude during stimulation of an
example V1 electrode in monkey L. The cur-
rent threshold, C50, defined as the level at
which the monkey reported the phosphene
50% of the time, was 12.6 mA. Across elec-
trodes, themedian threshold inmonkey Lwas
23 mA [interquartile range (IQR), 6 to 40 mA]
and inmonkeyA itwas 50 mA (IQR, 43 to 58 mA)
(Fig. 2C).
We recorded neuronal activity in V4 during

V1 microstimulation (Fig. 2D) and removed
the electrical artifacts caused by stimulation
from the V4 signal (28). Figure 2E shows the
mean response across 17 V4 electrodes, during
the same session as that in Fig. 2B. The V4
activity increased as a function of V1 current
amplitude, with a particularly steep relation-
ship around the C50 of the electrode (Fig. 2F).
We calculated the neurometric threshold, R50,
as the current amplitude at which V4 activity
reached 50% of its maximum. The R50 was
12.4 mA, similar to the C50 of 12.6 mA. Across
the currents tested on this V1 electrode, the
correlation between the V4 activity level and
hit rate was significant [correlation coefficient
(r) = 0.94, p < 0.001 (Pearson’s correlation)].
It would be advantageous if V4 activity

could be used more generally to estimate V1
current thresholds, because prospective pros-
thesis users might experience fatigue during
the determination of thresholds on hundreds
of electrodes based on visibility reports. The
R50 could be measured while the user is en-
gaged in an unrelated activity. We observed a
high correlation between the R50 and C50 in
both animals [monkey L: r = 0.98, N = 169,
p < 0.001, 104 unique V1 electrodes for which
stimulation artifacts were removed successfully;
monkey A: r = 0.96, N = 64, p < 0.001, 44 V1

RESEARCH

Chen et al., Science 370, 1191–1196 (2020) 4 December 2020 1 of 6

1Department of Vision & Cognition, Netherlands Institute for
Neuroscience, Meibergdreef 47, 1105 BA Amsterdam,
Netherlands. 2Bioengineering Institute and CIBER-BBN,
Miguel Hernández University of Elche, Elche, Spain.
3Department of Integrative Neurophysiology, VU University,
De Boelelaan 1085, 1081 HV Amsterdam, Netherlands.
4Department of Psychiatry, Academic Medical Centre,
Postbus 22660, 1100 DD Amsterdam, Netherlands.
*Corresponding author. Email: x.chen@nin.knaw.nl (X.C.);
p.roelfsema@nin.knaw.nl (P.R.R.)

on D
ecem

ber 5, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


electrodes (Pearson’s correlation)] (Fig. 2G).
To further test how well V4 activity relates
to phosphene visibility, we divided the V1
electrodes into three equally large groups
based on the C50 and determined the average
V4 response as a function of V1 current am-
plitude within each group (Fig. 2H). The shape
of V4 response as a function of current ampli-
tude resembled the psychometric function
within each group, confirming that V4 activity
can be used to estimate V1 current thresholds.
Although we used a large target window

(see methods), the monkeys’ eye movements
were generally directed toward the RFs of
the stimulated neurons (14) (compare Fig. 1,
E and F to C and D; movie S3). To quantify
this relationship, we computed the correla-
tion between the polar angle of the mean
saccadic end point and that of the RF (Fig. 2,
I and J), which was significant in both mon-
keys (monkey L: r = 0.77, p < 0.001, N = 184;
monkey A: r = 0.67, p < 0.001, N = 164). The
correlation between the eccentricity of the

saccade end point and that of the RF was also
significant [monkey L: r = 0.90, p < 0.001;
monkey A, r = 0.72, p < 0.001 (Pearson’s corre-
lation)], although there was a consistent under-
shoot of the saccade relative to the RF [saccade
amplitude as a fraction of RF eccentricity in
monkey L: 0.77 ± 0.18 (mean ± SD), N = 184;
monkey A: 0.71 ± 0.21, N = 164], which was
more pronounced for weaker stimulation cur-
rents (fig. S3). These findings confirm that
phosphenes are perceived at the RF of the
stimulated neurons (9, 10, 12, 14, 17, 20). The
next experiments addressed whether multi-
electrode stimulation elicits interpretable arti-
ficial percepts.

Generation of composite visual percepts

First, we tested whether the monkeys could
report the spatial alignment of two phosphenes
(vertical or horizontal) by requiring them to
saccade to a target above or below the fixa-
tion spot, respectively (Fig. 3A and movie S4).
Before array implantation, the animals were

trained extensively on a visual version of the
task, in which they reported the relative posi-
tion of two small dots on a screen. In every
session of the microstimulation task, we se-
lected unfamiliar pairs of electrodes for simul-
taneous stimulation, such that the RFs of the
stimulated neurons were vertically or horizon-
tally aligned.
Figure 3B shows the results for an example

session, with mean accuracies of 91 and 88%
for the vertical and horizontal conditions, re-
spectively. Performance was above chance level
from the start of the session even though the
electrode set was novel, which suggests that the
monkey generalized its understanding from
the visual to the phosphene version of the task.
The average accuracy across sessionswithnovel
electrode pairs was significantly above chance
[monkey L: 70 ± 13%,N= 19 electrode sets, t18 =
6.6, p < 0.001; monkey A: 64 ± 18%,N = 11, t10 =
2.6, p = 0.026 (one-sample t test)] (Fig. 3C).We
also ran a visual version of the task in which
we presented dots on the screen at the RF lo-
cations.Monkey L reached an accuracy of 83 ±
10% (t18 = 15, p < 0.001), and monkey A 79 ±
15% (t10 = 6.2, p < 0.001). These visually pre-
sented dot configurations were not always
novel, that is, the monkeys had seen some of
these dot pairs in previous sessions.
We rewarded the monkeys after correct sac-

cades; hence, they might have learned to asso-
ciate arbitrary phosphene percepts with specific
targets by trial and error. We therefore com-
puted the mean accuracy across electrode sets
during the first 30 trials of the microstimula-
tion task (Fig. 3D). The animals’ accuracies re-
mained relatively stable across time. For both
monkeys, we determined the critical trial, c,
for which the accuracywas higher than chance
(p < 0.05, binomial test) when trials 1 through
c were included, across electrode sets (28). In
monkey L, cwas the first trial [responses were
correct on 17 of 19 electrode sets; p < 0.001
(binomial test)], and in monkey A, c was the
fourth trial (30 of 44 electrode sets and trials;
p= 0.011). Furthermore, no significant improve-
ment in performance occurred between trials
1 to 10 and trials 21 to 30 [monkey L: t18 = 0.0,
p = 1.0; monkey A: t10 = 0.17, p = 0.87 (paired
t test)]. We conclude that the monkeys gen-
eralized from their experience on the visual
task to judge whether novel phosphene pairs
were horizontally or vertically aligned.

Direction-of-motion task

The monkeys had also been trained to report
the apparentmotion direction of a sequence of
visually presented dots.We investigatedwheth-
er themonkeys could interpret the direction of
successively generated phosphenes (Fig. 3E and
movie S5). We selected three electrodes with
a vertical or horizontal offset and stimulated
them sequentially such that their RFs formed
a sequence, going from top to bottom or bottom
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Fig. 1. Location of electrodes and receptive fields. (A) Locations of arrays in areas V1 and V4 of the visual
cortex in the left hemisphere of monkey L. (B) Higher-magnification view of array locations. Array numbers
correspond to the order of attachment between the arrays and the pedestal. (C and D) RF centers. Colors
correspond to those of the arrays in (A) and (B). (E and F) Average saccadic end points. Colors correspond
to those of the arrays in (A) and (B).
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Fig. 2. Saccade-to-phosphene task. (A) Illustration of the task. The yellow
circle represents a phosphene; the arrow represents an eye movement to the
artificially induced perception. (B) Probability of eliciting a saccade, as a function
of current amplitude, during stimulation on an example V1 electrode in monkey L.
The dashed line indicates the current threshold; error bars represent SEM.
(C) Cumulative distribution of current thresholds. (D) Schematic showing recording
from V4 during V1 microstimulation. (E) Time course of activity (relative to
stimulation onset), averaged across V4 channels during V1 microstimulation
[same session as in (B)]. The dashed lines indicate the time window during which
V4 activity was measured. (F) V4 activity as a function of stimulation current

[same session as in (B) and (E)]. The dashed line indicates the current threshold;
error bars represent SEM. (G) Correlation between current thresholds derived
from neurometric (R50) and psychometric functions (C50). (H) Mean performance
(top) and mean V4 response (bottom) as a function of current amplitude for
V1 electrodes with low (blue), intermediate (red), and high thresholds (yellow;
tertiles). Vertical error bars represent SEM of performance levels (upper) or V4
responses (lower); horizontal error bars represent SEM of current levels. (I and J)
Comparison of polar angle (I) and eccentricity (J) between RFs and saccadic
end points. The blue line shows a linear regression, which was constrained to pass
through the origin.
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to top for “vertical” sets of electrodes and left
to right or right to left for “horizontal” sets of
electrodes. Figure 3F illustrates an example
session in monkey A, in which the RFs had a
vertical offset and the monkey reached high
accuracy from the first trial onward. Across
all electrode sets of the microstimulation task
(Fig. 3G), the average accuracies of monkeys L
and Awere 76 ± 17% [N = 13, t12 = 5.5, p < 0.001
(t test)] and 69 ± 16% (N = 19, t18 = 5.2, p <
0.001), respectively. The monkeys’ accuracies

for novel electrode combinations were higher
than chance from the first trials onward. The
critical trial c was trial 1 in monkey L (correct
on the first trial in 11 of 13 sessions; p = 0.011)
and trial 4 in monkey A (trials 1 to 4, 48 of 76
correct; p = 0.014) (Fig. 3H), indicating that
they were able to generalize their understand-
ing of apparent motion from the visual to the
phosphene task. No significant improvement
in performance occurred between trials 1 to 10
and trials 21 to 30 [monkey L: t12 = 1.35, p =

0.2; monkey A: t18 = −1.85, p = 0.08 (paired
t test)]. The accuracies of monkeys L and A in
the task with a sequence of visually presented
dots were 74 ± 11% (t12 = 8.2, p < 0.001) and
89 ± 11% (t18 = 15.6, p < 0.001), respectively,
although these dot combinations were not al-
ways novel.

Letter task

Next, we examined the possibility of creating
more complex shape percepts. We delivered
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Fig. 3. Two-phosphene orientation
and direction of motion task.
(A) Two-phosphene orientation
discrimination task. The monkey
reported with an eye movement
whether two phosphenes (or visually
presented dots) were oriented
horizontally or vertically. (B) (Left)
RF centers for an example set of
four electrodes in monkey A. Black
circle, fixation point; orange dots,
horizontal condition; purple dots,
vertical condition. (Right) Accuracy
(averaged across five trials) for
this example set. (C) Distribution
of accuracies across electrode sets
during microstimulation (green) and
visual (blue) versions of the task.
(D) Mean accuracy across electrode
sets and monkeys, as a function of
trial number, on the microstimulation
version of the task (averages and
SEM across five trials). (E) Direction-
of-motion task. (F) (Left) RF centers
for an example set of three elec-
trodes, stimulated in sequence
(indicated by arrows). (Right)
Accuracy for this example set.
(G and H) Similar to (C) and (D),
for the direction-of-motion task.
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stimulation on 8, 10, or 15 electrodes in V1
simultaneously, selecting the electrode sets
such that the RFs collectively formed the shape
of one of two letters. The number of stim-
ulated electrodes was always the same be-
tween the two conditions in a given session.
Before electrode implantation, the monkeys
had learned to report the identity of 16 visu-
ally presented letters on a screen by making
an eye movement to a target. The training
program also included letters presented as
sparse dot patterns, designed to simulate phos-
phene vision (fig. S4) (29). After array im-
plantation, the training continued, and we
initially alternated visual and microstimula-
tion blocks. Thereafter, sessions consisted
solely of visual or microstimulation trials.
During visual trials, one of two letters was
presented as a dot pattern on the screen.
During microstimulation trials, we delivered
simultaneous electrical stimulation to a nov-
el set of electrodes for 167 ms (50 pulses at
300 Hz) (Fig. 4A and movie S6).
Figure 4B shows the accuracy of monkey A

for an example set of electrodes on the micro-
stimulation version of the task. In one condi-
tion, the RFs of the stimulated electrodes
formed the letter T (orange dots) and in the
other condition they formed the letter L (pur-
ple dots). In this example session, accuracy
was 0.89 and 0.96 for the T and L conditions,
respectively, and it was relatively high from
the first trial onward. Across all electrode sets
(Fig. 4C), the average accuracy of monkey L
was 81 ± 18% [N = 9, t8 = 5.4, p < 0.001 (t test)]
and the accuracy of monkey A was 71 ± 18%
(N = 10, t9 = 3.6, p = 0.006) on the microstim-
ulation version of the task. Accuracy on the
visual version of the task was 88 ± 5% for
monkey L (t8 = 23.1, p < 0.001) and 93 ± 4%
for monkey A (t9 = 36.7, p < 0.001), although
some of these dot displays were not novel.
To control for the possibility that the mon-

keys learned to map arbitrary percepts onto
saccade targets, we examined the accuracy
time course (Fig. 4D). The critical trial c (ac-
curacy above chance level, binomial test) was
trial 3 in monkey L (20 of 27 correct, p =
0.0096), and trial 7 in monkey A (43 of 70 cor-
rect, p = 0.036). No significant improvement
in performance occurred between trials 1 to 10
and trials 21 to 30 [monkey L: t8 = −0.7, p =
0.5; monkey A: t9 = 0.7, p = 0.5 (paired t test)].
As a further control, we examined how long

it took the monkeys to associate arbitrary
microstimulationpatternswith eyemovements.
We selected novel, nonoverlapping combina-
tions of electrodes, such that their RFs did not
form any recognizable letter (N = 10 electrode
sets in both monkeys). The mean accuracy of
monkeys L and A during the first 100 trials
was close to chance level (48.2 and 46.9%; p >
0.2 in both monkeys) (gray data points in Fig.
4D) and lower than during the first 100 trials

of the microstimulation task with familiar let-
ters (monkey L, t17 = 5.7, p < 0.001; monkey A,
t18 = 2.4, p = 0.03). We also ran a visual version
of the control task, in which the monkeys saw
two novel visual dot stimuli. The mean accu-
racies of monkeys L and A were 50.5 and
49.9%, respectively (p > 0.9), indicating that
they also failed to rapidly learn to map un-
familiar dot stimuli onto saccade targets (Fig.
4D and fig. S5).
These results indicate that the monkeys’

abilities to perform the letter task were not
due to rapid learning of new associations be-
tween stimuli and eye movement targets.
Rather, the phosphene percepts must have
borne a close resemblance to the visually
presented letters, allowing the monkeys to
benefit from their extensive prior experience.

Discussion

We demonstrated that the simultaneous stim-
ulation of multiple electrodes in V1 gives rise
to the perception of shape and that successive
stimulation gives rise to the perception of mo-
tion, providing proof of concept for the use of

electrical microstimulation to create a form of
artificial vision in the blind. Previous studies
suggested that the successful generation of
phosphene percepts can be read out in higher
visual cortical areas (30, 31). Here, we dem-
onstrated how V4 activity can be used to
determine phosphene thresholds in V1, circum-
venting a time-consuming calibration pro-
cess in which the prosthesis user has to report
whether currents are above or below the per-
ceptual threshold on hundreds of electrodes.
These results capitalized on several develop-

ments. First, we implanted a large number of
electrodes with foveal and parafoveal cover-
age of one quadrant of the visual field. Simu-
lations of phosphene vision estimated that
whereas letter recognition is possible with a
few hundred electrodes, fluent reading and
object recognition in crowded scenes may re-
quire thousands of electrodes (32, 33). By im-
planting more than 1000 electrodes across a
large area of V1, we could generate numer-
ous phosphenes across a contiguous region of
the visual field (Fig. 1) and elicit recognizable
shapes (Figs. 3 and 4).
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Fig. 4. Letter recognition task. (A) Illustration of the task. The monkey reported letter identity with an
eye movement. (B) (Top) RF centers of eight stimulated V1 electrodes whose RF centers formed a T or an
L (orange and purple circles). (Bottom) Accuracy (smoothed across five trials) for this example set.
(C) Accuracy for sessions on microstimulation (green) and visual (blue) versions of the task. (D) Mean
accuracy across electrode sets and monkeys, as a function of trial number (average and SEM across five
trials) in the microstimulation (green) and visual (blue) versions of the task. In a control task with novel
electrical stimulation and visually presented dot patterns, the accuracy was close to chance (gray).
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Secondly, we used intracortical electrodes,
which have advantages over the subdural
electrodes used in previous human studies
(2, 10, 34). Subdural electrodes require cur-
rents in the milliampere range and activate
populations of neurons across millimeters of
cortex (9, 10), which limits their resolution.
Furthermore, the stimulation of adjacent sub-
dural electrodes may cause interference, gen-
erating a single, large phosphene instead of
several small ones. Using depth electrodes,
we elicited phosphenes with median stimu-
lation currents of 23 to 50 mA, which activate
small populations of neurons located within
a few hundred micrometers of the electrode
tip (25). Hence, intracortical electrodes in-
duce smaller and more precise phosphene
percepts (3, 8), but a systematic comparison
of phosphenes produced by subdural and in-
tracortical stimulation has yet to be performed
(supplementary text) (24).
Third, before implantation the monkeys

underwent intensive training on visual versions
of the tasks, in which they saw shapes com-
posed of small dots, designed to simulate phos-
phene percepts (29). As a result, the monkeys
were immediately able to correctly interpret
shape and motion stimuli composed of mul-
tiple phosphenes. Nevertheless, the monkeys
made mistakes and even performed close to
chance for several electrode sets. The accuracy
in the tasks with visually presented dot pat-
terns was also not perfect, indicating that the
monkeys did not always recognize them, al-
though this may have been caused by occa-
sional drops in motivation (e.g., at the end of
a recording session). We expected the accu-
racy for the tasks with electrical stimulation
to be worse, because it is not possible to con-
trol the appearance of individual phosphenes.
Humans report that phosphenes induced by
stimulation of early visual cortical areas vary
in color, brightness, shape, and perceived dis-
tance (3, 6, 8, 35). Furthermore, simultaneous
stimulation on two electrodes that are a few
hundred micrometers apart can yield fused
phosphenes (3). Such variability and potential
interactions may make electrically induced
percepts more difficult to interpret than visu-
ally presented ones.
A number of technical hurdles still have to

be overcome before a visual cortical prosthe-
sis is available for humans. The mean surface
area of human primary visual cortex is 25 to

30 cm2 per hemisphere, and future implants
should cover a large enough region of the
visual field with a sufficient density of phos-
phenes to generate interpretable percepts
(36, 37). Furthermore, it will be necessary to
create wireless technology with high channel
counts and to develop long-lasting, biocom-
patible electrodes that minimize the risk of
gliosis, tissue trauma, and encapsulation (38).
Much progress is being made in the develop-
ment of brain-computer interfaces for sen-
sory restoration and motor prostheses (39–41).
Combined with the present demonstration
of artificial vision, these developments place
a light at the end of the tunnel for those with-
out sight.
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