
●

b
●

t
●

l
A
s
a
M
l
e
4
s
c
t
m
p
●

t
s
a
o
c
o
c
p
b
(
●

n
p
p
©

A

J
N
S
v
P

E
c
h

8

Visual Performance Using a Retinal Prosthesis in Three
Subjects With Retinitis Pigmentosa

DOUGLAS YANAI, JAMES D. WEILAND, MANJUNATHA MAHADEVAPPA, ROBERT J. GREENBERG,

IONE FINE, AND MARK S. HUMAYUN

H
f
t
m
h
i
1
S
e

s
h
a
w
i
t
o
t
m
l
d
d
e
n
p
c
s
t

T

t
A
R
T
H
o

●

n
o

PURPOSE: To assess visual task performance in three
lind subjects implanted with epiretinal prostheses.
DESIGN: Prospective, investigational device exemption

rial.
METHODS: Three subjects with light perception or no

ight perception vision were enrolled at a single center.
ll subjects had retinitis pigmentosa (RP). Main inclu-

ion criteria: light perception or worse vision in one eye
nd some visual experience as an adult before blindness.
ain exclusion criteria included other ophthalmic prob-

ems. A prototype retinal prosthesis was implanted in the
ye with worse light sensitivity. The prosthesis had 4 �
array of platinum electrodes tacked to the epiretinal

urface. The prosthesis was wirelessly controlled by a
omputer or by a head-worn video camera. Visual func-
ion testing was performed in single masked or double
asked fashion. Scores from the visual task were com-
ared to chance to determine statistical significance.
RESULTS: The subjects performed significantly better

han chance in 83% of the tests. Using the video camera,
ubjects scored as follows on simple visual tasks: locate
nd count objects (77% to 100%), differentiate three
bjects (63% to 73%), determine the orientation of a
apital L (50% to 77%), and differentiate four directions
f a moving object (40% to 90%). A subset of tests
ompared camera settings using multipixels vs single
ixels. Using multipixel settings, subjects performed
etter (17%) or equivalent (83%) in accuracy and better
25%) or equivalent (75%) in reaction time.

CONCLUSIONS: Three RP implant subjects used epireti-
al prostheses to perform simple visual tasks. Multi-
ixel settings proved slightly more effective than single
ixel settings. (Am J Ophthalmol 2007;143:820–827.

2007 by Elsevier Inc. All rights reserved.)
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EREDITARY RETINAL DEGENERATIVE DISEASES,

such as retinitis pigmentosa (RP) and age-related
macular degeneration (AMD), result in blindness

or a significant number of people.1,2 Ten years from now,
he incidence of AMD among people older than age 65
ay be as high as 5.5%.3 Although RP is less common, it
as an incidence rate of approximately one in 3,500 births

n the United States, and therefore affects more than
00,000 people.4 Increasing lifespans within the United
tates and other countries mean these progressive, degen-
rative diseases will affect more and more individuals.

Implantable microelectronic prostheses designed to
timulate the neural retina, optic nerve, or visual cortex
ave been proposed as a therapy for patients with AMD
nd RP.5,6 In both these diseases, degeneration occurs
ithin the outer retina with subsequent remodeling of the

nner retina. Cell morphometry studies have shown that
he cells of the inner retina survive at a higher rate vs those
f the outer retina.7–11 However, in response to the loss of
he sensory retina, the inner retinal cells are significantly
odified both in their synaptic organization and their

ocation.12 Although acute and chronic studies have both
emonstrated that electrical stimulation can reliably pro-
uce visual percepts, it still needs to be determined to what
xtent these prostheses can be used as a substitute for
atural vision in improving the daily lives of blind peo-
le.13–16 Here we show that three blind test subjects,
hronically implanted with epiretinal stimulators, can
uccessfully make simple visual discriminations in a con-
rolled environment.

METHODS

HIS STUDY PROTOCOL WAS GRANTED AN INVESTIGA-

ional Device Exemption by the US Food and Drug
dministration and was approved by the Institutional
eview Board at the University of Southern California.
his research adhered to the tenets of the Declaration of
elsinki. The trial is registered at the National Institutes

f Health (trial identifier NCT00279500).

SUBJECT SELECTION: Three subjects with severe reti-
itis pigmentosa participated in the study (Table 1). One
f the subjects had no light perception (S1), and two of the

ubjects had light perception only (S2 and S3). After

LL RIGHTS RESERVED. 0002-9394/07/$32.00
doi:10.1016/j.ajo.2007.01.027
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nformed consent, we carried out a series of standard
reoperative ophthalmologic tests to confirm each of the
ubject’s visual acuity and assess their general ophthalmo-
ogic health. The informed consent explicitly stated the
nvestigational nature of both the study and the surgery
nd emphasized that there was no expected short- or
ong-term benefit. The preoperative evaluation included a
egular eye exam, an electroretinogram, a visual-evoked
otential, bright flash detection, kinetic perimetry, and
lectrically evoked responses, fluorescein angiography, and
undus photography. In all three subjects, the worse eye
ad a bright flash detection threshold greater than ambient

ndoor lighting. Using the worse eye, the subjects could
ot localize a bright light source in the kinetic perimetry
ask. The prosthesis was always implanted in the worse of
he subjects’ two eyes. Details of the surgical procedure
ave been described previously.16 At the time of data
nalysis, S1 had been implanted for 18 months, S2 for 15
onths, and S3 for seven months. A thorough data

nalysis was performed at this point in the clinical trial to
valuate the testing protocols and to consider expanding
he trial. The trial has since been expanded to an addi-
ional three subjects and the testing tools were updated to
mprove the efficiency of the testing. This expansion of the
rial provided a logical point at which to report the initial
esting results from specific experiments in the first three
ubjects, because subsequent testing has used different
ools and methods.

During the study period delineated previously, one
omplication did occur in S2, who underwent surgery
wice on the same eye because her retinal array became
eparated from her retina 11 months after initial surgery
ecause of falling and bumping her head. No retinal
etachment occurred at the time of her accident and in the
econd surgery, the array was reattached. Data collected
efore and after the incident had similar results.
Visits for testing lasted a maximum of four hours each

ith frequent rest breaks. The number of visits was limited
y the subjects’ availability and by the protocol. For
eographic reasons, S1 could have only limited participa-
ion for some experiments (the subject lives on the East

TABLE 1. Age and Visual History of the Three Retinal
Prosthesis Test Subjects

Subject

Age,

Gender Diagnosis

VA Implanted/

Fellow Eye

Years With

Lowest VA

S1 74, M RP NLP/LP 20 years

S2 55, F RP LP/LP 5 years

S3 71, F RP LP/LP 15 years

VA � visual acuity; M � male; F � female; RP � retinitis

pigmentosa; NLP � no light perception; LP � light perception.
oast, approximately 5,000 km from the test site in Los s

VISUAL PERFORMANCE USINGOL. 143, NO. 5
ngeles, California, USA). In general, the subjects were
ested at five to 10 visits per month.

OPERATION OF THE PROTOTYPE RETINAL PROSTHE-

IS SYSTEM: A custom camera system or a custom com-
uter interface was used to wirelessly transmit image data
o an implanted stimulator.17 The implanted stimulator
onsisted of an electronics case, an intraocular stimulating
rray, and a cable connecting these two components. The
ntraocular stimulating array had 16 platinum electrodes in

4 � 4 arrangement (Figure 1) fixed in a clear silicone
ubber platform. For all subjects, the center-to-center
lectrode spacing (Figure 1, Right) was 800 �m. In S1 and
2, the electrode diameter (Figure 1, left) was 520 �m (1.6
egree) and in S3, the electrode diameter was 260 �m (0.8
egree). The electrodes covered a 2.9 H � 2.9 W (S1, S2)
r 2.65 H � 2.65 W (S3) mm2 area of the retinal surface.
he electronics case, which converts a wireless signal from

he camera into electrical stimulation patterns, was surgi-
ally implanted into the temporal bone, similar to that of

cochlear implant.18 A 16-wire cable ran from the
lectronics case in a channel drilled along the skull to the
rbit. The cable passed into the orbit, through the sclera,
nd to the electrode array.

The impedance and detection thresholds for individual
lectrodes were measured frequently to confirm device
ntegrity and interface stability. These data have been
eported previously.17 False-positive rates for threshold
esting were very low for these subjects (approximately 5%,
s reported by Mahadevappa M, et al. IOVS 2003;44:
RVO E-Abstract 5059). In the functional tests that used
ore than one electrode, an effort was made to make the

timulation produced by each electrode as comparable as
ossible with respect to brightness, color, and size. Percepts
ere yellow or white, and were small round or oblong

hapes.16 The subjects’ unoperated eye was patched during
ll tests to ensure that their performance was not being
ided by residual vision in that eye. The implant was only
ctivated in the clinic.

For all experiments described in the following section,
he subjects were first given training with auditory and
actile feedback and then tested on their ability to perform
he task. During training, the subjects were told what they
ere viewing and encouraged to find and touch objects
hen applicable. During training, small adjustments were
ade to the brightness of each electrode. In all experi-
ents described, the subjects were trained to only give

nswers from a limited number of alternative choices, so a
wo choice test is labeled as 2altFC, which means a two
lternative forced-choice test.

STIMULUS GENERATED DIRECTLY BY COMPUTER: In
hese experiments, the desired stimulation pattern was
enerated using the computer interface, thus permitting
recise control over the stimulation presented to the

ubject. These tests were conducted in a double-masked

A RETINAL PROSTHESIS 821
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ashion by two researchers/operators. The computer oper-
tor (who did not speak to the subjects during testing)
new the trial sequence during each test session (e.g.,
hether a row or column was presented). The data

ecorder instructed the computer operator and subject to
tart the trial, and gave the subject verbal encouragement
o complete the task, but did not provide feedback with
espect to the subject’s performance in the task.

Experiment 1: electrode discrimination. For each trial, the
ubjects were asked to discriminate between two electrodes
ased on the percept location in the visual field. Two
lectrodes that were either vertically or horizontally
ligned were used in this task, but only one was activated
uring each trial. Subjects were asked to make a 2altFC
ecision as to which one of the two electrodes had been
timulated (e.g. “up” or “down”).

Experiment 2: sequential activation of paired electrodes. For
ach trial, two neighboring electrodes were activated in
equence to simulate a moving spot of light. Subjects were
sked to make a 4altFC decision as to whether they saw
ovement up, down, left, or right. The two pulses were

eparated by a one-second delay. A portion of the data
rom S1 in experiments 1 and 2 has been published
reviously16 and are included here (with permission) for
asier comparison with data from later testing in S1 and
ith testing in S2 and S3.

Experiment 3: rows vs columns. For each trial, four
lectrodes were simultaneously stimulated in either a row or a
olumn configuration. The subjects were asked to make a
AltFC decision as to whether they saw a row or a column.

STIMULATION BASED ON VISUAL INPUT RECEIVED

IA A HEAD-MOUNTED VIDEO CAMERA: For these ex-

IGURE 1. Retinal prostheses stimulating electrode array dim
iagram of the epiretinal electrode array with 16 platinum elect
.5 mm, L � 6 mm, and B � 0.8 mm. For S1 and S2, A � 520
lectrodes is a handle that allows the surgeon to hold and man
eriments, subjects performed visual tasks using the d

AMERICAN JOURNAL OF22
ideo camera, which was mounted on the nosepiece of a
air of spectacles. The combined weight of the camera
nd spectacles was negligible (approximately 100 g),
llowing natural head-scanning motions. Because the
amera’s field of view was approximately 45 degrees of the
isual angle and the implant covered 15 degrees of visual
ngle, the visual angle subtended by any object on the
etina was reduced by a factor of three. Visual angles
eported in the text are those subtended at the camera and
re therefore three times the value of the stimulation
atterns on the retina.
For single pixel camera testing, a single central electrode

r group of electrodes was activated under camera control.
or multipixel camera testing, the camera pixel to elec-
rode array mapping was similar to how light is projected
nto the retina. For example, camera pixels that detected
ight in the upper visual field mapped to electrodes inferior
n the retina, camera pixels that detected light in the left
isual field mapped to temporal electrodes in right eye
mplants and nasal electrodes in left eye implants. In some
ases, electrodes were turned off or used in combination, as

ns. Fundus photograph of an electrode array in S3 (Left), and
s arranged in a 4 � 4 distribution (Right). For all arrays, H �
; for S3, A � 260 �m. The white rectangle to the right of the
te the electrode array.

TABLE 2. Retinal Prosthesis Electrode Limitations for
Camera Testing

Subject

Electrodes Modified for

Camera Testing Reason

S1 Electrodes used in

groups of four

High stimulus thresholds on

some single electrodes

S2 Four electrodes

turned off

Produced uncomfortably bright

sensation when activated

with other electrodes

S3 Two electrodes

turned off

High stimulus thresholds
ensio
rode
�m

ipula
escribed in Table 2. Detailed information on image

OPHTHALMOLOGY MAY 2007
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rocessing and camera settings for testing (see Supplemen-
al Figure available at AJO.com).

All tests were carried out using white test shapes on black
ackground with typical indoor lighting. For experiments 5 to
, head movement (camera scanning) was permitted, whereas
n experiment 4, head movement was restricted because we
anted the subject to detect motion and head movement
ay confound the perception of motion.

Experiment 4: direction of motion discrimination. The
amera was pointed toward a black background, and
ubjects were asked to keep their head and the camera
tationary. A rectangular white bar (5 � 30 cm; 14 � 73
egree of the visual angle) was then passed in front of the
amera at a distance of 20 cm from the camera. Subjects
ere asked to discriminate (4altFC) whether the bar was
oving up, down, left, or right. The object was moved one

ime across the visual field. The object was moved suffi-
iently far from the subjects’ faces for air movement and
ny associated sound to have been imperceptible.

Experiment 5: object detection. Subjects were asked to
espond whether a white object (6 � 10 cm; 11 � 19
egree of visual angle) approximately 30 cm from the
amera was in the left visual field, right visual field, or
bsent (3altFC). Subjects were encouraged to scan the
isual field by moving their head. The alternative of
object absent” in this experiment served as a control
gainst spontaneous perceptions unrelated to stimuli.

Experiment 6: counting objects. Subjects were asked to
espond whether there were zero, one object to the left,
ne object to the right, or two objects present in the visual
eld (4altFC). Objects from experiment 5 were used. If two
bjects were present, they were separated by approximately
0 cm (56 degrees of visual angle). Subjects were encouraged
o scan the visual field by moving their head. The alternative
f “object absent” in this experiment served as a control
gainst spontaneous perceptions unrelated to stimuli.

Experiment 7: form discrimination I. The subjects were
sked to discriminate the orientation of two white bars
30 � 5 cm; 40-cm viewing distance; 7 � 41 degree of
isual angle) in an “L” configuration. The subjects were
sked to respond whether the corner of the L was posi-
ioned up-left, up-right, lower-left, or lower-right (4altFC).
he subjects were encouraged to scan the visual field by
oving their head.

Experiment 8: form discrimination II. The subjects were
sked to discriminate among three white objects (a dessert
late, a coffee cup, and a plastic knife). The plate was a
ircle with 16 cm (26 degrees of visual angle) in diameter,
he cup approximately 6 cm in diameter and 10 cm in
eight (10 � 16 degree of visual angle), and the plastic

nife was 2 cm in width and 12 cm in height (3 � 19 c

VISUAL PERFORMANCE USINGOL. 143, NO. 5
egree of visual angle). In each test, one of the three
bjects was placed in front of the subjects (30 to 40 cm
istant). The long axis of the knife was oriented away from
he subject. The plate and cup were symmetric and
herefore insensitive to orientation. The objects were each
ounted on a piece of black cardboard to ensure the

ubjects did not get an auditory clue when the object was
et on the table. They were asked to identify which of the
hree objects was present (3altFC). Subjects were encour-
ged to scan the visual field by moving their head.

Data for each of the experiments described were accu-
ulated from multiple tests performed on several days
ithin the delineated period. Data from all tests are

eported in the results. We measured percent correct in all
ubjects, and reaction time in subjects S2 and S3. The
umber of trials per test was typically 10, but ranged from
etween four and 12. Differences in the number of trials
cross subjects were due to limited subject availability in
he case of S1 and that, occasionally, a subject became
ired, which forced termination of the test session. Differ-
nces were considered significant if P values were less
han .05.

RESULTS

EXPERIMENTS USING COMPUTER INPUT: Subjects
cored better than chance in eight of nine computer-

IGURE 2. Performance in tasks 1 to 8 for all retinal prosthe-
is implant subjects. The dashed lines represent chance perfor-
ance for the task. Error bars are based on binomial error.
ignificance levels and error bars for individual subject scores
ere calculated using binomial probabilities. We tested whether
ach individual subject’s performance was better than would be
xpected by chance, on each task (***P < .001; **P < .01;
P < .05). The number of trials performed for each subject on
hat task is in the box overlying the columns.
ontrolled experiments (see Figure 2). When asked to

A RETINAL PROSTHESIS 823
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dentify which of two electrodes had been presented
experiment 1), all of the subjects performed significantly
etter than chance (S1 � 72%, S2 � 100%, S3 � 67%;

� .01). This suggested that the percepts elicited by
ndividual electrodes remain reasonably consistent over
hort periods. In experiment 2 (sequential activation of
aired electrodes), all three subjects performed signifi-
antly better than would be expected by chance in a
altFC task (S1 � 67%, S2 � 93%, S3 � 50%). In
xperiment 3 (distinguishing rows and columns), S2 and
3 (though not S1) performed significantly better than
ould be expected by chance (S2 � 97%, S3 � 77%; P �

001). S2 scored better than the other subjects in experi-
ents 1 to 3.

EXPERIMENTS USING VIDEO-CAMERA INPUT: The sub-
ects had difficulty with experiment 4 (motion detection),
n which they were not allowed to carry out head scanning.
nly S2 was able to correctly identify the direction of motion

t a percentage higher than chance (S2 � 87%, P � .001).
The subjects scored better on tasks when they were

llowed to scan the scene by moving their head. All three
erformed better than would be expected by chance in
xperiments 5 to 8 (with the exception of S1 in experi-
ent 8). As before, S2 tended to perform better than S1

nd S3. In experiment 5, object detection, all subjects
cored above chance (S1 � 90%, S2 � 100%, S3 � 77 %;

� .001). In experiment 6, object counting, all subjects
cored above chance (S1 � 77%, S2 � 85%, S3 � 78%;

� .001). In experiment 7, object discrimination I (L

IGURE 3. Comparison of multipixel vs single pixel settings in
ll retinal prosthesis implant subjects. Error bars are based on
inomial error. Standard binomial probabilities were used to
etermine whether individual scores were significantly better
sing multipixels than when using a single pixel (***P < .001;
*P < .01; *P < .05). The number of trials performed for each
ubject in that task is in the box overlying the columns.
rientation), S2 and S3 scored above chance (S2 � 73%, s

AMERICAN JOURNAL OF24
3 � 63%; P � .001). In experiment 8, object discrimi-
ation II (plate, cup, or knife), all subjects scored above
hance (S1 � 67%, S2 � 73%, S3 � 63%; P � .001).

COMPARISON OF SINGLE VS MULTIPIXELS PERFOR-

ANCE: Figure 3 compares accuracy using a single pixel vs
ultiple pixels for the four experiments in which subjects
ere allowed to scan objects using head movements. On

he whole, the subjects’ accuracy was very similar across
he two conditions. Of the 12 comparisons of multi- and
ingle pixel performance (three subjects, four experi-
ents), two experiments showed significantly better accu-

acy with more pixels (S2, experiment 5, multipixel 100%,
ingle pixel 73%, P � .01; S3, experiment 7, multipixel
3%, single pixel 36%, P � .05), and 10 experiments
howed no statistical difference (Figure 3).

Figure 4 compares the time taken to make a response
sing a single pixel and multipixels for S2 and S3 (this was
ot recorded for S1). Note that a shorter bar indicates a

aster reaction time in Figure 4. The subjects were given as
uch time as they needed to make a response. S2 required
significantly shorter period to provide a correct answer in
xperiment 7 (multipixel 23 seconds, single pixel 73
econds; P � .001). S3 required a significantly shorter
eriod to provide a correct answer in experiment 8
multipixel 24 seconds, single pixel 42 seconds; P � .001).
n all other comparisons between multipixel and single
ixel performance, the difference in response time was not

IGURE 4. Comparison of reaction times for multipixel vs
ingle pixel settings for retinal prosthesis implant subjects S2
nd S3. Standard error bars are shown. A lower bar indicates a
aster reaction time. Standard t tests were used to test whether
ubjects responded significantly faster when using multiple
ixels than when using a single pixel (***P < .001; **P < .01;
P < .05). The number of trials performed for each subject on
hat task is in the box overlying the columns.
ignificant (Figure 4).

OPHTHALMOLOGY MAY 2007



T

p
t
i
c
l
i
d
s
e
d
d
p
m
p
p
s
c
“
r
f
a
v
t
D
c
s
t
s

m
e
s
f
r
r
s
c
s
a
(
l
e
e

b
s
w
t
a
t
s
p

o
a
p
t
a
u
F
w
i
a
F
p
r
s
h
s
s
w

i
f
t
s
t
d
r
t
f
b
w
m
e
i
T
t
p
r
s
t
t
t
s
s
m
e
m
i
t
t
n
p

c
M
t

V

DISCUSSION

HE SAFETY AND FEASIBILITY OF MICROELECTRONIC IM-

lants has been supported by several recent studies, and
he relative merits of epiretinal and subretinal retinal
mplants vs other approaches such as optic nerve cuffs and
ortical implants has been extensively discussed in the
iterature.5,6 Recent clinical trials of retinal implants have
ncluded a passive subretinal device, an active subretinal
evice (Zrenner E, et al. IOVS 2006;47: ARVO E-Ab-
tract 1538), and an active epiretinal device (Hornig R,
t al. IOVS 2006;47: ARVO E-Abstract 3216). Passive
evices rely on incident light for power, whereas active
evices have an external power source. Subjects in the
assive subretinal trial do not report pixelized vision, as
ight be expected if each photodiode were acting as a

hotoreceptor. However, some of the subjects have re-
orted increased visual fields away from the implant site,
uggesting that the presence of the implant alone, or
oupled with low-level electrical stimulation, induced a
neurotrophic effect” that improved the health of the
etina and the visual function. In our trial, the visual
unction of subjects did not improve after implantation
nd testing. However, our subjects had worse baseline
ision than most of the subjects in the passive subretinal
rial (bare light perception vs reading Early Treatment
iabetic Retinopathy Study letters). The other human

linical trials with permanent retinal implants are in early
tages, but the initial reports indicate that perceptual
hresholds and form vision are similar to what has been
hown in our trial.

The experiments in this article were designed to deter-
ine what visual tasks are enabled by a low-resolution

piretinal implant. When we examined performance for
timulation patterns directly controlled via computer, we
ound that the percepts elicited by individual electrodes
emain reasonably consistent such that subjects could
eliably discriminate which of two electrodes had been
timulated (experiment 1). Subjects could also easily dis-
riminate the relative location of electrodes activated in
equence (experiment 2). Two of the three subjects (S2
nd S3) could distinguish between rows and columns
experiment 3). These data suggest that percepts map (at
east crudely) onto their expected location, consistent with
arlier reported data on S1,16 and with earlier studies of
lectrical stimulation using acutely implanted electrodes.15

The camera tests show that subjects’ performance was
etter in tasks where they were allowed to scan the visual
cene using a head-mounted camera vs in tasks where they
ere instructed to keep the camera still. It is not clear why

his was the case. One possibility is that scanning encour-
ged them to spend more time performing the task before
hey provided an answer, because they were permitted to
can the scene for as long as they wanted. A second

ossibility is that scanning may have allowed the subject to e

VISUAL PERFORMANCE USINGOL. 143, NO. 5
ptimize their perception by allowing them to adjust the
ngle or distance at which they viewed an object. A third
ossibility is that subjects, by integrating information over
ime, could increase the effective resolution of the display,
nalogous to the strategy a normally sighted person might
se when viewing a scene with a narrow beam flashlight.
or example, in experiment 8, the subjects almost certainly
ere not “seeing” a plate or a knife, as a normally sighted

ndividual would, but instead were scanning the objects
nd integrating information to make their assessment.
inally, the electrode array is fixed onto the retina, so
rolonged viewing of an object with a stationary head will
esult in a stabilized retinal image. Changing the pattern of
timulation on the retina through head movement may
ave refreshed the image. It has been demonstrated that a
ubject implanted with an optic nerve prosthesis used
imilar scanning strategies to identify shapes and objects
ith significant accuracy.19

We did not consistently see better performance (either
n speed or accuracy) for multielectrode performance than
or single electrode performance, although we did see a
rend in that direction. Most comparisons showed no
tatistically significant difference between single and mul-
ipixel, but in the few cases in which there was a significant
ifference, multipixel showed higher accuracy and faster
eaction times. Further, S2 and S3 spontaneously reported
hat using the single electrode setting was difficult and
rustrating. However, S1 reported multipixel stimulation to
e more confusing. There are several possible reasons why
e only found a trend towards better performance in the
ultipixel setting. First, the increase in the number of

lectrodes from one to four to 16 may not be enough of an
ncrease in resolution to be helpful for the tasks we chose.
he subjects were able to score better than chance in most

asks with a single pixel, so adding more information
rovided little benefit in these tasks. Second, the faster
eaction times in some experiments with multipixel setting
uggest that accuracy differences may be more apparent if
he subjects were given a restricted period to respond. In
he experiments reported here, the subjects did not have a
ime limit. That the reaction times decreased and that the
ubjects generally preferred the multipixel setting provides
ome evidence that increasing the number of electrodes
ay improve the capability of a retinal prosthesis. How-

ver, given the comparable results between one and
ultipixel settings in most of these experiments, a signif-

cant challenge facing a higher resolution implant will be
o understand the complex interaction between the elec-
ric field and the degenerated retina, so that an increased
umber of electrodes can translate into increased visual
erformance for the patient.
S2 scored higher than the other subjects in two of three

omputer-controlled tests and in all of the camera tests.
any times, S1 and S3 described the patterns produced by

he stimulation as being different from what they would

xpect for that task. In contrast, S2 consistently reported
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ercepts that matched the object being viewed with the
amera. For example, S2 saw a white horizontal bar as a
orizontal line, and a white vertical bar as phosphenes
ligned vertically. S2 also saw “L” shapes as “pieces” of the
etter L that could be recognized if lines were imagined as
onnecting the points. However, even simple tasks such as
iscriminating between simple shapes such as horizontal
nd vertical lines and determining the orientation of a
arge “L” were difficult for S1.

There are several potential reasons for this inter-subject
ariability. It may have been easier for S2 to interpret the
isual input because she was younger than the other two
ubjects (approximately 20 years younger than either S1 or
3), or because she had suffered form vision deprivation

or significantly less time than the other two subjects (year
ince vision reduced to light perception: S1 � 50; S2 � 5;
3 � 15). It is also possible that S2 suffered less retinal
egeneration than the other two subjects. Any of these
lternatives would suggest that the time of implantation
elative to the disease progression might play a role in the
uccess of a retinal prosthesis. Other studies have also
hown correlations between threshold and visual function.
or example, acute stimulation studies found a correlation
etween the level of retinal degeneration and the electrical
timulus threshold, with normal retina being the most
ensitive. Another study noted correlation between light

ensitivity and electrical sensitivity in subjects with only t

110:1634–1639.

1

1

1

1
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ight perception vision. These limitations are likely to be
etinal rather than cortical, because even after long periods
f blindness, subjects can still recognize simple two-
imensional shapes with little difficulty.
To conclude, three blind test subjects implanted with

rototype retinal prostheses were generally able to perform
imple visual tasks using the implanted device coupled to
n external video source. Only three subjects were in-
luded in this initial study, so the results reported here
eed to be considered in light of the small study size. The
ndings will need to be confirmed through continued
xperimentation and comparison to other clinical trial
esults. Although far from normal vision, the results do
uggest that a low-resolution epiretinal prosthesis can
rovide visual information that can be used to accomplish
imple visual tasks that are impossible with the subject’s
atural light perception vision. Continued progress in this
eld will rely on the availability of new technology as well
s further understanding of the neurobiology of the degen-
rated retina. It is anticipated within the next five years,
everal clinical trials will be well under way to test the next
eneration of implants with up to several hundred elec-
rodes. The utility of these more sophisticated devices will
epend on the development of processing strategies that
an transform an image into a stimulus pattern to effec-

ively create form vision.20–21
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OPERATION OF THE PROTOTYPE
RETINAL PROSTHESIS SYSTEM

HE RETINAL PROSTHESIS SYSTEM CONSISTED OF AN EX-

ernal (not implanted) controller and an implanted stim-
lator. The external controller consisted of a video
rocessing unit (VPU) connected either to a laptop
omputer interface or a head worn video camera. The
PU was a custom battery powered computer in a small

ase (2 � 4 � 6 cm) designed to be portable. Both the
aptop computer and video camera used the VPU to
ommunicate with the implant. In the case of the video
amera, the VPU reduced the video camera image from
20 � 240 pixels to 4 � 4 pixels through a combination of
ecimation and spatial averaging. The final 4 � 4 array of
amera pixels contained brightness of the image detected
y the camera in each of 16 equal areas of the visual field.
he VPU converted brightness values into a pulse pattern
here the brightness of the camera pixel was represented
y stimulation intensity (normalized based on the sensi-
ivity of each electrode). In the case of the laptop com-
uter interface, the amplitude and timing of stimulation
or each electrode in the 4 � 4 array was directly
rogrammed into the VPU. For both the computer inter-
ace and camera, stimulus data was then coded as a serial
ata stream, and transmitted to the implant via a wireless
ink. Implant power was also supplied via the wireless link.
he implanted stimulator consisted of an electronics case,
n intraocular stimulating array, and a cable connecting
hese two components. The electronics case, which con-
erts a wireless signal (from the external system, described
bove) into electrical stimulation patterns, was surgically
mplanted into the temporal bone, similar to that of a
ochlear implant. A 16 wire cable ran from the electronics
ase, along a channel drilled along the skull to the orbit.

he cable then passed into the orbit, through the sclera, S

AMERICAN JOURNAL OF27.e1
nd, finally, to the electrode array on the surface. During
amera testing, the camera was mapped in a different way
or each subject. The camera pixel to electrode array
apping is summarized in Supplemental Figure (see cap-

ion). During camera testing, not every electrode was used
or every subject for the following reasons:

1. In S1, four of the electrodes required very high
stimulation levels (near 1 mC/cm2) before eliciting a
percept. This seemed to occur mainly when the
electrode was separated from the retina. While it has
been shown that neural tissue can tolerate intermit-
tent pulsing above 1 mC/cm2 , to reduce risk of
permanent damage and to stay within safe limits for
chronic stimulation, electrodes requiring more than
0.35 mC/cm2 stimulus were either turned off during
camera use or used in combination with other elec-
trodes to represent the same region of the visual field.
Due to summation of current, percepts could be
obtained by simultaneously activating adjacent elec-
trodes, even when the electrodes could not create a
percept when activated individually. In the tests
described below for S1, the visual field was divided
into four quadrants, and each quadrant was identi-
cally mapped onto 4 electrodes.

2. S2 had four electrodes that were not used because
they could produce percepts that were unpleasantly
bright when stimulation levels were increased above
threshold.

3. S3 had two electrodes with high stimulus thresholds
that could not be used with other electrodes as they
tended to interfere with the ability to see other
phosphenes.

ll three subjects were also tested with a 1-pixel setting in
hich a central camera pixel was mapped to a central
lectrode or group of electrodes. This is also shown in

upplemental Figure.

OPHTHALMOLOGY MAY 2007
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UPPLEMENTAL FIGURE. How the visual world was mapped onto individual electrodes for both multi- and single pixel testing
n retinal prosthesis implant subjects. The empty circles represent the “natural” representation of each electrode in the subject’s
isual field (i.e., upper electrodes represent those that were inferior on the retina. The electrodes on the right represent temporal
lectrodes in left eye-implanted subjects, and nasal electrodes in right eye-implanted patients). The camera and video processing unit
educes the visual field to 16 camera pixels. The grid inside each electrode shows which camera pixel was mapped onto that
lectrode. If no squares in the grid are highlighted, then this electrode was not used in camera testing for reasons described in the
ext. Light gray squares represent mappings where stimulation amplitudes used for the camera were sub-threshold when that
lectrode was stimulated in isolation. White squares represent mappings where stimulation amplitudes were above threshold when
hat electrode was stimulated in isolation.
VISUAL PERFORMANCE USING A RETINAL PROSTHESISOL. 143, NO. 5 827.e2
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