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The Artificial Silicon Retina Microchip
for the Treatment of Vision Loss
From Retinitis Pigmentosa
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Objective: To determine the safety and efficacy of
the artificial silicon retina (ASR) microchip implanted in
the subretinal space to treat vision loss from retinitis pig-
mentosa.

Methods: The ASR microchip is a 2-mm-diameter sili-
con-based device that contains approximately 3000 mi-
croelectrode-tipped microphotodiodes and is powered by
incident light. The right eyes of 6 patients with retinitis
plgmentosa were implanted with the ASR microchip while
the left eves served as controls. Safety and visual func-
tion information was collected.

Results: During follow-up that ranged from 6 to 18
months, all ASRs functiened electrically. No patient
showed signs of implant rejection, infection, inflamma-
tion, erosion, neovascularization, retinal detachment, or

migration. Visual function improvements occurred in all
patients and included unexpected improvements in reti-
nal areas distant from the implant.

Main Outcome Measures: Subjective improvements
included improved perception of brightness, contrast,
color, movement, shape, resolution, and visual [ield size.

Conclusions: No significant safety-related adverse ef-
tects were observed. The observation of retinal visual im-
provement in areas far from the implant site suggests a
possible generalized neurotrophic-type rescue effect on
the damaged retina caused by the presence of the ASR.
A larger clinical trial is indicated to further evaluate the
safety and efficacy of a subretinally implanted ASR.
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ETINITIS PIGMENTOSA (RP) 15
a prevalent and devastating
cause of both central and pe-
ripheral vision loss.*? This
genetically diverse disease
commonly affects both eyes and is progres-
sive. No treatment is effective at restoring
vision once it is lost. Although other pat-
terns are observed, vision loss typically
develops first in the midperiphery and
then progresses to involve the peripheral
and finally the central visual fields.
Retinitis pigmentosa results from
outer retinal degeneration. This causes the
outer portion of the inner anatomical retina
{outer retina), composed primarily of pho-
toreceptor outer and inner segments and
their cell bedies, to become damaged, the
inner portion {inner retina), comprising
the remaining bipolar, horizontal, ama-
crine, and ganglion cells and nerve fiber
layer, can be substantially spared.*” The
presence of these relatively intact remain-
ing retinal layers has led investigators to
study the effect of electrical stimulation on
these structures to improve vision.
Electrical stimulation applied to ex-
ternal structures of the eye has produced
visual sensations called phosphenes in
healthy subjects®® and blind patients with

RP.? An electrophysiological correlate of
this finding has been demonstrated in blind
RCS [Royal College of Surgeons] rats, a
model of photoreceptor degeneration in
which extraccular electrical stimulation
has produced visual evoked poten-
tials.'®! Intraocular electrical stimula-
tion of the retinal nerve fiber layer also pro-
duced phosphenes in patients with RP 2
and visual evoked potentials in ani-
mals.!? In vitro and in vivo animal stud-
ies have shown that retinal and cortical
electrical activity can be induced by elec-
trical stimulation of the cuter retinal
area.!*1?

As a result of these observations, we
investigated in a pilot safety and feasibil-
ity study whether a subretinal prosthesis
could produce electrical stimulation and
phosphenes.'*2* A 2-mm-diameter semi-
conductor microphotodiode array chip, 25
nm in thickness (artificial silicon retina
[ASR] microchip), was designed for im-
plantation into the subretinal space. This
chip is composed of approximately 5000
independently functioning electrode-
tipped microphotodiodes and is powered
solely by incident light. The electrical
charge produced by these microphotodi-
odes is designed to alter the membrane po-
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tentials of contacting retinal neurons and to simulate how
light would normally activate these cells to form retino-
topic visual images. Because the implant would stimu-
late the outer retina at an early functional stage, subse-
quent visual signal processing by the remaining
neuroretinal networks would theoretically be possible.

In the cat, pig, and rat models, placement of the solid
ASR disc into the subretinal space produced a model of
outer retinal degeneration that histologically resembled
that of RP.} 182242 The immunohistochemistry of the
overlying retina also showed an appearance similar to that
seen in patients with hereditary retinal degeneration.™
Additionally, ASR microchips functioned within the sub-
retinal space!’?® and demonstrated continued electrical
activity for more than 3 years after implantation.” Func-
tionally, ASR microchips induced retinal and possible cor-
tical responses in the animal models.

Because of these findings in animal models and the
substantial degeneration of the outer retina in patients
with late-stage RP, we believed that the placement of a
small ASR microchip in the subretinal space of a patient
with late-stage RP would not cause further substantial
injury to the retina. Furthermore, if the ASR microchip
was placed in a midperipheral retinal location, the safety
and efficacy of the device could be evaluated with a mini-
mal risk of damaging the macular area.

To determine the safety and efficacy of the ASR mi-
crochip for possible human application, we conducted
a pilot clinical trial, implanting the ASR into the right eyes
of patients with RP and using the left eyes as controls.

B METHODS ey

Between June 2000 and July 2001, Food and Drug Administra-
tionand institutional review board approval were obtained to en-
roll 6 patients into an ASR safety and feasibility clinical trial. In-
formed consent was obtained from all patients prior to entry.
Eligible patients were aged 40 years and older, had RP, and were
free of other significant eye or medical diseases such as uveitis,
diabetes, glaucoma, or cardiac conditions. They had to have a
Snellen visual acuity measurement of 20/800 OU or worse and/or
15° or less of the remaining central visual field as determined by
Humphrey automatic visual field testing® (loss =10 dB, size 111
white static, and 31.5 apostilbs of background illumination). Fi-
nally, the patients had to be able to perceive electrically induced
phosphenes produced by contact lens electrical stimulation. Tn
this test, current and voltage were provided by 1 to 6 serially con-
nected photodiodes, each illuminated by a 940-nm infrared light-
emitting diode affixed above the photodiode and powered by
50-mA current. The voltage and current produced per photodi-
ode were approximately 0.40 V and 200 pA with approximately
5 ki) of measured impedance between the comeal contact lens
electrode and the ipsilateral temple return electrode. Stimula-
tion pulses consisted of 50% duty-cycle 5-Hz pulses with a po-
larity change every second and a total duration not exceeding 15
seconds. Thresholds for phosphene recognition in the 6 patients
varied from 2 to 5 photodiodes electrically connected in seties.
The initial current generated varied depending on the imped-
ance from approximately 200 pA for 1 photodiode to 600 pA for
5 photodiodes. Exclusion criteria included unrealistic expecta-
tions of the study, unstable personality, or other significant psy-
chiatric conditions.

After enrollment, each patient provided a complete medi-
cal and ophthalmic history, and a complete medical examina-
tion was performed. As part of the ophthalmic history, a quality-

of-life questionnaire was administered. To rule cut cystoid
macular edema, fundus photography and fluorescein angiog-
raphy were performed unless contraindicated by allergy to fluo-
rescein dye.

Patients answered questions regarding their visual func-
tion outside of the physician’s office. They were asked to de-
scribe their visual perceptions for 7 aspects of visual function
and to give a comparison rating of one eye relative to the other.
These perceptions included brightness, contrast, color, shape,
resolution, movement, and visual field size. Because the ASR
was implanted in the right eve, patients were instructed to use
their left eye as the basis for comparison, to assign a fixed rat-
ing value of 10 to the left eye, and then to compare the right
eye with the left. For example, if the brightness of the 2 eyes
was equal, both would receive a value of 10. If the brightness
of the right eye was subjectively twice that of the left, the right
eye would be rated a 20; if it was half that of the left eye, the
right eye would be rated a 5. 1f the patient had no perception,
a value of O was assigned. In the latter case, if the left eye had
perception but the right eye did not, the left would be as-
signed a value of 10 and the right would receive a 0. Percep-
tions of the 2 eyes were again compared postoperatively and
were also compared with their preoperative values when pos-
sible. For example, if the right eye developed subjective per-
ception even though it previcusly had none, it would be com-
pared with the left because a ratio comparison with a preoperative
value of 0 in the right eye would not be possible.

Preoperative visual acuity testing was performed at least
twice using standard back-illuminated charts from the Early
Treatment Diabetic Retinopathy Study”® (ETDRS) at 0.3 m, with
the patient undergoing cycloplegia (1% cyclopentolate hydro-
chloride, 1% tropicamide, and 2.5% phenylephrine hydrochlo-
ride} and best-corrected visual acuity testing with a retino-
scopic refraction at 0.5 m. Total ETDRS letters correctly
identified were counted until 1 line (5 letters) was completely
missed. If neither of the top 2 lines of ETDRS letters could be
identified at 0.5 m, we recorded a visual acuity of counting fin-
gers or hand motions (HM) at the associated distance as well
as light perception (LP) in 9 visual field sectors.

Testing with the Humphrey Visual Field Analyzer II (Zeiss
Humphrey Systems, Dublin, Calif) was conducted using the I11
and V white static spot sizes in the 30-2 (30° radius) and 60-4
(30°-60° radius) protocols, as well as a custom protocol with a
30° radius and a 4° spot separation, in both preoperative and
postoperative test sessions.

Because Humphrey visual field testing was limited by the
brightness of the instrument test target (10000 apostilbs}, ad-
ditional visual field light-threshold testing was conducted in 9
visual field sectors in a 3 X3 grid with less than 0.1 foot-
candle (ft-c) of background room illumination. This was ac-
complished by using a 0.3-in-diameter optical fiber halogen light
source placed 10 cm from the patient’s eye at the following 9
locations from the patient’s perspective: right-upper, right-
middle, right-lower, middle-upper, middle-middle, middle-
lower, left-upper, left-middle, and left-lower. All positions ex-
cept middle-middle were located approximately 45° from the
optical axis (middle-middle position). Using stacked neutral-
density filters in slide holders, illuminations from 300 ft-c down
to 1 e-4 ft-c in 5-dB steps were used for threshold testing. The
threshold was established in each sector by crossing it at least
3 times in an ascending and descending staircase paradigm. The
testing was continued until all 9 sectors were completed. Both
the implanted and control eyes were tested during the ses-
sions. In patients 1, 2, and 3, this test was implemented by 4 to
6 months postoperatively and in patients 4, 3, and 6, by 2 months
postoperatively. The test is referred to as the nine-sector test.

Electroretinograms and visual evoked potentials were per-
formed preoperatively and postoperatively using an LKC (LKC
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Figurel. Artificial silicon retina (ASR). The modal used hare is 2 mm indiameter and 25 pm thick and containg approximataly 5000 nsgative intrinsic
layar—positive microphot odiods pixels electrically isolated from sach other and separated by 5 pm. Each pixel is 20 % 20 ym squars and is fabricated with a

9% 9-pm iridium oxids slactrods deposited and slactrically bondad to sach pixel Pixal current was 8 to 12 nd with appraximately 800 foot-candlas of illumination.
The ASR microchip was placed within a fabricated Teflon slesve and secured intraoperatively to a saline-filled syrings injactor; it was then depositad within the
reting by fluid flow. A The ASR's size relative to apenny. B, The ASR microchip (original magnification x36). C, The ASR pixals (original magnification > 1400).
[0, Subretinal location of the implanted ASR microchip.

Technelogies, Gaithersburg, Md) or Diagnosys Espion (Diag- 1,2, and 4; weeks 1, 2, 4, 6, and 8; and months 3, 4,6, 9, 12,
nesys LLC, Littletor, Mass) computer signal averaging sys- 15,18, 21, and 24. Fluorescein angiograms were performed at
tem. White or infrared light (940 nm supplied by light- 6 months, and electroretinograms were done at multiple vis-
emitting diodes) wasapplied via handheld Ganzfeld stimulators its, including 1 year postoperatively.

(Optobienics Corporation, Naperville, Ill). The infrared hand-
held Ganzfeld stimulator allowed the determination of iso-

lated implant electrical responses and patient perceptions to m

infrared light in the area of the implant.

The ASR (Figere 1) was implanted in the superior to su-
perior temporal subretinal space (approximately 20° off axis

Fifteen patients with RP were screened for our investi-
gation. Thirteen patients were able to perceive phos-

from the macula) in the right eyes of all patients, who were given phenes, and 6 were selected for ASR implantation. Pa-
general anesthesia. A standard 3-port vitrectomy (irrigation can- tient 1 had isolated RP without a significant family history.
nula, light pipe, and aspiration vitreous cutter) was per- Patient 2 had an extensive vertical autosomal dominant
formed with pars plana lensectomy. A retinal bleb was created family history with multiple affected family members. Pa-
using a cannula and hydrostatic dissection. The retinotomy was tient 3 had autosomal dominant RP with an affected
extended to 2.5 mm using vitreoretinal scissors. The ASR was brother and daughter. Patient 4 had type 2 Usher syn-

inserted through the retinotomy into the subretinal space, and
air-fluid exchange was performed to flatten the retina. Laser
or thermal cautery wasnot required in most patients. The scleral
incisions were closed with absorbable sutures, and antibiotic

drome with no family history of this condition. Patients
5 and 6 were brothers who had autosomal dominant RP
and a vertical family history.

steroid medication was applied. Postoperative follow-up ex- In the immediate postoperative period, the most com-
aminations were conducted according to the study protocol. mon adverse effect requiring intervention was elevation of
Patients visits were scheduled as follows: postoperative days the intraocular pressure (IOP) to higher than 25 mm Hg.
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Visual Function After ASR Implantation*®
ETDRS Automated Hine-Sector
Patient No./ Yisual Acuity Subjective Visual Field Testing
Age,y Follow-up, mo Lens Type Complications Improvement Improvement Improvement Improvement
1/66 18 PCIOL None NA + NA +
2/45 18 Uncorrectedaphakiat None NA + NA ++
376 18 PCIOL None + + NA +
4/73 8 Uncorrectedaphakiat None NA + NA NA
5/59 8 ACIOLt None + + + NA
6/59 8 ACIOL None + + NA NA

Abbreviations: ACIOL, anterior chamber intraocular lens; ASR, artificial silicon retina; ETDRS, Early Treatment Diabetic Retinopathy Study®®; NA, not applicable;
PCIOL, posterior chamber intraocular lens; +, improvement measurable by the testing method; ++, improvement compared with a muscle light of the same

illumination preoperatively.

*Patient 2 had a cataract, and patients 4 and 5 had lenticular opacities that diminished visualization of the ASR during surgery. Patient 5 complained about his
eyeglasses correction for aphakia and received an ACIOL in a second operation. Patient 6 complained of movementin a previously placed PCIOL and was given an

ACIOL in a second operation.
tLensectomy was performed during ASR implantationin 3 patients.

This occurred in patients 1, 5, and 6. The IOP elevation
generally occurred toward the end of the first week. This
elevation was believed to be related to the steroid con-
tained in the postoperative antibiotic steroid drops (dexa-
methasone with either tobramycin, neomycin sulfate, or
polymyxin B sulfate) because the [OP decreased rapidly
when treatment with the drops was stopped but increased
when theirad ministration was restarted. Flevated IOP was
treated with [OP-lowering medication and steroid taper-
ing. After approximately 3 weeks, when the steroid anti-
biotic drops regimen was stopped, the IOP returned to pre-
operative values. Scratchiness in the eye that was operated
on was noted by several patients and resolved after ap-
proximately 6 weeks when the external absorbable su-
tures dissolved. Patient 5 noted aniseikonia between his
aphalic ASR-implanted eye and his unoperated on eye when
using glasses. A subsequent anterior chamber intraocular
lens relieved those symptoms. Another patient noted syn-
eresis of images seen from the implanted eye, which was
believed to be related to syneresis of a previously im-
planted posterior chamber intraocular lens. These symp-
torns substantially improved after replacement of the syn-
eretic posterior chamber intraccular lens with a stable
anterior chamber intraocular lens.

No patient experienced infection, prolonged inflam-
mation or discomfort, undesirable visual symptoms, in-
traocular or retinal hemorrhage, neovascularization, im-
plant rejection, migration, or erosion through the retina.

Patients 1, 3, and 6 were pseudophakic before ASR
implantation. Preoperatively, patient 2, who had bare to
no LP, had a 3+ posterior subcapsular cataract {(<<20/200
view in the affected eye). Patient 4, who had a visual acu-
ity of HM at 1 ft, had a 1+ anterior subcapsular cataract,
1+ nuclear sclerosis, and 1+ posterior subcapsular cata-
ract (20/30 view in the affected eye). Patient 5, who had a
visual acuity of counting fingersat 1 to 2 ft, had a 1 to 2+
anterior subcapsular cataract, 1+ posterior cortical cata-
ract, and O to 1+ nuclear sclerosis cataract (20/30 view in
the affected eye). To facilitate viewing of the implant dur-
ing the procedure, the cataracts were removed from pa-
tients 2,4, and 5 during the ASR operation. Patients 2 and
4 were left aphakic, and patient 5 underwent secondary

anterior chamber intraocular lens implantation approxi-
mately 1 month after ASR implantation.

CLINICAL CHARACTERISTICS

The Table summarizes the clinical characteristics and
results. At the last follow-up visit, there were no ASR-
related complications. The retina overlying the implant
remained clear with patent vessels (Figure 2). Fluores-
cein angiograms showed no signs of neovasculariza-
tion, vascular dropout, disruption, or leakage. In all pa-
tients, the anterior and posterior segments of the eye
appeared quiet. All devices were functioning electri-
cally, as demonstrated by electroretinographic record-
ings of ASR electrical spikes to infrared stimuli
(Figure 3A).

Before implantation, only 2 (patients 5 and 6} of 6
patients were able to read ETDRS letters in either eye at
0.5 m. Preoperatively, patient 5 read 16 to 25 letters OD
and 24 to 28 letters OS, and patient 6 read 0 letters OD
and 0 to 3 letters OS5. These 2 patients demonstrated post-
operative improvements in the total number of ETDRS
letters read (Figure 3B) that were consistent with their
subjective impression of improved central perception of
contrast, shape, and reselution. Six months after implan-
tation surgery, patient 5 read 35 to 41 letters OD and 21
to 28 letters OS5, and patient 6 read 25 to 29 letters OD
and O letters OS. The smallest letters read in the right eye
improved from a Snellen equivalent of approximately 20/
800 to 20/200 OD for patient 5 and from worse than 20/
1600 (no letters read) to approximately 20/400 OD for
patient 6. Patient 3 was unable to read any of the ETDRS
letters preoperatively (<Z20/1600) in either eye but post-
operatively was able to see some of the largest letters with
the right eye only (approximately 20/1280-20/1600 OD)
at12 to 18 moenths (Figure 3B). On multiple tests, posi-
tive responses from preoperative central Humphrey vi-
sual field testing with the size V white static target could
be obtained consistently only for patients 5 and 6. Post-
operatively, only patient 5 demonstrated improved cen-
tral and paracentral visual fields (30-2) in the right eye
on multiple tests (Figure 4).
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Figure 2. Fundus photographs and fluorescain angiograms of an im plantad artificial silicon retina microchip in the supsrior temporal retina. Photograph number
indicates the patisnt number; the fluorescain angiogram (right) is from patient 3. Top to bottom: 2arly, middle, and late phases.

Compared with the unoperated on eye, 2 eyes (pa-
tients 1 and 3) with the ASR showed improvement on
the 9-sector test at 6 months to 1 year after surgery. In
patient 1, threshold sensitivity improved by approxi-
mately 1000% to 1500% in all sectors and was consis-
tent with the patient’s impression that his entire visual
field was brighter in the eye with the implant compared
with the same eye before surgery as well as the unoper-
ated on eye (Figure 5). In patient 3, threshold sensi-
tivities in the right-middle, right-lower, and middle-
lower sectors of the 9-sector test improved at 18 months
by approximately 5000% to 10000% (Figure 5). These
visual field areas of improvement on the 9-sector test were
consistent with the patient’s subjective impression that
his best vision for objects directly in front of him was
achieved when he elevated his chin and used his infe-
riorvisual fields to look straight ahead. Patient 2 showed
consistent LP in multiple sectors of the operated eye on
the nine-sector test compared with her subjective bhare
to no LP in those same sectors preoperatively. These per-
ceptions were in keeping with the patient’s postopera-
tive impression that she developed consistent LP in the
right eve and noticed shadows of people given the proper
lighting conditions. This patient’s 9-sector thresholds did
not improve further beyond 1 year after surgery.

No patient was able to perceive or discriminate color
on preoperative pseudoisochromatic plate color testing.
Postoperatively, patient 5 reported substantial improved
color perception of his environmentsuch as seeing the green
and white of highway signs, red and white of stop signs,
red and white checks on a tablecloth, green grass, and mul-
tiple colors in his environment. These perceptions were con-
sistent with his ability to correctly identify the blue and or-
ange dots of the control isochromatic plate and the red and
green dots of the test plate using the operated on eye. The
unoperated on control eye was never able to perceive col-
ors in the pseudoisochromatic plates.

COMPARATIVE SUBJECTIVE VISUAL FUNCTION
CHANGES AFTER ASR IMPLANTATION

In the first group of 3 patients, at 18 months after sur-
gery, their impressions were that visual function im-
provements had stabilized. In the second group of 3 pa-
tients, at 6 months after surgery, the impressions of 2
patients (patients 5 and 6} were that their visual func-
tion changes had generally stabilized, but patient 4 re-
ported continuing improverment.

Patient 1 had LP in both eyes before surgery. The
preoperative right-left self-reported comparison ratio for
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Figure 3. A, Electroretinograms from patients 1, 2, and 3 at 1 year after implantation, showing parsistent electrical activity of the artificial silicon retina (ASR})
microchip. B, Early Treatment Diabetic Retinopathy Study (ETDRS) chart visual acuity measuraments at 0.5 m in 3 patients. Patients 3, 5, and & demonstrated
improvement in their ETDRS visual acuity in the ASR-implanted right eye. Patient 3 read no letters preoperatively but at 12 to 18 months was able to read several

letters.

brightness was 5:10, and for visual fields it was 2:10. Post-
operatively, the ratios stabilized at 7:10 and 15:10, re-
spectively, at 18 months. The visual field size in the right
eye was subjectively about 750% larger compared with
the same visual field before surgery. Functionally, the pa-
tient reports not having to turn his head to see light com-
ing from the right side.

Patient 2 had bare to no LP in the right eye with LP
in the left eye before surgery. Preoperatively, only the left
eye had subjective perceptions of brightness, contrast,
shape, and visual field size. Postoperatively, she is still un-
able to read any letters on the ETDRS chart. However, she
subjectively reports substantial visual function improve-
ment in the right eye, particularly in the inferior nasal vi-
sual field, that has persisted at 18 months. The self-re-
ported postoperative right-left ratios were as follows:
brightness, 8:10; contrast, 10:10; shape, 10:10; and visual

tield size, 8:10. Functionally, this patient reports being
able to see shadows of people with her right eye

Patient 3 had a visual acuity of HM to LP OU be-
fore surgery. At 18 months after surgery, the patient
noted that preoperatively the right-left ratios had been
7:10 for brightness and 10:10 for shape, resolution,
movement, and visual field size. He indicated that post-
operatively these ratios were 30:10, 35:10, 50:10,
50:10, 50:10, and 50:10, respectively. Functionally,
the patient reports regaining the ability to use night-
lights for navigation at night and can now see move-
ment on television.

Patient 4 had a visual acuity of HM OU before sur-
gery. Preoperatively, the self-reported right-left ratios were
10:10 for brightness, contrast, shape, and visual field size.
Postoperatively, the ratios were variable but improved
in the right eye compared with the left: 15:10,17:15,17:
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10,and 13:10, respectively, for brightness, contrast, shape, ognizes faces again, something he has not been able to
and visual field size. P@stgperague perception of move- do for approximately 10 vears.
ment was noted to be 2:10 relative to what the patient Patient 6 had a preoperative visual acuity of HM
remembered from his youth. Subjectively, this patient in- OU and noted equal visual function in both eyes in all
dicates that when both eyes are used, his overall visual perceptions (10:10) before surgery. Preoperatively, he
function is substantially improved from a rating of 10 pre- recognized no ETDRS letters with the right eye (<20/
operatively to approximately 25 after surgery. Function- 1600 OD) and a maximum of 3 letters with the left
ally, the patient reports now being able to navigate his (20/1600 OS). Postoperatively, the right-left ratios were
yard without a cane and that he can readily tell which variable between days but appeared to maximize as fol-
lights are on at night in his house. lows: brightness, 20:10; contrast, 25:10; color, 20:10;
Patient 5 had a visual acuity before surgery of ap- shape, 20:10; resolution, 20:10; movement, 20:10; and
proximately counting fingers at 1 to 2 {t OU, with the visual field size, 18:10. Functionally, the patient reports
smallest ETDRS letters recognized translating to a Snellen that he can sometimes recognize denominations of
equivalent of approximately 20/800 OU. He noted equal paper money. At times, he 1s able to differentiate the
visual function in both eyes in all perceptions (10:10) color of traffic lights. He also sees well enough to locate
preoperatively. Postoperatively, the right-left ratios were cars in the street and to find his cottee cup at meals.

as follows: brightness, 17:10; contrast, 30:12; color, 17:
10; shape, 15:10: resplution, 35:10; movement, 13:10; and %
visual [ield size, 11:10. Functionally, the patient reports
that he can more easily discern denominations of paper This pilot clinical trial supports the hypothesis that ASR
money, sees well enough to use eating utensils, and rec- retinal prosthetic chips can be sately and consistently
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Figure 5. Results of 9-sector testing. A, The right eye of patient 1 showed improvement in light thresholds of 1000% to 1500% in all sectors. No persistent
changes were noted in the control (left) eye. B, The right aye of patient 3 demonstrated an improvement in light thresholds of 5000% to 10000% in the
right-middle, right-lower, and middle-lower sectors. No parsistent changes were noted in the control {left) eve. Tha threshold improvemants in the indicated
sectors of the right eye in patient 3 wera consistent with this patient’s subjective imprassions.

implanted into the subretinal spaces of patients with
RP. The microchips were well tolerated without dis-
comfort, and patients showed no signs of rejection, in-
fecticn, inflammation, neovascularization, vessel dis-
ruption, retinal detachment, migration, or erosion of
the implant through the retina. These results are consis-
tent with previously reperted findings from animal
studies showing similar biocompatibility of the implant
materials (silicon, silicon oxide, titanium, and ridium
oxide).™ The continued electrical activity of the ASR
microchip is also consistent with similar observations
from animal studies.?®

Regarding subjective responses, 4 of 6 patients (pa-
tients 2, 3, 4, and 5) indicated perception of light sen-
sation to infrared light in the projected visual field of the
implant during testing. Typically, the first test of a ses-
sion resulted in perception of light but not subsequent
tests. This response may be associated with an electrical
capacitive block in the retina that results from the ini-
tial moenophasic electrical stimulus, which prevents re-
peated acute responses (the repetitive light flashes ob-
served by all patients preoperatively as a result of external
contact lens electrical stimulation were caused by bipha-
sic stimulation, which would preventa capacitive block).
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Substantial and persistent visual function improve-
ments were noted in all patients who underwent implan-
tation with the ASR. These improvements spanned sub-
jective immpressions, lifestyle and quality-of-life changes, task
performance, ETDRS letter recognition, color recogni-
tion, Humphrey visual field testing,* and the custom9-sec-
tor test of visual fields. The retinal areas and levels of im-
provement, however, were greater than those expected
from a small ASR chip implanted in the superior to
superior temporal retina and stimulating a small portion
of the retina. Although phosphenes were perceived in
the visual fields correspending to the ASRin4 of 6 patients,
improvements in visual functionalso occurred inretinal vi-
sual fields distant from the implant, including the macular
region. These improvernents were first noted about 1 weel
to 2 months after surgery and continued until approximately
6 to 12 months postoperatively.

The mechanism of visual function improvement in
the retinal areas distant from the implant is unlikely to
be caused by direct ASR electrical stimulation from the
pixels to the retinal cells. The improved perceptions of
contrast, color, reselution, movement, and visual field
size are too great and too complex to be explained by a
direct electrical effect of the implant. A possible expla-
nation of this improvement may be that it is due to an
indirect, generalized neurotrophic effect on the retina from
ASR electrical stimulation.

Consistent with this theory is the observation that
visual function improvements did not appear immedi-
ately. Improvements began from 1 week to 2 months af-
ter ASR implantation and continued for approximately
1 year. Patients 3 and 5 complained of worsened vision
during the first month after surgery before improve-
ment was noted. Patient 2, who had no subjective LP be-
fore surgery, noted inconsistent LP during the first weel
after surgery and then a “quarter-size” light at several feet
in the projected visual field of the implant. In the suc-
ceeding weeks, the spot of light increased to a vertical
oval that covered the left and middle visual fields.

Data from other studies have suggested growth
and neurotrophic effects from electrical stimulation.
The application of electrical currents to a variety of or-
gan systemns may promote and maintain certain cellular
functions. These functions include bone growth,3°
spinal cord growth! and cochlear spiral ganglion cell
preservation.®** Recently, deep brain electrical stimu-
lation of the subthalamic nucleus and globus pallidus
interna in patients with Parkinson disease significantly
relieved tremors and spasticity in these patients.* The
mechanism of improvement has been hypothesized to
involve improved neurotransmitter balance and the
up-regulation of a variety of growth and neurotrophic
factors.33

Neurotrophic factors have been widely reported to
promote and maintain retinal cellular functions. Brain-
derived neurotrophic factor, neurotrophin 4, neuro-
trophin 3, fibroblastic growth factor, and glial cell line—
derived neurotrophic factor have been shown to enhance
neurite outgrowth of retinal ganglion cells and to in-
crease their survival in cell cultures.?™ Glial cell line—
derived neurotrophic factor has been shown to preserve
rod photoreceptors in an animal model of retinal degen-

eration,*® and ciliary neurotrophic factor has slowed
photoreceptor degeneration in mice with retinal degen-
eration, and the Q344 ter rhodopsin mutation with pho-
toreceptor degeneration.* Nerve growth factor injected
into the intraocular space of the C3H mouse with reti-
nal degeneration results in a temporary rescue of pho-
toreceptor cells compared with controls.**

Mechanical injury stimuli, such as a penetrating
wound of the sclera and retina, up-regulate messenger
RNA expression of basic fibroblast growth factor and
ciliary neurotrophic factor and are accompanied by a
transient increase in fibroblast growth factor receptors.
These factors are hypothesized to exert photoreceptor-
protective and rescue effects after injury.” We hypoth-
esize that chronic low-level electrical stimulation to a
partially degenerated retina with RP induces a similar
up-regulation of protective neurotrophic survival fac-
tors that improve the function of remaining but inad-
equately functioning photoreceptors.

Some limnitations of this pilot study should be ad-
dressed. Our study involved only limited controls and vali-
dation of the newly developed 9-sector test. This con-
sisted primarily of using 1 main examiner (A.Y.C.) to
perform almost all of the 9-sector examinations, with as-
sistants recording the results. A few evaluations were per-
formed by other examiners but generally with the super-
vision and guidance of the main examiner. All examinations
of the eye with the implant were accompanied by evalua-
tions of the unoperated on contrel eye to help reveal po-
tential intersession variability and placebo effects. Al-
though multiple preoperative repetition of the 9-sector test
was performed on some of the later-enrolled patients to es-
tablish a preoperative baseline, repetition was not univer-
sally performed with the earlier patients.

Caution is appropriate in interpreting patients’ sub-
jective comparisons of visual function between their two
eyes preoperatively and postoperatively; these percep-
tions could be affected by their belief in whether a sur-
gical intervention (ie, ASR implantation) would help them.
Nevertheless, we felt that the comparison of this type of
information with data obtained from other visual func-
tion tests would be useful.

Finally, 3 of the 6 patients who underwent implan-
tation had cataracts of varying severities, which were sub-
sequently removed during ASR surgery. Although re-
moval of mild cataracts may improve visual acuity at
higher spatial frequencies in normally sighted individu-
als, it is generally acknowledged that the removal of mild
cataracts (20/30 view in the affected eye) would un-
likely affect visual acuity in the range of patient 5 (20/
200 to 20/800) or patient 4 (HM). In addition, removal
of a3+ posterior subcapsular cataract probably would not
improve vision from subjective no-LP to LP with form
recognition in a patient with retinal injury.

Questions for future research include the follow-
ing: Can similar safety results and efficacy responses be
obtained froma larger group of rigorously tested preop-
erative and postoperative patients? If so, can more opti-
mal ASR stimulation parameters be used (eg, voltage, cur-
rent, duration, charge, phase, and chronicity of
stimulation)? Would the implantation of multiple de-
vices be more effective than a single device? If ASR im-
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plantation exerts a neurotrophic effect, would earlier imn-
plantation in specific types of retinal degenerative disease
be more effective? Finally, would patients with other forms
of outer retinal degeneration, such as age-related macu-
lar degeneration, also benelit?

In summary, ASR microchips containing approxi-
mately 5000 microelectrode-tipped microphotodiodes were
implanted into 6 eyes of 6 patients in a pilot safety and
feasibility study. After 6 to 18 months of follow-up, all ASRs
functioned electrically, and no patient showed signs of iin-
plant rejection, infection, inflammation, erosion, neovas-
cularization, retinal detachment, or migration. Visual func-
tion improvements occurred in all patients and included
unexpected vision improvements in retinal areas distant
from the implant. Further study is required to verily these
findings, to assess the optimal settings for ASR stimula-
tion, and to determine the groups of patients most likely
to benefit from ASR implantation.

Submitted for publication July 3, 2002; final revision re-
ceived February 11, 2003; accepted March 20, 2003.

This study was supported in part by Optobionics Cor-
poration, Naperviile, Iil.

We thank Neal Peachey, PhD, and Sherry Ball, PhD, of
the Cleveland Veterans Administration Rehabilitation Re-
search and Development Service and the Cleveland Clinic,
Cleveland, Ohio, for scientific and basic science research sup-
port; and Machelle Pardue, PhD, of the Atianta Veterans Ad-
ministration Rehabilitation Research and Development Ser-
vice and Emety University School of Medicine, Atlanta, Ga,
without whom this study would not have been possible. We
also thank Donald Fong, MD, for reviewing the manuscript.

Dr A, Chow has full access to all of the datain the study
and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

Corresponding author and reprints: Alan' Y. Chow, MD,
191 Palamino Pl, Wheaton, IL. 60187 (e-mail: alanykc
@aol.co).

— 1 EmREe

1. National Advisory Eye Council. Repori of the Retinal Diseases Panel- Vision fle-
search: A National Plan, 1994-1398. Bethesda, Md: US Dept of Health and Hu-
man Services; 1993, Publication NIH 93-3186.

2. Pagon RA. Retinitis pigmentosa. Surv Ophthalmol 1988;33:137-177.

3. BersonEL, Sandberg MA, Rosner B, etal. Natural course of retinitis pigmentosa
over a three-year interval. Am J Ophthaimol 1985;99:240-251.

4. Flannery JG, Farber DB, Bird AC, Bok D. Degenerative changes in a retima af-
fected with autosomal dominant retinitis pigmentosa. fnvesi Ophthalnrol Vis Sci
1989;30:191-211.

5. Santos A, Humayun MS, de Juan Jr E, et al. Preservation of the inner retina in
retinitis pigm entosa. Arch Ophthaimol 1997;115:511-515.

6. Brindley GS. The site of electrical excitation of the human aye. J Physiol. 1955;
127:189-200.

7. Potts AM, Inoue J, Buffum D. The electrically evoked response (EER) of the vi-
sual system. Invest Ophthaimol Vis Soi. 1968;7:269-278.

8. Carpenter RH. Electrical stimulation of the human eye in different adaptational
states. J Physiol 1972;221:137-148.

9. Potts AM, Inoue J. The electrically evoked response (EER) of the visual system,

\I: fnvest Ophthalmol Vis Sci. 1968;8:605-612.

Potts AM, Inoue J. The electrically evoked response (EER) of the visual system, IIl.

Invest Ophithalmof Vis S¢i 1970;9:814-819.

Dowling JE, Sidman RL. Inherited retinal dystrophy inthe rat. J Cefll Biol 1962;

14:73-109.

Humayun MS, de Juan E Jr, Dagnelie G, et al. Visual perception elicited by elec-

trical stimulation of retina in blind humans. Arch Opfithalmol 1996;114:40-46.

10.

1.

12,

20.

21

22.

23.

24.

25,

26.

27.

28.

29.

30.

31

32.

33.

34.

35

36.

37.

38

39

40.

41,

42.

. Dawson WW, Radtke ND. The electrical stimulation of the retina by indwelling

electrodes. Invest Ophthalmol Vis Sci. 1977;16:249-252.

. Knighton RW. An electrically evoked slow potential of the frog’s retina, I: prop-

erties of the response. J Neurophysiol 1975;38:185-197.

. Ghow AY, Chow VY. Subretinal electrical stimulation of the rabbit retina. Meu-

roset Lett. 1997;225:13-16.

. Chow AY. Electrical stimulation oftha rabbit retina with subretinal electrodes and

high density microphotodiode array implants. fnvest Ophthaimol Vis Sci. 1993;
34(suppl):835.

. Peachey NS, Chow AY. Subretinal implantation of semiconductor-based photo-

diodes: progress and challenges. J Rehabif Res Dev. 1999;36:372-378.

. Ghow AY, Pardue MT, Chow VY, et al. Implantation of silicon chip microphoto-

diode arrays into the cat subretinal space. /££F Trans Neural Syst Rehabil Eng.
2001;9:86-95.

. Peyman GA, Chow AY, Liang G, et al. Subretinal semiconductor microphotodi-

ode array. Ophthalnue Surg Lasers. 1998,29:234-241.

Pardue MT, Stubbs EB, Perlman JI, et al. Immunchistochemical studies of the
retina following long-term implantation with subretinal microphotodiode ar-
rays. £xp Fire Res 2001;73:333-343.

Chow AY, inventor; Optobionics Corporation, assignee. Artificial retina device.
US patents 5016633, May 21, 1991; and 5024223, June 18, 1991.

Chow AY, Chow VY, inventors; Optobionics Corporation, assignee. Independent
photoelectric artificial retina device and method of using same. US patent 5397 350,
March 14, 1995; and 5556423, September 17, 1996.

Chow AY, Peachey NS. The subretinal microphotodiade array retinal prosthesis.
Ophthalmic Res. 1998;30:195-196.

Zrenner E, Miliczek KD, Gabel VP, et al. The development of subretinal micro-
photodiodes for replacement of degenerated photoreceptors. Ophthalmic Res.
1997;29:269-280.

Zrenner E, Stett A, Weiss A, etal. Can subretinal microphotodiodes successfully
replace degenerated photoreceptors? Wsion Res. 1999,39:2555-2567.

Pardue MT, Ball SL, Phillips IJ, et al. Status of the feline retina after subretinal
implantation ofan artificial silicon retina for three years. Paper presented at: Third
Annual VA Rehabilitation Research and Development Gonference; February 11,
2002; Arlington, Va.

Allergan Humphrey. The Fiald Analyzer Primer. San Leandro, Galif. Allergan Hum-
phrey; 1989.

Ferris FL I, Freidlin V, Kassoff A, Green SB, Milton RG. Relative letter and po-
sition difficulty on visual acuity charts from the Early Treatment Diabetic Reti-
nopathy Study. AM J Ophthalmo! 1993;116:735-740.

Lagey CL, Roelofs JM, Janssen LW, et al. Electrical stimulation of bone growth
with direct current. Ofin Orthop. 1986;204:303-312.

Kane WJ. Direct current electrical bone growth stimulation for spinal fusion. Spine.
1988;13:363-365.

Palitis MJ, Zanakis MF. Short term efficacy of applied electric fields in the repair
of the damaged rodent spinal cord: behavioral and morphological results. Met-
rosurgery. 1988,23:582-588.

Leake PA, Hradek GT, Snyder RL. Chronic electrical stimulation by a cochlear
implant promotes survival of spiral ganglion neurons after neonatal deafness.
J Comp Neurol 1999;412:543-562.

Leake PA, Hradek GT, Rebscher 5J, Snyder RL. Chronic intracochlear electrical
stimulation induces selective survival of spiral ganglion neurons in neonatally
deafened cats. Hear Res. 1991;54:251-271.

The Deep-Brain Stimulation for Parkinson's Disease Study Group. Deep-brain
stimulation of the subthalamic nucleus or the pars interna ofthe globus pallidus
in Parkinson’s disease. ' £ngl J Med. 2001;345:956-963.

Carvalho GA, Nikkhah G. Subthalamic nucleus lesions are neuroprotective against
terminal 6-OHDA-induced striatal lesions and restore postural balancing reac-
tions. £xp Newrof 2001;171:405-417.

Andrews RJ. Neuroprotection for the new millennium: matchmaking pharma-
cology and technology. Ann N Y Acad Scr. 2001;93%114-125.

Bosco A, Linden R. BDNF and NT-4 differentially modulate neurite outgrowth in
developing retinal ganglion cells. J Meuroser Res. 1999;57:759-769.

Frasson M, Picaud S, Leveillard T, et al. Glial cell line-derived neurotrophic fac-
tor induces histologic and functional protection ofrod photoreceptors inthe rd/rd
mouse. /nvest Ophihaimol Vis Sci 1999;40:2724-2734.

Lavail MM, Yasumura D, Matthes IMT, et al. Protection of mouse photoreceptors
by survival factors in retinal degenerations. fnvest Ophthaimol Vis Sci 1998;39:
592-602.

Lambiase A, Aloe L. Nerve growth factor delays retinal degeneration in C3H mice.
Graefes Arch Clin Exp Ophihalmol. 1996;234(suppl 1):596-5100.

Reh TA, McGabe K, Kelley M, Barmingham-kcDonogh O. Growth factors in the
treatment of d egenerative retinal disorders. Ciba Found Symp 1996;196:120-134.
Wen R, Song Y, Cheng T, et al. Injury-induced upregulation of bFGF and CNTF
mRNAs in the rat retina. J Mewrosel 1995;15:7377-7385.

(REPRINTED) ARCH OPHTHALMOL/VOL 122, APR 2004

469

WWW.ARCHOPHTHALMOL.COM

©2004 American Medical Association. All rights reserved.



