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Abstract

Purpose of review: The goal is providing an update to the latest research surrounding
optoelectronic devices, highlighting key studies and benefits and limitations of each device.

Recent Findings: The Argus Il demonstrated long-term safety after five-year follow-up. Due to
lack of tack fixation, subretinal implants appear to displace over time. PRIMA’s completed
primate trial showed initial safety and potential for improved vision, resulting in ongoing clinical
trials Bionic Vision Australia developed a new 44-electrode suprachoroidal device currently in a
clinical trial. Orion (cortical stimulation) is currently undergoing a clinical trial to demonstrate
safety.

Summary: Devices using external camera for images are unaffected by corneal or lens opacities
but disconnect eye movements from image perception, while the opposite is true for implants
directly detecting light. Visual acuity provided by devices is more complicated than implant
electrode density and new devices aim to target this with innovative approaches.
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Introduction

Optoelectronic devices are devices that can transduce electrical-to-optical or optical-to-
electrical signals[1]. They have a wide array of applications, but one key application is to
restore vision in patients with significant retinal diseases (Summary of devices in Table 1).
Once there is permanent damage to retinal structures, there are few treatments[2]. Several
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different retinal prostheses designed over the last few years have the goal of restoring vision
to patients with significant outer retinal diseases lacking treatment, such as retinitis
pigmentosa and advanced non-exudative macular degeneration with geographic atrophy[3—
6]. The majority of optoelectronic devices currently require some degree of inner retina
function to transmit signals to the optic nerve. One device circumvents the visual pathways
and directly stimulates the occipital lobe[7]. This review will discuss the significance of
retinal implants studied in clinical trials over the past few years, focusing on most recent
updates, and highlight the key findings and differences between them.

Epiretinal Implants

Argus Il Implant—The Argus Il is the first commercially available implant technology
allowing patients with retinitis pigmentosa to regain some visual function. The Argus Il
implant received FDA approval in 2013 for retinitis pigmentosa patients with light
perception or worse vision[8]. The Argus Il system consists of three major components: an
external video camera, external patient-worn system, and epiretinal implant[8]. The video
camera is fixed on a pair of glasses worn by the patient. The patient-worn system supplies
power to the system electronics and converts camera-captured images to corresponding
electrode impulses, which are transmitted to the retina by a microelectrode array. The 2013
build of the epiretinal implant has a 60-channel microelectrode array, although the next
generation implant is planned to have 240 electrodes including peripheral electrodes[9].

As the patient moves his/her head, the camera moves with it, changing the view accordingly.
Because the camera is external to the eye, its movement is not correlated with eye
movement. The images captured by the video camera are sent to the video processing unit,
where they are converted to electrical stimulation pulses, which are transmitted wirelessly to
the epiretinal implant. Receiving the signals, the implant emits small pulses of electricity to
stimulate the cells of the inner retinal layer, bypassing the photoreceptors, and travelling up
the optic nerve. The patient then perceives patterns of light that roughly correspond to the
image[8]. Significant post-implantation training needs to take place to learn how to interpret
the stimulation.

At this point, Argus Il has been implanted in over 300 cases globally[3]. Best reported visual
acuity is logMAR 1.8 (20/1260)[10]. When the patients were tested with the system on
versus off in the grating visual acuity test, patients performed better with the system on,
although most patients reported visual precepts that appeared as moving shadows[11]. Based
on self-report questionnaires, patients noticed significant improvement in orientation and
mobility tasks like finding a door or following a line as well as mild improvements in
activities of daily living and quality of life[9].

Since Argus Il is the first commercially available implant, numerous studies have examined
its long-term effects. A recent one-year follow-up of a cohort of patients showed that the
serious adverse events (SAE) after surgery were conjunctival erosion, hypotony, and retinal
detachment, consistent with the SAEs reported during the original Argus Il clinical trial,
with no new SAEs reported[12]. Vision function testing was similarly consistent with
original clinical trial data. These findings are consistent with five-year follow-up from
clinical trial and while endophthalmitis was reported early in the clinical trial, since the
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introduction of IV antibiotics to the surgical protocol, there have been no further cases[13].
Histopathologic assessment of the optic nerve and retina from patient with chronically
implanted Argus Il showed more optic nerve atrophy in the implanted eye, but no additional
damage in the temporal quadrant corresponding to the location of the array[14]. There was
no evidence of additional tissue damage in the implanted eye at the nontack locations or
histologic evidence of inflammatory reactions, which supports the long-term safety of the
device, although this study only examined a single patient. For the first time, simultaneous
explantation and implantation of Argus Il was completed in a patient, requiring a technically
challenging surgery with potential for hypotony, hemorrhage, and fibrosis complicating the
procedure, although demonstrated feasibility of an exchange[15].

Overall, Argus Il has shown to be reasonably safe over long-term, with the majority of
adverse events occurring shortly after implantation and few new events afterwards[13,16].
However, while questionnaires have demonstrated mild improvements in ADLs and quality
of life, visual acuity with only 60 electrodes remains very limited. Further, due to reliance on
an external camera, the visual field only responds to changes in head position instead of eye
position, greatly differing from the patient’s natural vision and therefore requires extensive
training[17]. Despite these limitations there is an ongoing study in Europe for patients with
geographic atrophy with macular degeneration[18]. The entry criteria for visual acuity in
this study is hand motion of worse.

Intelligent Retinal Implant System (IRIS 11)—The IRIS Il was developed from IRIS
after Pixium Vision acquired it in 2007[19]. It is an epiretinal implant with a 150-electrode
stimulating array that is exchangeable. It consists of the same three major components as the
Argus |1, and similarly, it relies on an external camera attached to a pair of glasses for the
video feed. The images captured by the camera are processed by an external patient-worn
device and the resulting electrical pulses are transmitted to the implant, which generates
stimulation currents to stimulate the remaining neurons of the degenerated retina. There is a
novel event-based image sensor that detects changes directly during image capture stage.
Unlike standard cameras which capture full images of the scene at a specified rate, event
cameras monitor for brightness changes in the scene independently for every pixel[20]. Once
a certain threshold of change in brightness is reached, an event is sent to the camera to
change the pixel display. This offers several advantages including elimination of motion blur
and lower latency and should better mimic human eye function.

A single-arm, open-label, prospective European trial is currently ongoing with 10
participants to evaluate the safety and effectiveness of the IRIS 11[19]. All participants had
entry visual acuity of 2.3 logMAR or worse in both eyes using FrACT test (bare light
perception or worse Snellen equivalent). The eye with worse vision was implanted and at 4
weeks after implantation, the device was switched on for the first time and participants
began intensive training in the utilization of the device. In the square localization test, mean
error was lower in on vs off testing at the 3 and 6-month timepoints. Goldman visual field
testing showed 5/9 participants having a measurable field with the device on while none had
a measurable field with device off. The picture recognition test also showed better
performance in 7/9 participants with device on. However, the study is currently
underpowered to evaluate efficacy and visual acuity was not evaluated. At six months, the
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adverse events that have been reported include ocular hypotony (2/10 pts), persistent pain in
implanted eye (1/10), and vitreoretinal preretinal traction in implanted eye (1/10).

Overall, the IRIS Il has demonstrated reasonable safety at 6 months with a comparable
adverse effect profile compared to the Argus Il implant, although long-term safety still needs
to be assessed. Given the increased number of electrodes compared to Argus Il, there is a
potential for better visual acuity compared to the Argus Il implant, however, future studies
will be needed to further elucidate that. As an epiretinal implant that relies on external
camera like the Argus 11, the visual field similarly responds only to patient head position
instead of eye position, differing from natural vision, and therefore requires extensive
training[17].

OptoEpiret—OptoEpiret is the newly developed epiretinal implant that combines the
group’s former projects EpiRet3 and large stimulating array (VLARS), while adding an
integrated circuit-based optical capturing system[21]. VLARS is a large multielectrode array
that covers a wider area of the retina than other implants, allowing for increased visual
angle[22]. Array sizes for prior implants were limited by the size of the wound needed to
insert the array, however the VLARS is flexible enough to be implanted in a folded state,
allowing for a larger array than other epiretinal devices. The array of photodiodes on the
anterior surface of the integrated circuit records the images and the resulting optical
information is converted by the circuit into stimulation pulses forwarded to electrodes on the
posterior surface[23]. Therefore, the 9mm array can capture visual information, perform
visual processing, and stimulate the ganglion layer. Unlike other epiretinal implants, the
OptoEpiret system does not require an external camera, although it does need an external
device powering the system.

This device has been tested for surgical feasibility in six rabbit eyes, through implantation of
inactive devices. The main adverse events were intravitreal hemorrhage, retinal tearing, and
detachment of the array. Its predecessor, the EpiRet3, had undergone clinical trial with six
patients and was able to elicit visual precepts in patients, but visual acuity was not assessed.
The OptoEpiret is still in the early stages and requires studies of feasibility and efficacy in
humans. The integrated circuit-based optical capturing system makes the implant work
similarly to subretinal implants described below and shares similar benefits and drawbacks.
Light is required to hit the implant before electrical stimulation on the retina is produced. In
doing so, this allows for artificial vision that mimics natural vision, changing the image via
eye movement[24,25]. It supports normal saccades and pursuit eye movements and prevents
image fading through microsaccades. However, it requires corneal and lenticular clarity, as
any blockage in the path of light before it reaches the retina will obstruct vision, as in natural
vision.

Subretinal Implants

Alpha IMS and AMS—AIpha-IMS is a 1500-electrode subretinal implant that converts
light to electrical stimulation within the eye[24]. One major issue affecting the alpha-IMS
was its very short longevity, lasting on average 0.6 years due to corrosion of the hermetic
seal[26]. The alpha-AMS is the improved 1600-electrode version, designed to address some
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of the issues that plagued the alpha-IMS[5]. It has biphasic (alternating current) pulse
instead of monophasic (direct current), a slightly wider polyimide foil to accommodate the
slightly larger chip, and is coated to avoid corrosion of the electrical insulation[27]. There
are three main components: external power supply box carried by the patient, power
transducer implanted subdermally, and subretinal silicone microchip coated with electrodes
on one side. Power starts from the handheld control unit (power supply box) and wirelessly
charges the power transducer[28]. The power then reaches the chip via polyimide foil which
is connected to the subperiosteal induction coil by a silicone cable. The alpha IMS/AMS
works by converting light into electrical stimulation directly in the eye, which has benefits
and drawbacks as described previously (OptoEpiret section).

A clinical trial has been performed with alpha AMS with a cohort of 15 patients with follow-
up up to 12 months[29]. Vision function prior to implantation was light perception without
projection (14/15) or no light perception (1/15). Implant-mediated visual perception was
seen in 13/15 patients, with the other two patients having damaged implants. In the visual
tasks performed, detection (how many) and localization (where) of geometric shapes or table
objects were improved with the device on, although identification of objects did not show
significant improvement. While light perception was possible for most of the patients, only
about half were able to localize light correctly. At 12 months, detection of grating
orientation was improved in patients with implant on versus off, although at several prior
timepoints, there was no statistical significance. Visual acuity was assessed in two patients
with Landolt C-rings with measurements of 20/1111 and 20/546 Snellen visual acuity.
Landolt C-rings consist of rings each with a gap facing varying directions and test the
patient’s ability to determine the orientation of the gap at different distances.

Despite reaching a best visual acuity of 20/546 (1.43 logMAR equivalent), the alpha AMS
still falls short of its expected potential visual acuity of 20/200 (1.0 logMAR equivalent)
given the 1600-electrode array[5]. Previously, the alpha IMS was analyzed and its reported
best visual acuity of 1.69 logMAR was found to correspond to 0.816 phosphenes per
degree[30]. However, the alpha-IMS implant has 2.98 electrodes per degree and would
therefore be expected to have a much better visual acuity[31]. The modifications to the alpha
AMS improved the theoretical longevity of the device compared to the alpha IMS but did
not significantly change the visual acuity.

In the cohort of 15 patients, eight SAEs were experienced in four patients, including
conjunctival dehiscence (2 patients), postoperative movement of implant (2 patients), partial
loss of silicone tamponade (1 patient), and pain in region of implant (1 patient)[29]. A recent
study examining 27 alpha IMS implants and 8 alpha AMS implants found that 15/27 alpha
IMS devices (56%) had displacement of the subretinal chip relative to the optic disc and 7/8
alpha AMS devices (87%) displaced[32]. The mean displacement in both cohorts was
0.66mm. This is likely attributable to the lack of fixation by a tack, unlike epiretinal
implants. Functionally, displacement from the foveal region can result in decreased visual
function, although the displacement observed is relatively small (less than 20% of the size of
the chip).
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Overall, the alpha AMS has a reasonable safety profile based on the trials, comparable to
other retinal implants. The alpha AMS offers the advantage of allowing the patient to utilize
natural eye movements, including pursuits and saccades, therefore requiring less extensive
patient training. However, while it has demonstrated modest improvements in visual
function, the visual acuity fell short of its theoretical potential. Unfortunately, due to patient
dissatisfaction with the resulting visual performance of the implant, the company Retinal
Implant AG dissolved in 2019 and alpha IMS and AMS are now discontinued[33].

PRIMA - Photovoltaic Retinal Prosthesis—PRIMA is a novel system developed by
Pixium Vision aimed at improving visual acuity compared to other retinal prostheses by
utilizing several advancements, including an architecture that allows for a ground grid to
surround each stimulating electrode[6]. It is thought that one of the limiting factors
preventing other implanted devices from attaining expected visual acuity based on pixel
number is that the electrical current generated by the electrodes must travel to a distal
ground, resulting in poor confinement of the electrical field[34,35]. The PRIMA system
consists of an external camera mounted on a pair of glasses, a digital projector, a pocket
computer, and a 378-pixel subretinal photovoltaic array.

The external camera on the glasses captures visual scenes in the environment and sends
them to the pocket computer equipped with artificial intelligence, which processes and
simplifies the images, extracting the useful information. These simplified images are sent
back to the glasses where the digital projector projects the images using pulses of near-
infrared radiation (NIR) onto the subretinal implant. Based on the signals received from the
image analysis system of the computer, a specific laser pattern is projected onto the implant.
This results in specific stimulation of photovoltaic cells in the implant, which converts the
optical information into electrical stimulation to activate bipolar cells. The pulses of light are
in the near-infrared spectrum (880-915nm) to prevent photophobic effects[36]. Since the
initial capturing of the visual stimulus is by the external camera, the visual field responds
only to patient head position instead of eye position, differing from natural vision, and
therefore requires extensive training. Since the light is ultimately projected onto the
subretinal implant, the patient requires cornea clarity and cataract removal for artificial
vision.

In vitro, it was demonstrated that using NIR at the shortest stimulus (1ms) can activate
retinal ganglion cells indirectly (presumably through bipolar cells), which was confirmed by
blocking the synapse during stimulation which subsequently blocked retinal ganglion cell
activation[6]. In rodents, this system showed potential in yielding high spatial
resolutions[36], so a trial in non-human primates was conducted. In three macaques,
implants were placed subretinally, after damage of the retinal photoreceptors using a
vibratome[6]. This study tested the implants through direct stimulation using NIR light
activation. Prior to implantation, the macaques were trained to perform a saccade detection
task entailing gaze fixation on central spot followed by peripheral stimulation introduced
within 9ms of removal of central target. After implantation, in 2/3 macaques, there were able
to generate repeated successful saccades in response to NIR stimulations. Two years after
implantation, the implant-induced responses were still present without change in function. In
the third macaque, there was lack of any behavioral response to implant stimulation and
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further testing showed that it was not possible to activate that implant. Since this study tested
the implant itself, without testing the entire system from the external camera to image
processing and projection onto the implant, the efficacy of the entire system remains to be
tested. While the findings in the study show potential for the device to assist with functional
vision, it is difficult to extrapolate the findings to visual function or acuity in humans.

PRIMA is a novel system developed with the goal of attaining better visual acuity than
current retinal implants can achieve, using a ground grid architecture surrounding each
electrode and NIR activation of photovoltaic electrodes. Since it relies on direct stimulation
of the implant by the NIR light, it requires a clear cornea, lens, and vitreous. Safety and
feasibility of the implant in humans remains to be established, although the clinical trials are
currently ongoing for both the original feasibility study in France and new trials in
Pittsburgh to assess this. Further studies beyond the initial feasibility trials will be required
to demonstrate efficacy in improving visual function and acuity.

Suprachoroidal Implants

Bionic Vision Australia—Bionic Vision Australia created a novel suprachoroidal retinal
prosthesis. The implant is placed between the sclera and choroid, meaning that the surgery
doesn’t breach retinal tissue and therefore doesn’t require vitrectomy or incisions into retina.
This location was also chosen to produce a more anatomically stable location for
implantation. However, as a result of its location, the electrodes are 250-400uM further from
target retinal ganglion cells than in an epiretinal implant[37]. Initial testing showed that the
electrode array, even at that distance, was still able to produce cortical responses[38]. The
setup used in the first-in-human trial consists of a head-mounted video camera and the 20-
stimulating electrode implant, which is connected to two large return electrodes and a third
(remote) electrode via helical lead wire and percutaneous connector implanted behind the
ear[39]. In this trial, light localization testing using four quadrants was improved with device
on versus off and Landolt-C task gave estimated 2.62 LogMAR visual acuity on average
(20/8397 Snellen equivalent). All three patients developed combined subretinal and
suprachoroidal hemorrhages after procedure. In the subsequent 12-month monitoring period,
all three electrode arrays remained functional.

Given the promising results from the prototype implant, Bionic Vision Australia developed
an upgraded 44-channel suprachoroidal retinal prosthesis to provide a wider field of
view[40]. Testing of the new implant was initially performed in 10 felines with four cases of
surgical or stability complications and eight demonstrating safe electrode array insertion,
which enabled continuation to clinical trial. Four patients with light-perception only were
implanted and showed improved ability to discriminate phosphenes in central vs peripheral
locations with the device on vs off as well as improved touch precision in square localization
task in two of the patients[4]. The trial is still ongoing, so long-term safety of the implant
and visual function are to be determined.

Overall, Bionic Vision Australia has demonstrated that the suprachoroidal implant is
feasible. Utilizing an external camera for images sent to the implant means that, like some
existing epiretinal implants, vision is controlled by head movement instead of natural eye
movement, requiring extensive patient training[8]. The initial device with only 20
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stimulating electrodes had a very low ceiling for potential visual acuity, and while 44
channels is an improvement, it will still likely limit the potential visual acuity. Further trials
will need to be conducted to evaluate safety and efficacy of the device.

Cortical implants

Orion Cortical Implant—Orion, created by Second Sight (developers of Argus 1), is a
subdural implant that directly stimulates the visual cortex[7]. It includes the same camera,
video processing unit, and transmitter coil as the Argus Il. The implantable component
consists of a receiver coil and internal circuit that sits on the skull as well as the subdural
electrode grid with 60 electrodes placed on the medial occipital lobe. In theory, this setup
will work similarly as the Argus Il, except the electrical pulses from the video processing
unit will be transmitted to the cortex instead of retina. This should allow for broader
application in patients with significant inner retina and/or optic nerve degeneration.

The implant was initially tested in a single blind patient using a neurostimulator with no
clinical complications and phosphenes were able to be elicited by stimulation. After safety
was demonstrated in that case, an ongoing follow-up study was initiated with implantations
in five blind patients, all of whom reported perceptions of phosphenes when implants were
stimulated afterwards. The external components of the system have not yet been tested with
the implant in patients. Like the Argus I, usage of external camera for vision will utilize
head movement instead of natural eye movement and require significant patient training in
its use. The Orion cortical implant has potential for use in a broader scope of application
than existing retinal implants but is in early stages of clinical testing and still requires long-
term safety and efficacy to be established in clinical trials.

Conclusion

The epiretinal implants were the first retinal implants tested and rely on an external camera
to deliver the electrical signals to the implant. A similar approach is used in the
suprachoroidal implant. In doing so, the cornea and lens are bypassed, so pathology causing
opacities anterior to the retina do not affect the artificial vision. However, since the camera is
mounted on a pair of glasses, the image only changes with head movement instead of natural
eye movement[17,41]. On the other hand, implants that are activated through direct light
activation (alpha IMS/AMS) require light to reach the implant for electrical stimulation, so
any opacities anterior to the retina can block the implant stimulus. In doing so, patient’s
natural eye movements can be used, such as pursuits and saccades, including microsaccades
to prevent image fading[24,25]. The PRIMA implant uses an external camera, so it requires
head movement, but the glasses project near-infrared radiation to the subretinal implant, so
any opacities anterior to the retina can still block the implant stimulus.

There is still much to be understood about how the specifics of an implant affect the
resulting visual acuity and the alpha IMS/AMS project has demonstrated that the solution is
not as simple as maximizing the number of electrodes. Ongoing clinical trials will answer
many of these questions, particularly in how changing the architecture of the chip to include
surrounding ground grid around electrodes will affect visual acuity. As the implants continue
to improve, visual acuity achieved in patients will improve, and additional visual functions
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can be examined. In fact, groups have already started studying ways to modify the Argus Il
camera to provide additional functions, such as thermal-sensing capabilities[42] or using two
head-mounted cameras to enable depth discrimination[43].

Retinal prostheses have the potential to restore vision in patients with otherwise irreversible
loss of vision. While the requirement for functional retinal ganglion cells means certain
conditions like glaucoma or retinal artery occlusion cannot currently be managed with most
of these systems, prostheses that target more upstream pathways such as the optic nerve,
lateral genicular nucleus, or visual cortex may someday be able to treat those
conditions[44,45]. There is a current trial for the Orion implant which provides direct
occipital lobe stimulation. Optoelectronic devices in their application for vision restoration
are already helping patients regain visual function and this technology is still in its infancy.
With time, they will likely be able to improve vision across many etiologies of vision loss
and provide enhanced visual function and acuity.
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Table 1:
Summary of Optoelectronic Devices
Device: Type: How it works: Benefits: Limitations:
ARGUS 11 Epiretinal External camera records Unaffected by corneal or | Visual perception through
s implant with and transmits pulses lens opacities due to fixed camera is

Source: Courtesy of SecondSight

external camera

wirelessly through
microelectrode array to
inner retina

wireless transmission
from camera to array;
long-term safety has
been demonstrated

independent of eye
movement; 60 electrodes
limits potential visual
acuity

IRIS II
/o I

Source: Courtesy of Pixium
Vision

Epiretinal
implant with
external camera

External camera records
and transmits pulses
wirelessly through
microelectrode array to
inner retina

Exchangeable system
allows for replacement;
unaffected by corneal or
lens opacities due to
wireless transmission
from camera to array

Visual perception through
fixed camera is
independent of eye
movement; 150 electrodes
but requires further
studies to demonstrate
efficacy

Source: Courtesy of Pixium
Vision

external camera

and projected via
infrared laser patterns
through the pupil to
subretinal implant, where
photovoltaic array
converts the light to
electrical signals
stimulating bipolar cells

grid around each
stimulating electrode
allowing theoretical
improvement of
resolution

Alpha IMS/AMS (Discontinued) Subretinal Photodiode array in Vision generated Affected by opacities
L 6 implant subretinal space that corresponds with natural | between cornea and retina
- "“ 2y detects light and converts | eye movement due to due to requiring light to
” 4 2N it to electrical signals subretinal implant itself reach the retina; 1500
P — transmitted to overlying directly detecting light (IMS) or 1600 (AMS)
€ retina electrodes but visual
\ . acuity significantly below
S potential
Source: Retina Implant AG,
Reutlingen, Germany, used by
Bloch et al. 2019, licensed under
CC-NY.
PRIMA Subretinal External camera records Design of subretinal Affected by opacities
implant with video that is processed implant includes ground between cornea and retina

due to requiring light to
reach the retina; 378
pixels (electrodes) but
requires clinical trials to
demonstrate efficacy

Bionic Vision Australia

Source: Courtesy of Ayton et al.
2014, originally from Bionic
Vision Technologies

Suprachoroidal
implant with
external camera

External camera records
and transmits pulses
wirelessly through
microelectrode array
through choroid to inner
retina

Unaffected by corneal or
lens opacities due to
wireless transmission
from camera to array

Visual perception through
fixed camera is
independent of eye
movement; 44 channels
(electrodes) limits
potential visual acuity and
requires clinical trials to
demonstrate efficacy

Orion Cortical Implant

Source: Courtesy of SecondSight

Cortical implant
with external
camera

External camera records
and transmits pulses
wirelessly to
microelectrode array to
medial occipital lobe

Unaffected by corneal or
lens opacities due to
wireless transmission
from camera to array;
potential for use in
patients with significant
inner retina and/or optic
nerve degeneration

Visual perception through
fixed camera is
independent of eye
movement; 60 electrodes
limits potential visual
acuity; requires clinical
trials to demonstrate
efficacy and long-term
safety
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