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Preface

The Argus II retinal prosthesis is the first device of its kind to both earn a CE mark for
use in Europe and to be approved by the United States Food and Drug Administration
(FDA) as a humanitarian use device (HUD). Since that time, it has been successfully
implanted in hundreds of patients suffering from profound blindness, uniquely trans-
forming and enriching their lives. With the introduction of the Argus II, what was
once considered the realm of science fiction has at last become reality.

As an approved medical product entering the commercial marketplace, there
has been intense interest focused on the optimal implementation of this device in
the fields of ophthalmology and visual rehabilitation. Much discussion has been
generated as to how it should best be used to help those afflicted by retinitis pig-
mentosa and related conditions. This book is intended as a useful and practical
guide, primarily oriented toward ophthalmic practitioners involved in retinal pros-
thesis implantation and postoperative visual rehabilitation. However, it may also
be of great interest to affected patients and their loved ones who have a scientific
background or inclination.

We have selected the top experts in the field as chapter authors, many of whom
have been working on the Argus project for decades. We are fortunate that much of
the groundwork for the development of the Argus retinal prosthesis was done here at
our home institution, the USC Roski Eye Institute and at the USC Institute for
Biomedical Therapeutics, where the first experimental implants were performed
nearly 15 years ago. Since that time, USC has partnered with Second Sight Medical
Products as well as top ophthalmic centers across the country and the globe to conduct
device clinical trials and, ultimately, to make the Argus II available to the public.

The organization of this book is straightforward. We begin with a brief history of
retinal prostheses as well as some background on bioengineering considerations.
We then delve into the most practical aspects of device implementation: patient
selection, surgical technique, and expected outcomes, both clinical and functional.
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Finally, we focus on future directions for this exciting device. The book concludes
by a chapter on other methods in development to restore sight. It is our hope that this
guide will help eye care professionals around the world in their mission to restore
sight to those blinded by retinal degeneration, those who need it most.

Los Angeles, CA Mark S. Humayun, MD, PhD
Lisa C. Olmos de Koo, MD, MBA
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Chapter 1
Retinal Prostheses: A Brief History

Lan Yue, James D. Weiland, and Mark S. Humayun

An Overview of the Proof-of-Concept Studies and
Visual Prostheses

The eighteenth century witnessed the early explorations in the physiological responses
to electrical stimulation, accompanying unraveling of the mystery of electricity. In
1775, LeRoy created light sensations in the blind by passing electrical currents around
the head. In 1780, Galvani discovered twitching in the muscles of dead frogs’ legs that
were struck by electricity. Two decades later, Volta reported receiving a jolt in the head
and then hearing bubbling sound when he inserted two electrodes in his own ears.
Over the past two centuries, these early experiments at the electrode-tissue interface
have progressively evolved into a variety of programmable, chronically stable bio-
electronic implants, such as visual prosthesis, cochlear implant, pacemaker, deep
brain stimulator, and bladder control, that serve to regulate or restore certain physio-
logical functions (Weiland and Humayun 2008; Niparko 2009; Beck et al. 2010;
Kringelbach et al. 2007; Van Balken et al. 2004). These devices are built upon the
similar basic principles of the extracellular stimulation of the nervous system, though
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they target different neural circuits. Among them, a bioelectronic visual prosthesis is
a device that is intended to restore functional vision in the visually impaired patients
by electrically stimulating the neurons of the visual signal pathway.

Early visual prosthesis experiments investigating the susceptibility of the visual
cortex to electrical stimulation were separately reported by Foerster in 1929 (1929)
and by Krause and Schum 2 years later (1931). They discovered that direct applica-
tion of the electrical pulses to the visual cortex elicited perception of light spots
termed “phosphenes” in both sighted and blind subjects. More specifically, their
pioneering work showed that (1) point stimulation of the cortex produced localized
light perception, (2) location of the phosphene in the visual field roughly corre-
sponded with the site of stimulation, and (3) visual cortex remained functionally
capable of generating light sensation after deprivation of visual inputs for years.

These findings laid the groundwork for the cortical visual prosthesis, the first proto-
type of which was developed and implanted by Brindley and Lewin (1968) in the late
1960s. The prosthesis contains 80 intracranial platinum electrodes encapsulated in a sili-
cone cap, each connected to an extracranial radio frequency receiver that is pulsed wire-
lessly by an oscillator through induction. A 52-year-old woman blinded from glaucoma
and retinal detachment received the surgical implantation of the device and reported to
see phosphenes when the electrodes were activated. The brightness of the phosphenes
was dependent on the pulse frequency and duration. Location of the phosphenes in the
visual field was correlated with the location of the stimulating electrode, and phosphenes
were spatially distinguishable when the electrodes 2—4 mm apart were simultaneously
activated. As the first clinically tested visual prosthesis prototype, the Brindley and
Lewin device further demonstrated the possibility of using a chronic implant to restore
sight and perhaps more importantly, its architecture has the continued influence on the
various visual prosthetic systems that would appear decades later. In the 1970s, Dobelle
et al. (1974) carried out a modified design that incorporated a television camera to feed
the stimulating electronics with the visual input. This device enabled a blind subject to
see discrete phosphenes and to recognize simple patterns including large letters.

Aside from the visual cortex, electrical stimulation at the other locations along
the visual pathway also produces perception of light. In 1969, Potts and Inoue
(1969) recorded electrically evoked potentials in retinitis pigmentosa patients and in
normally sighted volunteers, when stimulated with cornea electrodes. In more
recent years, electrical prostheses interfacing with the visual system, respectively, at
the level of retina, optic nerve, and geniculate nucleus have been described (Dowling
2009; Veraart et al. 1998; Pezaris and Eskandar 2009). There is no consensus on the
ideal site of stimulation as the option is largely governed by the pathophysiology—
each type of prosthesis is limited to treat blindness arising from the damages
upstream but not downstream of the stimulation site. For example, retinal prosthe-
ses would serve best for the outer retinal degeneration, e.g., retinitis pigmentosa
(RP) and age-related macular degeneration (AMD), where the inner retina and the
rest of the visual pathway remain relatively intact and functional, but it is not indi-
cated for diseases such as glaucoma in which the optic nerve is completely damaged
or blindness due to damages to the higher visual centers in the brain.

Retinal prosthesis has recently garnered the most attention among the different
visual prosthesis types perhaps for the following reasons: (1) in comparison with the
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optic nerve in the back of the eye and visual centers in the brain, the retina is easier
to access for surgeries and is associated with lower surgical risks; (2) retinotopic
mapping is well preserved in photoreceptor-degenerated retina, and therefore stimu-
lation site in the retina is highly correlated with the location in the visual field,
enabling less complex conversion of the spatial information from the visual scene to
the physiologically interpretable stimulation pattern; and (3) originating electrical
signaling in the retina takes advantage of the computational power of the remaining
visual circuitry, therefore will be likely to better mimic the normal visual processing.
This chapter will focus on the historical aspects of the representative retinal prosthe-
ses, briefly accounting the background, the advancement, and the future directions.

Retinal Degenerative Diseases and Treatment Options

Retina is a light-sensitive stratified neuronal tissue that lines the back of the eye. It
is ~0.5 mm in thickness, and the retinal neural network consists of several layers of
cell bodies and their neural processes of dendrites and axons, as illustrated in
Fig. 1.1a. The retinal pigment epithelium (RPE) cell layer, lying adjacent to the
neural retina, is involved in recycling the visual pigments and maintaining the health

Ganglion cells

Amacrine cells
sclera choroid

) Bipolar cells
retina

Horizontal cells

Ill'l.l o
| macula Photoreceptors

Retinal pigmented

Pl T FTRT T oI el epitheium (rPE)

rod cone

R B e S

Fig. 1.1 Retina and retinal degenerative diseases. (a) Schematic representation of the stratified
structure of neural retina. Pink-shaded area represents the macular region. (b) Effects of retinal
degeneration on visual field. Left: Visual field of a normally sighted subject; Middle: Central vision
loss in macular degeneration. Right: Peripheral vision loss in retinitis pigmentosa
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of photoreceptors, the light sensor in healthy retina. Visual signals, initiated at the
photoreceptors, sequentially travel through the bipolar cells and ganglion cells and
propagate to the higher visual centers in the brain via the optic nerves (axons of the
ganglion cells). Signals also receive lateral modulation from horizontal cells and
amacrine cells, as part of the neural processing in inner retina. As shown in Fig. 1.1a,
cell distribution profiles are very different in central vs. peripheral retina. Cone
photoreceptors are densely packed in the macula and especially the fovea, while rod
photoreceptors predominate in the peripheral region.

Retinal degeneration involving progressive deterioration and loss of function of
photoreceptors is a major cause of permanent vision loss (Busskamp et al. 2010;
Curcio et al. 2000). AMD and RP are the two most prevalent forms of retinal degen-
erative diseases. Epidemiologic studies show that the onset of AMD occurs pre-
dominantly in the elderly, while RP has an earlier onset in children and young adults
(Wong et al. 2011).

Together, they account for millions of cases of blindness and visual impairment
worldwide. Figure 1.1b shows representative patterns of vision loss in AMD and
RP. AMD begins by primarily affecting photoreceptors in macula, leading to blurred
central vision. As AMD progresses, the blurred area typically grows larger, and the
patient develops blind spots (scotomas) in the center of the visual field (Jackson
et al. 2002). AMD affects 30—50 million people globally and more than two million
in the United States alone (Bressler 2004; Friedman et al. 2004).

Most common form of RP (rod-cone degeneration) starts with progressive
degeneration of rod photoreceptors in peripheral retina resulting in loss of periph-
eral vision and night vision (Hartong et al. 2006; Wells et al. 1993). Degeneration of
rods is followed by damages to RPE cells and deterioration of cones, resulting in the
visual decline from “tunnel vision” to blindness. RP is estimated to affect 1.5 mil-
lion people in the world (Den Hollander et al. 1999).

There is no cure for either AMD or RP, and the current therapies mostly aim to
slow down the cell death and the concomitant vision loss. Nutritional supplements
have been used to prevent the progression of AMD and RP (Richer et al. 2004); anti-
VEGEF (vascular endothelial growth factor) injections and lasers have been used to
slow neovascularization or destroy abnormal vessels in wet AMD (Heier et al. 2012;
Wood et al. 2000). However these treatments are very limited in blocking or reversing
the progression of the disease. Novel treatments such as new drugs, gene therapy, and
cell transplantation are under investigation (Beltran et al. 2012; Rakoczy et al. 2015).

In advanced stages of photoreceptor degeneration, inner retinal circuitry is also
significantly altered. Lack of regular input from the photoreceptors, which are non-
responsive or absent, leads to significant neural remodeling. A number of negative
physiological processes are heralded by advanced photoreceptor degeneration,
including neuronal and glial migration, extensive neurite sprouting of the horizontal
and amacrine cells, formation of the synaptic microneuromas, and evolution of a
fibrotic glial seal that increasingly isolates the remaining retina from RPE and cho-
roid (Fariss et al. 2000; Marc et al. 2003). Despite reorganization and cell loss, the
inner retinal neurons largely retain the capacity for signal transmission.
Morphometric analyses have shown that, based on the nuclei count, nearly 90% of
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the ganglion cells survive wet AMD and the ganglion cell density in dry AMD does
not differ significantly from that in normal eyes, even in retinal areas with virtually
no remaining photoreceptors (Kim et al. 2002; Medeiros and Curcio 2001).
Morphologic studies in severe human RP patients reveal moderate preservation of
inner retinal neurons: 70-80% of the bipolar cells and 25-40% of the ganglion cells
(Santos et al. 1997; Humayun et al. 1999; Weiland et al. 2011). Inner retinal preser-
vation suggests the possibility of vision restoration by establishing a stimulation
mechanism that bypasses the damaged photoreceptor layer and directly interfaces
with the remaining inner retinal neurons.

Fundamentals of Electrical Retinal Stimulation

In bioelectronic retinal implants, an electrode array is placed in close proximity to
the retina, forming an electrochemical interface with the physiological saline.
Current, injected by the stimulating electrodes, passes through the retinal tissues to
the return electrode, either locally placed on the array or at a distant location.
Current delivered into the extracellular region causes charge redistribution on the
cell membrane of the retinal neurons. In cathodic stimulation, negative charges
build up on the outside of the membrane underneath the electrode, driving the intra-
cellular movement of the positive charges from the neighboring compartments to
this region, resulting in strong membrane depolarization close to the electrode and
weak hyperpolarization further away. Firing of action potentials is initiated when
membrane depolarization exceeds a threshold.

For electrical stimulation of a complex neural network such as retina, charge redistri-
bution on the membrane of axons, soma, and dendrites will all contribute to the depolar-
ization of the retinal neurons. The axon initial segment (AIS) of the RGC is located at
the proximal end to the soma and contains a high density of sodium channels.
Extracellular stimulation localized to different compartments of the retinal ganglion
cells shows that the AIS has the lowest activation threshold, followed by other axonal
sections and the soma, with the dendrites exhibiting the highest threshold to the electri-
cal stimuli (Tsai et al. 2012). At the subcellular level, action potentials initiated at one
neuronal element may propagate to another, significantly affecting the temporal and
spatial response dynamics of the cell. For example, it has been demonstrated that activa-
tion of the passing ganglion cell axons that is in close proximity to the electrode may
result in the perturbation of the membrane potential that travels orthodromically toward
the distal end of the axon and antidromically toward the soma (Tsai et al. 2012). The
antidromically propagated depolarization may evoke spiking of the soma that is located
further away from the electrode, causing diffused activation map of the retina. At the
network level, synaptic transmission in inner retina shapes up the indirect activation of
the ganglion cells and presumably in the modulation of the ganglion cell signaling.

Stimulation waveform is identified as a key factor in the response pattern of the
retina. Variations in the pulse strength, duration, and frequency have exhibited influ-
ence on the population selectivity, activation spatial profile, and stimulation
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efficiency (Tsai et al. 2012; Weitz et al. 2014, 2015; Nanduri et al. 2012). The choice
of stimulation waveform also needs to factor in the electrochemical safety
considerations. It has been found in the stimulation of the monkey cerebral cortex
that a monophasic current pulse, consisting only of a cathodic or an anodic phase
that is not charge balanced, creates damages, including loss of electrical excitability
and tissue viability, whereas no damage was noted with biphasic charge-balanced
stimulation of similar strength (Lilly et al. 1952, 1955). It is revealed by these and
other studies (Brummer and Turner 1975) that a symmetry of electrochemical pro-
cesses serves to maintain the integrity of the electrodes and to avoid net charge
accumulation at the electrode-tissue interface which will eventually lead to unsafe
chemical reactions. Retinal implants today mostly employ charge-balanced bipha-
sic waveforms consisting of a cathodic phase for stimulation and a charge-balancing
anodic phase for accelerated electrode discharge.

Development of the Retinal Prostheses

Significant progress in the field of the retinal prostheses was made at the turn of
the twenty-first century. In the late 1990s, Humayun et al. (1999) demonstrated, in
acute settings, that electrical current delivered from a multi-electrode array to
retina generated phosphenes in blind subjects. The subjects were able to report the
location of the perception in their visual field, and track perception as the elec-
trode was moved to different locations in the retina. In another proof-of-concept
trial of acute retinal stimulation, RP patients reported the ability to discriminate
two separate stimulation points (Rizzo et al. 2003). These important pilot studies
revealed retinotopic correlation between the stimulation and the phosphenes gen-
erated, demonstrating the feasibility of using a multi-electrode array to elicit
visual percepts that, to some degree, reflect the stimulation pattern. Since then, the
field of retinal prosthesis has rapidly evolved, spawning the Argus II implant
(Second Sight Medical Products, Inc.) and the Alpha-IMS implant (Retina Implant
AG) that are commercially available, as well as several other prototypes that are
currently in clinical trials.

A retinal prosthesis functions as an integral system that consists of multiple com-
ponents. Typically, it contains an image acquisition device, an image processor, a
stimulator chip, and an electrode array. Images acquired from the visual field are
directly or indirectly translated into the current stimuli that are delivered by the
multi-electrode array to the retina. In a camera-electrode system, images are cap-
tured by a video camera and converted by a specialized processor to the stimulation
patterns that are subsequently delivered to the implanted stimulator chip. In con-
trast, in a photodiode system, the visual information, sometimes preprocessed, is
directly detected by the electrode-coupled photodiodes to generate electrical stim-
uli. When needed, the power and data transmission between the external part of the
device and the implant often take the form of radio frequency (RF) telemetry and/or
optical link that is minimally invasive. Despite similarities in the basic architectures
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Inner limiting membrane

Fig. 1.2 Illustration of the implantation sites of the epiretinal, subretinal, and suprachoroidal pros-
theses. Ganglion cells (yellow) and bipolar cells (purple) are shown, and damaged/eliminated pho-
toreceptors are not shown

of different retinal prosthesis systems, their specific designs diversify, largely
depending on the locations where the electrode array is implanted and the complex-
ity of the implanted electronics. Three main types of retinal implants have been
developed: epiretinal prostheses, anchored to the inner surface of retina; subretinal
prostheses, embedded between the retina and RPE/choroid; and suprachoroidal
prostheses, implanted between the choroid and sclera (Fig. 1.2).

Epiretinal Prostheses

Epiretinal prostheses, sitting on the innermost layer of retina, have several
advantages:

1. Ease of surgery: the prosthesis contacts the retina on the inner surface that is
accessible from the vitreous, and the vitreous cavity makes room for surgical
maneuvers, reducing risks of mechanical damage to the retina.

2. Heat dissipation: besides choroidal perfusion, fluid in the vitreous cavity serves
as an additional heat sink that enhances the removal of the heat generated by the
electronics of the implant, lowering thermal risks for chronic use (Opie et al.
2012).
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3. Proximity to the ganglion cells: this proximity makes it easier for the device to
directly stimulate ganglion cells, and this is potentially useful in extended retinal
degeneration where inner retina circuitry is altered.

The potential drawbacks of the epiretinal prostheses include the difficulty of
implanting the array in close proximity to the retina and the perfused/distorted
visual percepts due to undesired activation of the axons of passage, which may be
overcome by lengthening the stimulation pulse width. A large share of the efforts in
retinal prosthesis development has been directed toward the epiretinal type. Groups
that have reported farthest progress in this arena are Second Sight Medical Products
(SSMP) Inc. in Sylmar, California, USA, Intelligent Medical Implants (IMI) GmbH
(acquired by Pixium Vision SA, France), and EpiRet GmbH in Germany. Devices
from these three groups all use external cameras and wireless power and data trans-
mission to avoid transcutaneous wires.

Two generations of devices, Argus I and Argus II, were developed by SSMP. Argus
I is a first-generation epiretinal prosthesis approved for an investigational clinical
trial by the United States Food and Drug Administration (FDA). Studies on the
Argus I demonstrated the safety of long-term stimulation, motivating the develop-
ment of the more advanced Argus II retinal implant, which received European
Union approval (CE Mark) in 2011 and FDA market approval in 2013. Argus I was
a modified cochlear implant and strictly an experimental device, while Argus II was
designed as a retinal prosthesis intended for commercial use.

The basic operations of the Argus series systems are similar, both consisting of a
miniature camera mounted on a pair of glasses, an external video processing unit
(VPU) worn by the user, as well as an extraocular and an intraocular implant that are
interconnected via a transscleral cable. The camera captures visual scenes and sends
the information to the VPU for advanced pixelation and processing (Fig. 1.3a). The
hermetically packed extraocular electronics, along with a transceiver antenna, con-
verts the RF signals it receives wirelessly from the VPU to the electrical pulses
whose amplitude corresponds to the brightness of the local pixel (Fig. 1.3b).
Stimulation pulses are delivered by the cable to the intraocular electrode array that
is attached to the retina via a tack. On the user side, the most prominent difference
between the two devices perhaps lies in the number of electrodes. The array of
Argus I and Argus II contains 16 and 60 electrodes, respectively. The Argus I elec-
trodes are 250 and 500 pm in diameter, whereas the Argus II electrodes have a
reduced diameter of 200 pm (Fig. 1.3c). Compared with Argus I, the Argus II array
not only contains a higher electrode (pixel) density for increased spatial resolution
but also covers a larger retinal area to accommodate a greater visual angle—an esti-
mated increase from 10° x 10° for Argus I to 11° x 19° for Argus II.

Between 2002 and 2004, Argus I was implanted monocularly in six subjects
blinded by RP (De Balthasar et al. 2008; Mahadevappa et al. 2005; Horsager et al.
2009). Between 2007 and 2009, a total of 30 subjects (29 with RP and 1 with cho-
roideremia) received the Argus II implant in the United States and Europe (Ho et al.
2015). Details of the outcome of these clinical trials will be presented in Chap. 5.
Overall, safety was observed with both devices, and all subjects perceived light
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Fig. 1.3 Epiretinal prostheses. (a, b) External (a) and implant (b) part of the Argus II system. (c)
Electrode array of the Argus I (left) and Argus II (right) implant, containing 16 and 60 electrodes,
respectively. (d) Schematic drawing of the IMI system and the implant prototype. The stimulating
array is circled in red (images reprinted from Hornig et al. 2007)

when the device was activated and they could perform visual spatial and motion
tasks after a short period of training. Furthermore, the restored visual acuity, to a
large extent, depends on the spatial resolution of stimulation—the best grating
visual acuity restored by Argus I and Argus II is 20/3244 and 20/1262, respectively.
As the first retinal implant with regulatory approval, Argus series systems offer
exciting opportunities to study prosthetic vision in a relatively large cohort of
patients. Results from clinical trials provide strong evidence that electronic retinal
implant is effective in restoring meaningful vision to patients blinded by photore-
ceptor degeneration.

The IMI retinal implant consists of a visual interface, a pocket processor and a
retina stimulator (Hornig et al. 2007). IMI operates similar to Argus II and the dif-
ference lies in the wireless transmission. Distinct from Argus II that uses a single
pair of RF transceiver coil for power and data transmission, IMI employs two wire-
less links: RF transmission for power and infrared (IR) optical link for data. The IR
transmitter, consisting of IR LEDs, is embedded in the visual interface and located
in front of the eye. The IR receiver lies intraocular, as part of the implant. The opti-
cal link allows for high data rate, and it can be actively interrupted by simply closing
the eyelid, as an instinctive response in normally sighted people. The prototype IMI
carries 49 iridium oxide electrodes that are connected via a cable to the retina stimu-
lator electronics encapsulated by polyimide (Fig. 1.3d), without additional hermetic
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packaging that would endure in physiological environment. Lack of hermetic seal-
ing likely poses a major obstacle in the chronic use of this system.

Between 2003 and 2004, acute stimulation with the IMI electrode array was
tested in 20 subjects with advanced RP, of which 19 reported light perception. The
visual percepts were reported in different shapes, sizes, colors, and brightness,
even if only one electrode was activated (Hornig et al. 2007). The threshold charge
measured from 15 patients fell within the safe limit of charge capacity of the irid-
ium oxide electrodes (Keseru et al. 2012). The chronic performance of the device
was evaluated in four subjects during a follow-up period of over 9 months, and the
results showed that the implant did not cause tissue damage or abnormal cell
growth in the eye. The patients were able to discriminate two stimulation points
and recognize simple shapes when multiple electrodes were activated (Richard
et al. 2007). Device performance beyond 9 months, however, is unclear. In 2016,
Pixium Vision, which acquired and further developed IMI technology, launched a
clinical trial to assess the safety and effectiveness of IRIS II, a 150-electrode
epiretinal device, in ten patients with retinal dystrophy. Though the technical
details of the IRIS II system are not publicized yet, several distinguishing features
have been unveiled—a higher number of electrodes than the existing epiretinal
systems, an explantable design that allows the electrode array to be safely removed
and a smart camera that captures changes of the visual scene to avoid temporal
redundancy that is common to the conventional frame-based image acquisition
methods.

EPIRET3 is the latest retinal implant model from Epi-Ret. A prominent distin-
guishing feature of EPIRETS3 is that the implant, apart from the external camera
and the image processor, fits entirely within the eyeball, unlike the Argus and IMI
implants that both have intraocular electrodes connected transclerally to extraocu-
lar electronics. This completely wireless design eliminates the need to suture any
component on the outside of the eyeball. The array containing 25 protruding elec-
trodes, each measured 100 pm in diameter and 25 pm in height, were attached to
the macula by two tacks (Roessler et al. 2009; Klauke et al. 2011). These elec-
trodes are manufactured from gold covered with a thin layer of iridium oxide. The
entire implant is coated with parylene C to ensure biocompatibility and encapsu-
lated by silicone to protect the electronics. Encapsulation of the device using a
conformal layer of polymer enjoys the benefit of a compact size but typically has
a shorter lifetime than hermetic packaging (Vanhoestenberghe and Donaldson
2013).

EPIRET3 was implanted in six RP patients in 2006 and removed 4 weeks later,
according to the study design (Klauke et al. 2011). The stimulation thresholds were
within the electrochemical safe limit for charge injection of the iridium oxide elec-
trodes. The protruding electrodes may have lowered the thresholds by having
improved contacts with the retina. The subjects were able to differentiate simple
stimulation patterns, such as a circle or a line. A 2-year follow-up study in five sub-
jects after the removal of the device indicate that, other than moderate gliosis at the
tacks (which were left in place), no major structural disruption or alteration occurred
in the eye (Menzel-Severing et al. 2012).
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Subretinal Prostheses

Subretinal prostheses sit between the degenerated photoreceptor layer and the
RPE. They pass current to the outer and middle sections of the retina (e.g., bipolar
cells), therefore taking advantage of the existing neural processing in these retinal lay-
ers and meanwhile possibly avoiding the direct stimulation of ganglion cell axons that
causes distortion of the visual perception (albeit retinal reorganization of the remain-
ing retinal neurons may result in worse distortion of visual perceptions). The surgery
to implant subretinal devices is considerably more difficult because of having to
detach the retina and/or cut across the highly vascular choroid, and the limited subreti-
nal space puts a constraint on the implant size, but it allows the implant to be held in
place by pressure, without the need of a tack as is used for epiretinal prostheses,
although subretinal implants may use a silicone oil tamponade (Stingl et al. 2013a) to
guard against retinal detachment. Compared to epiretinal implantation where the vit-
reous flow and choroidal perfusion is unhindered, subretinal implantation may block
the fluid communication between the retina and the choroid, obstructing heat dissipa-
tion from the retina and nutrient transport to the retina. Whether this could result in the
atrophy of the retinal tissues around the implant area in the long term is under debate
(Rizzo and Wyatt 1997; Peachey and Chow 1999; Sailer et al. 2007).

Two basic approaches to subretinal stimulation have been developed: one that uses
a standard electrode array and the other that uses a microphotodiode array (MPDA).
From the system perspective, the first approach is similar to the aforementioned
epiretinal implants in the sense that images are acquired and processed by an external
device and the electrode array only functions as a slave current source under the com-
mand of the stimulator chip. In contrast, MPDA itself detects light, eliminating the
need for cameras as the visual scene is projected by the lens on the array. Each micro-
photodiode in the array functions independently by transforming local luminance
level, in a proportional manner, into electrical pulses and directly stimulating the reti-
nal neurons nearby. Since the MPDA is intraocularly located, patients enjoy the ben-
efits of using eye movement, instead of head movement, to scan the visual scene.

Artificial silicon retina (ASR) from Optobionics, a Chicago-based company, is
the first implant of this kind that entered clinical trials (Chow et al. 2004). The ASR
microchip is a silicon-based device that contains approximately 5000 isolated
microphotodiodes each bonded with a 9 x 9 pm iridium oxide electrode. This device
is electrically passive, only driven by light. ASR was implanted in ten RP patients,
and six of them had vision levels that allowed a follow-up of >7 years (Chow et al.
2010). The device was well tolerated, and visual function improvements were
observed in most of the patients, however, mostly in areas far from the implant site
(Chow et al. 2004, 2010). The investigators attributed the improvements to the neu-
rotrophic effects of the implant that rescued or preserved the damaged retinal tis-
sues, rather than the electrical activation of the neurons. Examination of the output
current of these microphotodiodes revealed amplitude of several nA, far below the
pA level needed for neuronal activation (Palanker et al. 2005), thus proving inade-
quate to drive meaningful prosthetic vision if solely relying on the incident light.
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Technological variants that aim to provide enhanced photocurrents are instead pur-
sued in the later MPDA devices.

Alpha-IMS, developed by Retina Implant AG in Germany, also uses a MPDA
for light detection and current generation but includes externally powered circuits
to amplify the photocurrents. Two forms of power supply to the circuits have been
developed: wired and wireless. In the investigational device, power is supplied by
a percutaneous cable that crosses the skin behind the ear, while in the commercial
device (Alpha-IMS), the percutaneous cable is replaced by a subdermal power
module for wireless transmission (Wilke et al. 2011; Stingl et al. 2013b). The
MPDA chip consists of 1500 independently operating elements that each includes
a light-sensitive photodiode connected to a differential amplifier, whose output is
coupled to a square-shaped titanium nitride (TiN) electrode (50 x 50 pm). The chip
has a size of 3 x 3 mm, estimated to cover a visual angle of 11° x 11° and a thick-
ness of approximately 70 pm when placed on the polyimide foil. The investiga-
tional device has an additional 4 x 4 array of light insensitive TiN electrodes on the
tip of the chip for direct stimulation independent from the photodiode outputs
(Fig. 1.4a) (Zrenner et al. 2011; Wilke et al. 2011). It was found from the direct
stimulation that the minimum charge transfer of a single electrode located at the
subretinal space to generate visual percepts was typically between 20 and 60 nC
per pulse (Zrenner et al. 2011).

The interim report of the clinical trial of Alpha-IMS, the wirelessly powered
commercial version of the device, was recently published (Stingl et al. 2015). Since
2009, Alpha-IMS has been implanted in 29 patients with end-stage hereditary eye
diseases: 25 with RP and 4 with cone-rod dystrophy. Within 12 months postopera-
tive, 25 patients reported light perception and 21 showed significant improvements
in the performance of visually guided daily living tasks, recognition tasks and
mobility. Three patients were able to read some letters that subtended a visual angle
between 5° and 10°. The spacing of 70 um between each neighboring electrode
offers a theoretical visual acuity of 20/250. Grating visual acuity measured from
these patients roughly matched this theoretical limit, as the best grating acuity
reported was 20/200. Not surprisingly, visual function outcome depends on foveal
eccentricity—foveal placement of the device allows superior performance com-
pared to the parafoveal and nonfoveal placement (Stingl et al. 2013c, 2015). The
investigators noted a decrease of visual function over time in a number of patients,
due to technical failure of the implants that usually occurred 3—12 months after the
implantation, necessitating explanting the device. One problem common to the
early devices was cable breakage that was caused by the mechanical stress on the
intraorbital cable by eye movement. This problem was successfully solved by surgi-
cal introduction of a parabulbar loop that minimized the stress. Short lifetime of the
hermetic seal is another major issue causing the device failure, as the corrosion of
the chip gradually led to the loss of its function. According to the investigators,
modified encapsulation technology has shown encouraging results in animal studies
and is currently under assessment in the ongoing clinical trial (Stingl et al. 2013b,
2015;). However, long-term implantation success in patients still has not been
achieved.
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Fig. 1.4 Subretinal prostheses. (a) Prototype of the Alpha-IMS predecessor, an investigational
device that includes 16 additional electrodes for direct stimulation. The overview of the implant
(top) and the detailed view of the microphotodiode array (MPDA) with an additional 4 x 4 array
of the TiN electrodes attached to the end (bottom). The MPDA chip consists of 1500 photodiodes
on a surface area of 3 x 3 mm. Figure from Zrenner et al. (2011). (b) MPDA of the photovoltaic
prosthesis developed by the Palanker group. Inset: Blown-up view of a single stimulating element
with three photodiodes in series. Images from Wang, L., Mathieson, K., Kamins, T. I., Loudin,
J. D., Galambos, L., Goetz, G., Sher, A., Mandel, Y., Huie, P., Lavinsky, D., Harris, J. S. & Palanker,
D. V. 2012. Photovoltaic retinal prosthesis: implant fabrication and performance. J Neural Eng, 9,
046014. (¢) IOP Publishing. Reproduced with permission. All rights reserved. (¢) Prototype of the
256-channel Boston retinal implant. Left: Concept of the device with the secondary coil surround-
ing the cornea. Right: Electrodes bonded to the feedthrough of the hermetic case. Images from
Kelly et al. (2011), with permission of Elsevier

Different from Alpha-IMS that relies on external power supply to amplify the
stimulation currents, the photovoltaic retinal prosthesis developed by Palanker et al.
(Palanker et al. 2005; Mathieson et al. 2012) offers an alternative that obviates the
need for complex electrical circuitry and transscleral cabling. Instead of electrical
amplification, this approach adopts optical amplification by converting ambient
visual scene into high intensity near infrared (NIR, 880-915 nm) laser pulsing that
is projected onto the subretinal photodiode array by a video goggle. The laser pro-
jection system increases the photocurrent by a factor of ~1000, theoretically suffi-
cient to drive retinal neural stimulation. Importantly, the laser energy is within
established safety margins. Each element in the photodiode array consists of a cen-
tral iridium oxide electrode surrounded by two or three photodiodes in series to
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increase the dynamic range of the charge injection from the electrodes (Fig. 1.4b).
This device has not yet entered clinical phase; therefore its safety and efficacy in
human subjects are unknown.

The MIT-Harvard group that forms the Boston Retinal Implant Project is one of
the earliest groups in retinal prosthesis. Their subretinal system was derived from
the epiretinal design, and it uses a passive electrode array (i.e., no MPDA) for
stimulation. The group has progressed from the first-generation device that con-
tained 15 electrodes to a new generation 256-channel prototype. The marked
increase in the number of electrodes presented substantial challenges to the elec-
tronic system and hermetic sealing. In order to drive 256 independently controlled
channels, telemetry system with enhanced power capacity and higher data rate is
desired. As shown in Fig. 1.4c, the investigators relocated the transceiver second-
ary coils from the temporal region of the eye to the anterior to allow for an increased
size that improves inductive coupling efficiency with the external primary coils
(Kelly et al. 2011, 2013). The prototype also features a novel design of high-count
256 ceramic feedthroughs in a titanium case (Fig. 1.4c, right), the hermeticity of
which was evaluated to support a lifetime of 5-10 years, although a more definitive
assessment warrants further testing in carefully controlled physiological environ-
ments (Shire et al. 2014; Kelly et al. 2013). This device is currently at the preclinical
stage.

Suprachoroidal Prostheses

Suprachoroidal prostheses have electrodes placed between the choroid and the
sclera. In comparison with the epiretinal and subretinal counterparts, suprachoroi-
dal implants are relatively distant from the retina. This separation potentially
reduces the risks of retinal damage from the surgery and the implant. Abundance of
the blood vessels at the choroid makes the thermal dissipation of less concern as
heat generated at the choroid layer should be carried away by the increased blood
flow (Parver et al. 1983; Hadjinicolaou et al. 2015). But on the other hand, with
lengthened current travel path from the electrode to the target tissue, this stimulation
site may be disadvantaged by the elevated perceptual threshold and worsened spa-
tial resolution (Yamauchi et al. 2005). To better steer the current flow through the
retina, a return electrode is typically located in the anterior part of the eye, for
example, inside the vitreous cavity or on the cornea, to be less invasive.
Semichronic suprachoroid transscleral (STS) prosthesis (Fig. 1.5a) developed by
Fujikado et al. in Japan was tested in two RP patients in 2011 (Fujikado et al. 2011).
The electronic metal case was placed subdermal behind the ears and the implant in
a scleral pocket (6 x 5 mm) formed by cutting a flap in the sclera (Morimoto et al.
2011). The stimulation chip contained an array of 49 platinum electrodes (500 pm
diameter), among which 9 were active. Only four to six out of these nine electrodes
were able to elicit phosphenes within the current limit, and the charge levels were
considerably higher than those reported with the epiretinal implants. Nonetheless, it
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Fig. 1.5 Suprachoroidal prostheses. (a) The STS implant including the suprachoroidal stimulating
array and the remote return electrode. Inset: The exploded view of the stimulating array containing
49 electrodes. Images reprinted from Fujikado et al. (2011). (b) The BVA implant with one remote
return and two other return electrodes on the suprachoroidal array. Inset: The exploded view of the
implant chip consisting of 33 platinum stimulating electrodes and two large return electrodes on
the silicone substrate. Images adapted from Ayton et al. (2014)

allows the patients to localize objects and reach for them better than the chance
level. Neither retinal detachment nor hemorrhage was observed after the surgeries.
The device was removed 4 weeks after implantation so long-term information is not
available.

Bionic Vision Australia (BVA) Consortium, a joint team of researchers from dif-
ferent Australian research institutes, is developing several prototypes simultane-
ously with the aim to achieve wide-view suprachoroidal prosthetic vision and
high-resolution epiretinal prosthetic vision. From 2012 to 2014, their early supra-
choroidal prototype was tested in three RP patients in a Phase I clinical trial. The
intraocular array, inserted in the scleral pocket, consists of 33 platinum stimulating
electrodes (400 and 600 pm diameter) and 2 large return electrodes (2000 pm diam-
eter) on silicone substrate (Fig. 1.5b). The 13 stimulating electrodes on the outer
ring were shorted together to form a large common ground. In addition, a third
electrode was implanted subcutaneously behind the ear, serving as an extraocular
return (Ayton et al. 2014; Shivdasani et al. 2014). Thus the implant contains a total
of 20 individually addressable stimulating electrodes and 4 optional returns. The
intraocular electrode array is connected by a helical lead wire to a percutaneous
plug behind the ear. The plug, similar to what has been used in cochlear implants,
serves as an exposed connector to the external control, allowing direct and flexible
stimulation without the need for complex electronics and telemetry in this early
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prototype. The investigators noted that, in future devices, the plug will be replaced
by wireless communication systems.

Postsurgical monitoring up to 2 years indicates that the implant remains stable
and functional in the suprachoroidal space without causing significant retinal edema
or atrophy. Phosphenes were reliably evoked in all three patients below the charge
density of 158 uC/cm? for 600 pm electrodes and 237 pC/cm? for 400 pm electrode
(Ayton et al. 2014), within the safe limit for chronic stimulation of platinum elec-
trodes (350 pC/cm?). The threshold was found to be dependent on retina-electrode
distance, similar to what was reported on epiretinal implants (De Balthasar et al.
2008). An increase of the threshold was observed over time along with an increase
in the measure of the retina-electrode distance, but the cause is unclear. Various
return configurations were tested, showing higher efficacy with monopolar pattern
(one large return distant from the stimulating electrode) (Shivdasani et al. 2014). In
visual function tests, all three patients were able to localize light spots markedly
better than the chance level, and one patient achieved an estimated Landolt C visual
acuity of 2.62longMAR (20/8397) (Ayton et al. 2014).

Summary

From LeRoy’s experiment in 1775 to Brindley and Lewin prosthesis in 1969 to the
present Argus IT and Alpha-IMS systems that are approved for the clinical treatment
of RP, electrical stimulation of the human visual system has progressed a long way
from intellectual curiosity to reality. Built upon the early proof-of-concept work, the
field of retinal prostheses entered the fast track in the 1990s. The most recent two
decades witnessed the tremendous advancement not only in the development of the
prosthetic systems but also in the understanding of the electrical retinal stimulation.
A variety of the devices, implanted at the different retinal locations, have been put
into preclinical and clinical testing. Electrode characteristics and the key clinical
results of the aforementioned bioelectronic retinal prosthetic systems are summa-
rized in Table 1.1.

A majority of these devices that reached the clinical phase have been demon-
strated to restore useful artificial vision in patients blinded for years from outer reti-
nal degeneration. The vision restored, though still is limited compared with what a
normally sighted person sees, enables the patients to perform visually guided tasks
such as object recognition and mobility. Yet physiological and technical challenges
remain, limiting the visual experience of the subjects. To best mimic the normal
vision in prosthesis patients, new strategies that could add on to the existing pros-
thesis framework have been pursued, primarily in the following directions: (1)
improving the visual acuity, (2) increasing the visual field, (3) enhancing stimula-
tion selectivity, (4) substituting head movement with eye movement for visual field
scanning, and (5) incorporating a retinal encoder in stimulation to better account for
the visual processing. It is in the foreseeable future that with the continued advance-
ment in material science, electronics, and microfabrication, facilitated by further
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understanding of the retinal signal processing, prosthetic vision that better mimics
normal visual percepts will become reality, benefiting millions of blind patients
worldwide.

Compliance with Ethical Requirements Lan Yue declares no conflict of interest.
James D. Weiland holds patents with Second Sight Medical Products, Inc., Sylmar,
CA. Mark S. Humayun has commercial interest and hold patents with Second Sight
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Chapter 2
Retinal Prostheses: Bioengineering
Considerations

Yao-Chuan Chang, James D. Weiland, and Mark S. Humayun

Engineering Challenges

Several retinal prostheses have been tested in clinical trials, and two systems have
regulatory approval, but many technical challenges need to be resolved to enable a
long-lasting, high-resolution device. Microelectronics cannot survive long-term
exposure to water and ions inside the body; thus, new materials or processes are
required for forming thin and robust isolation barriers to protect the electronics. To
support the increased number of electrodes, more efficient electronic circuits with
safe levels of power consumption are needed for parallel stimulation of 100s of indi-
vidual contacts. The electrode array, as the main interface between implant and retina,
can be improved from many aspects. The electrode material must support higher
charge density due to the reduction of electrode size and safety concerns with current
materials. To improve the attachment as well as alleviate damage, the electrode sub-
strates need to be flexible for close fit to the curvature of the retina. In addition, electri-
cal stimulation patterns can be further optimized for ideal visual perception and power
consumption reduction. Finally, the usage of state-of-the-art camera technology and

Y.-C. Chang, Ph.D. (24)

Department of Biomedical Engineering, University of Southern California,
Los Angeles, CA 90089, USA

e-mail: yaochuac @usc.edu

J.D. Weiland, Ph.D. (B<)
Department of Biomedical Engineering, University of Southern California,
Los Angeles, CA 90089, USA

USC Roski Eye Institute, Institute for Biomedical Therapeutics, University of Southern
California, Los Angeles, CA 90033, USA
e-mail: weiland @umich.edu

M.S. Humayun, M.D., Ph.D.

Roski Eye Institute, Institute for Biomedical Therapeutics,
University of Southern California, Los Angeles, CA 90033, USA
e-mail: humayun@med.usc.edu

© Springer International Publishing AG 2018 23
M.S. Humayun, L.C. Olmos de Koo (eds.), Retinal Prosthesis, Essentials in
Ophthalmology, https://doi.org/10.1007/978-3-319-67260-1_2


https://doi.org/10.1007/978-3-319-67260-1_2
mailto:yaochuac@usc.edu
mailto:weiland@umich.edu
mailto:humayun@med.usc.edu

24 Y.-C. Chang et al.

advanced algorithms for video processing has great potential to compensate for the
limited visual task performance shown by patients using lower-resolution devices.

Packaging

Perhaps the most important technology for any medical implant is the hermetic pack-
aging. This requires a set of materials to be used to form a barrier that is virtually
impervious to penetration by water or ions. Since a perfect barrier for an infinitely long
time is not possible, instead leak rate specifications are developed based on empirical
and theoretical models; too detailed to review here, but see Vanhoestenberghe and
Donaldson (2013) and Jiang and Zhou (2010). These specifications ensure that a high
percentage (greater than 99%) of implanted devices will last for decades in the body.
Generally, encapsulation and hermetic enclosure are two commonly used methods that
were described by Donaldson (Vanhoestenberghe and Donaldson 2013) (Fig. 2.1).

Encapsulation

Encapsulation relies on using a conformal layer of material(s) to coat the electronics
(Fig. 2.1: Top). Metals and ceramics are the best water barriers, but depositing thin
films of these materials in a conformal manner is technically challenging. Polymers,
such as silicone, can be applied conformally but have poor water vapor transmission
rates (i.e., water vapor readily passes through silicone). However, good protection
can be achieved if the polymer coating is tightly fit to the surface of the electronics;

Silicon Microchip ngfaoﬁrrr‘r;al

Feedthroughs

Hermetic
Silicon Microchip Case

Feedthrough ‘\

Platform

Seal

Feedthroughs

Fig. 2.1 Hermetic packaging schemes. Top: Encapsulation - Encapsulating the entire electronic
chip with conformal coating provide an ideal protection scheme, but to date no coating technology
has proven adequate for long-term implantation. Botfom: Enclosure - An electronics module is
placed inside an enclosure, which includes a feedthrough platform with conductors and a case or
lid. The feedthrough and case are sealed together
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water cannot condense on the surface after penetrating the polymers. One of the
drawbacks of this strategy is the requirement for a level of surface cleanliness which
is extremely difficult to achieve in practice (Vanhoestenberghe and Donaldson
2013). If the chip surface is not free of particulates or if there is the presence of
voids in the conformal coating, then water can condense at these imperfections and
ultimately lead to failure of electronics. As evidence, some reports show that the
retinal prosthesis devices encapsulated with polymers can survive only for 1-2 years,
thus suggesting process development must be improved before encapsulation
become a viable approach.

Most of the current research on improving the performance of encapsulation
focuses on replacing polymer-based film with different materials. A multilayer,
multi-material film composed of both diamond-like coating and metal films has
been proposed as an alternative to polymer coatings (Weiland et al. 2013). The
structure demonstrates robust ion barrier properties and good conformality around
the corner and edge of the coating, though long-term testing has not been com-
pleted. Ultra-nano-crystalline diamond film has also been used to form an inert
and thin coating layer; however, a better dielectric material might be needed to
embed into the layer due to the insufficient insulating ability at high voltage (Xiao
et al. 2006). Recently, amorphous silicon carbide (a-SiCx:H or a-SiC) has been
used by several groups, due to its excellent dielectric property, resistance to deg-
radation, and capability of deposition when fabricating (Cogan et al. 2003; Sharma
et al. 2012). However, the deposition rate for SiC is relatively slow (0.2-0.5 pm/h)
at low temperature (<400 °C), and the compressive stress of a-SiC intrinsic (0.2—
0.3 GPa) might limit the maximum film thickness (<5 pm) to guarantee good
adhesion and prevent from device distortion. In summary, thin-film encapsulants
remain a research topic that has tremendous potential, but no clear solution at this
time.

Enclosure

Hermetic enclosures demonstrate relatively robust performance; thus, almost all
clinically approved implantable neurostimulation devices adopt this approach.
Traditionally, the titanium or ceramic cases (like a shell) are accompanied by a
feedthrough (a substrate with isolated conductors channeling the electrical signals
across enclosure); combined, the case and feedthrough form a complete enclosure
(Jiang and Zhou 2010) (Fig. 2.1: Bottom). However, compared with the enclosed
electronics, case thickness and feedthrough conductor spacing (pitch) enlarge the
size of implants significantly. For example, the Argus II uses this style of packag-
ing, and the implant size is determined largely by the size requirement for the
feedthrough substrate that has 60 independent stimulus channels. The Argus II her-
metic enclosure represents a great engineering accomplishment, specifically a 10x
reduction in volume and 3X increase in independent channels, compared with the
previous state of the art, which was the cochlear implant. Yet, contrast the dimen-
sions of the feedthrough features (100s of microns), with the minimum size of other
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electronic components used in implants (integrated circuit pads can be made 50 pm
diameter, electrodes can have features below 10 pm, and integrated transistor sizes
are less than 0.1 um), and it is clear that a packaging technology defines the size of
the implant, and relatively large available technology limits further size reduction
of the Argus II and other implants that use enclosures. Functionally, the number of
channels will be limited, thereby limiting the best possibly visual acuity.
Additionally, the present size does occasionally lead to conjunctival erosion, which
may occur less with a smaller implant. Therefore, improving hermetic packaging
technology is critical for both improving resolution and increasing
biocompatibility.

Advanced processing techniques for enclosures have been developed to increase
the density of conducting channels. Suaning et al. proposed a method that places
patterned platinum foil to form lines between two alumina sheets (a ceramic com-
monly used in medical implants) with gaps filled with alumina particles suspended
in viscous liquid (Suaning et al. 2006). Subsequent high-temperature operation pro-
motes crystal growth in alumina, thus fusing the sheets. To connect with the internal
electronics, holes corresponding to the bond pads are drilled through one of the
alumina sheets. Schuettler et al. achieved 360 channels in a feedthrough with dimen-
sion less than 25 mm? by a screen printing approach (Schuettler et al. 2010). Another
group fabricated high-density feedthrough with a stack of alumina layer and plati-
num wire in interlocking pattern (Gill et al. 2013) (Fig. 2.2). With proper heat tem-
perature operation and compression, the transverse cutting section normal to the
wires results in a patterned grid of platinum conductors in order, with helium leak
rate less than 8 x 10~!" mbar-1/s, which is generally considered an acceptable leak
rate, though this must also consider the implant volume.

Fig. 2.2 High-density feedthrough technology. Front view shows a patterned grid of platinum
conductors embedded in alumina substrate. Image from Gill et al. (2013)
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Electronics Module

The electronics used for retinal prostheses are varied and encompass several sub-
specialties of electrical engineering. The connection between the camera and the
electrode array constitutes a signal chain. The most complex signal chains involves
the following steps: (1) conversion of video data into digital data format; (2) pro-
cessing of the digital camera data to convert brightness detected in a particular
region into a level of stimulation to be applied to the retina; (3) encoding of the
stimulation levels for all electrodes into a serial data stream; (4) generation of a
wireless, radio frequency transmission signal that carries both power and the serial
data stream to the implant; (5) RF energy transmission between a pair of well-
aligned inductive coils, one external and one implanted; (6) power recovery and
data decoding from the received RF signal; and (7) generation of stimulation pulses
based on the camera input. Steps 1—4 are done in a wearable external system, steps
6 and 7 are done in the implant, and step 5 links the two. The signal chain can be
simplified, in some ways, by placing the light-sensing element inside the eye, which
will eliminate some of the steps above, but add complexity to the implant design,
which in this case must have electronics for photon detection as well as stimulus
current generation.

For those systems using an external camera, both camera and supporting hard-
ware do not represent significant technical challenges. Rapid advances in cell phone
camera quality and miniaturization benefit the external system by making available
camera hardware that meets the specifications in terms of pixel density. In contrast,
greater design challenges remain for the wireless transfer of data and power and for
the design of efficient stimulator electronics. Reviews of these areas are listed
below.

Telemetry

Wireless transmission of data and power has been adopted for most retinal pros-
thetic systems, due to the requirement for small size and continuously refreshed
data. Devices that operate on batteries, such as deep brain stimulators, are implanted
in the upper trunk and thus have room to accommodate batteries, whereas the orbit
is space constrained. Retinal implants must be constantly fed with the latest camera
data, so a wireless data link is required. Deep brain stimulators run on preset stimu-
lation parameters and only update data during a clinic visit using special external
programming hardware.

Since the wireless power and data transmission has the potential to interfere,
design of retinal prostheses should consider power and data together. However, a
fundamental conflict exists when choosing the optimal wireless transmission fre-
quency. Data and power are often transmitted using the same radio frequency signal.
Data is encoded by modulating the amplitude or phase of signals. The implant elec-
tronics recovers both power and data from this signal, for implant operation. For
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advanced retinal prosthesies, the data rate should be on the order of megabits/sec
and the carrier frequency to reliably support such a data rate is typically set to an
order of magnitude higher, say 10 MHz (Zhou et al. 2008). Yet, to maintain the
power transmission efficiency, the frequency needs to be set under 10 MHz due to
signal attenuation across tissue and internal AC-DC conversion (Wang et al. 2006).

Multiband transmitters which separate the frequencies for power and data indi-
vidually have been regarded as one of the most effective approaches for retinal
prosthesis RF transmission. In this approach, different transmitter and receiver coils
were designed and embedded in the device for power and data links (Chen et al.
2013). The power signal requires larger coils and operates at lower frequency for
efficient power transmission, whereas the data signal can be transmitted through
smaller coils at higher frequency, since the data signal demands lower power.
Although the efficiency can be dramatically improved, such a system requires care-
ful design to prevent interference or cross talk between the links. Previous study has
shown that a 256-channel retinal prosthesis system with dual band telemetry can be
realized on the bench top, thus indicating that the technique might be feasible in a
clinical device (Chen et al. 2013).

Optical transmission of both power and data has also been studied for other reti-
nal implants. For a subretinal prosthesis, a optobionic microphotodiode array was
proposed to directly convert incident light to electric power, but the generated power
is not sufficient to activate neurons on the retina (Palanker et al. 2005). The other
optical application was presented by Gross et al. who combined the infrared optical
data link with inductive power link (Gross et al. 1999). This design was ultimately
included in the IMI epiretinal prosthesis. The optical data link can achieve a data
rate of 200 Kb/s.

Integrated Circuit

Depending on the type of retinal implants, generally, the integrated circuit (IC)
needs to perform multiple functions, including AC-DC conversion (if using induc-
tive power), data demodulation (if using wireless data transmission), digital control,
analog voltage or current stimulus, and reverse telemetry (from the implant to an
external system) for diagnostic information about the implant. Among them, the
design of voltage drivers is challenging since both positive and negative voltages are
needed for supplying adequate anodic and cathodic current for charge balanced
stimulation. The size and power consumption are other competing requirement for
the stimulator chip.

Liu et al. have designed, fabricated, and tested several generations of multichan-
nel stimulator IC for retinal prostheses. The most recent contribution of the group is
to completely embed the data demodulation, timing controlled rectification (power
efficient AC-DC conversion), digital control, and 256-channel independent stimulus
drivers into a compact system (Chen et al. 2010) (Fig. 2.3). In particular, the timing-
controlled rectifier eliminates a great amount of power loss, when compared to a
typical diode-based rectifier, during AC-DC conversion. IC area is reduced with the
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Fig. 2.3 Chip microphotograph of the 256-channel epiretinal stimulator manufactured by Liu and
colleagues. The chip has integrated power conditioning and data decode, and 256 independent
output channels. (Image from Chen et al. 2010 with permission from IEEE)

advance of circuit-under-pad layout which utilizes multiple metal layers in the pro-
cess to place bond pads over the circuitry. This platform was validated as functional
in a benchtop end-to-end system validation (Chen et al. 2013), with real-time visual
feedback and wireless power/data links (Fig. 2.4).

Ortmanns and colleagues have created a 232-channel stimulator chip which was
manufactured in 0.35 pm CMOS fabrication (Ortmanns et al. 2006). The overall
size of the chip is less than 5 x 5 mm, and its high-voltage feature allows high stimu-
lus current through small electrodes. They also constructed a charge-balancing
scheme to balance the current sources without the need for large capacitors on every
output, thus reducing the accumulated charge on electrodes which might ultimately
results in neural injury and saving space on the overall implant size. The balance
pulse will be triggered when recorded electrode voltages between pulses exceed
+50 mV.

A chip with 256 channels has been developed in 0.18 pm CMOS, as part of a
subretinal prosthesis (Shire et al. 2012). Similar to other epiretinal applications, the
chip contains power/data telemetry modules and reverse low-rate data link for mon-
itoring the electrode voltage on any output and transmission. This chip is not
designed to reside underneath the retina; rather the proposed system uses a
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Fig. 2.4 The exemplary system diagram of the verification platform for epiretinal prostheses with
multiband approaches. (Reproduced from Chen et al. 2013, with permission of IEEE)

microelectrode array as a retinal interface. The drivers are designed with high-
voltage components allowing of a wide range of stimulus current and can be config-
ured as sources or sinks arbitrarily for current steering.

Another retinal stimulator with 96 channels has been designed for allowing cur-
rent steering between local sources and sinks which presumably can facilitate
focused stimulation to the intended site (Dommel et al. 2009). The voltage drivers
of this chip are implemented by specific high-voltage transistors which are fabri-
cated in 0.35 pm process, whereas the remaining chip features are operated with
low-voltage transistors for space and power saving. For localized stimulus, the chip
contains special switch design that allows any electrode to be configured as either a
center current source or within a group of six surrounding sinks forming a hexago-
nal pattern near the source. This concept has been tested on a test chip which accom-
modates 14 hexagonal electrode mosaic with switching and two current drivers. The
other feature of this chip is to short all electrodes for dissipating accumulated charge
during the intermediate period between stimuli. This is another approach to ensure
charge balance without the need for large capacitors on each output.

A high-density 512-channel retinal stimulator chip has been developed for sup-
porting higher-resolution retinal prostheses (Monge et al. 2013). A novel feature of
this chip is autocalibration circuitry on the output, which can be used to improve
stimulation precision and eliminate charge accumulation. The use of 65 nm transis-
tors in the design allows an increase in output channels as well as a reduction in chip
size to 4.5 x 3.1 mm?, which has the potential to be installed entirely inside the eye
if proper packaging techniques are used. The whole chip is operated at +2.5 V to
reduce power consumption. However, with this choice of a low voltage supply, the
output current range might be limited.



2 Retinal Prostheses: Bioengineering Considerations 31
Electrode

With the advance of retinal prostheses, such as the Argus II and Alpha-IMS, elec-
trode technology, especially in term of fabrication, has been improved significantly
for implantable bioelectronics. Conventional implants, such as deep brain stimula-
tor cochlear implants, only require handmade electrode assemblies, featuring sev-
eral platinum contacts supported by a polymer substrate. In contrast, due to the
requirement for a comparatively high number of densely spaced contacts, to match
the 2D retinal structure, photolithography and micromachining techniques have
been used to fabricate these arrays. In addition to using advanced manufacturing
techniques, the electrode materials have been improved to compensate for limited
electrode size and allow adequate charge injection capability. Argus II and Alpha-
IMS take advantage of state-of-the-art platinum gray and titanium nitride, respec-
tively. Both are superior to bulk platinum, which s typically used for neurostimulation.
Compared with 0.1-0.35 mC/cm? charge injection capability for platinum (Rose
and Robblee 1990), the platinum gray and titanium nitride have pushed the limits to
1 and 0.9 mC/cm? (Zhou et al. 2013; Weiland et al. 2002). The electrode array sub-
strate serves to hold in place the electrodes. Since this serves as a mechanical inter-
face with the retina, care must be taken to avoid a design that will damage the retina,
which is a very delicate tissue. Most devices use polymer substrates that have an
integrated cable and lead to connect the electronics with the electrode array. In con-
trast, the Alpha-IMS has electrodes patterned directly on the silicon IC. This has the
advantage of avoiding complex routing schemes to connect the electronics and the
array, but the silicon IC is rigid compared to a polymer array, and can potentially
damage the retina.

Visual field and acuity is another fundamental problem facing retinal prostheses.
The structure of human retina is a roughly 2.5 cm diameter hemisphere attaching to
the back of the eye, spanning approximately 60° nasal and superior field, about 70°
inferior field, as well as 90° temporal field (Barton and Benatar 2003). To com-
pletely cover the entire retina, an electrode array with z * (d/2)* or almost 5 cm?
dimension is required. For an epiretinal prosthesis, the array size is mostly limited
by the incision that can be safely made in the implant surgery (less than 5 mm). A
wide-field foldable array that can be inserted through a 5 mm eye incision has been
proposed by Ameri et al. (2009). This approach can potentially provide a visual
field of 34° once it expands in eye, compared with 19° for Argus II and 11° for
Alpha-IMS. Based on this concept, subsequent development has been tested
through long-term implantation in animal eyes to validate its feasibility (Zhang
et al. 2013). On the other hand, subretinal implant size is mainly limited by the risk
of retinal detachment attributed to the insertion of an array underneath the retina.
With the increase of subretinal array size, a higher risk of detaching the entire retina
can be expected. Retinal detachment has disastrous and irreversible consequences
for retina health, so the surgery process for the subretinal implant Alpha-IMS
includes a silicone oil injection to mitigate the likelihood of retinal detachment
(Stingl et al. 2013).
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Visual acuity is used to measure the spatial resolution of a visual system. For
people with normal visual acuity (20/20 vision), two points separated by 1 arcmin,
equivalent to 4.5 pm of retina, can be resolved. Based on this finding, the electrode
pitch (the distance between the centers of two adjacent electrodes), size, and
electrode-retina contact would contribute the perception of retinal implant users.
The best reported visual grating acuities for Argus II and Alpha-IMS user are
20/1260 and 20/546, respectively, which roughly matches the theoretical limits of
electrode spacing (525 and 70 pm) (Yue et al. 2016). Practically, since a threshold
amount of charge is required to create a perception of light, the electrode size cannot
be selected arbitrary small (since the amount of safe charge is reduced with elec-
trode area). The contact between retina tissue and electrode is another factor for
acuity, since the retina, along with the surrounding physiological vitreous, can be
regarded as inhomogeneous conductive medium. The vitreous (or saline after vit-
rectomy) is more conductive than the retina and underlying tissue. Thus, there exists
the scenario that stimulus current, from an electrode away from the retina, preferen-
tially passes through the vitreous, parallel to the retina, and disperses current signifi-
cantly. Special recessed electrodes have been developed for constraining the electric
field or increasing selectivity (Suesserman et al. 1991; Wilke et al. 2011). For the
subretinally implanted recessed 3D electrode, the bipolar cell has further been found
to migrate into the cavity of electrode, thus inducing a more selective and robust
neural interface although device removal would be more complicated (Butterwick
et al. 2009; Dijilas et al. 2011) (Fig. 2.5). Some groups use localized return elec-
trodes near the stimulating electrode to confine the stimulus current and achieve
focal activation of neurons (Palanker et al. 2005). Recently, Habib et al. (2013)
tested the performance of a hexagonal electrode array that has one stimulating elec-
trode surrounded by six “guard” (return) electrodes through a whole mount rabbit
retina model. The results show that the difference of RGC thresholds inside and
outside of the hex guards can be enlarged to twofold higher, implying the ability for
localized stimulation (Habib et al. 2013). However, since the proximity between
stimulating and return electrode caused current shunting through more conductive
saline rather than retina, the required current threshold is elevated as the stimulation
efficiency declines compared with simple monopolar configuration (which uses a
distant return electrode and forces current to pass through the retina).

Electrical Stimulation

Various electrical stimulation strategies have been used to improve the performance
of visual perception from different perspectives. Theoretically, since visual percep-
tion is determined by the types of activated neurons, selective electrical stimulation
of specific neurons can change the actual perception. Moreover, since about 20 dif-
ferent circuit network mosaics in the retina have been identified for extracting dis-
tinct visual information (Dacey 1999), the stimulation patterns that can produce
firing patterns specific to each mosaic have been investigated to generate more
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Superposition

Fig. 2.5 Example of a recessed 3D electrode, array and its implant performance. (a) Geometries
of a 3D recessed electrode. (b) A fabricated electrode array. (¢) The endoscopic control of the
subretinal implant position. (d) Neuronal integration of the P23H rat retina in a 3D retinal implant
well. Blue DAPI nuclear staining shows the cell nuclei integrating the well. Red GFAP immunola-
beling shows the absence of a major retinal gliosis at the site of integration in retinal implant well.
Green Goa immunolabeling visualizes ON bipolar cells integrated into the implant well (arrow).

natural input to the visual cortex. The stimulation efficiency has been also addressed
to manipulate the threshold of neurons or alleviate phosphene fading in response to
continuous stimulation.

Selective Stimulation

The final output of the retina is retinal ganglion cells (RGCs) that collectively trans-
mit preprocessed visual information to the brain, and those neurons are the main
targets for retinal prosthetic research since the visual percepts are mostly deter-
mined by their activation patterns. The RGC neurons can be activated directly by
sufficient depolarization of the RGC membrane or indirectly via synaptic transmis-
sion from activated bipolar cells (BP). Studies have shown that RGCs are more
easily excited by short duration pulse (<150 ps), whereas BPs tend to respond pref-
erentially to longer pulse width (Margalit and Thoreson 2006; Fried et al. 2006;
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Fig. 2.6 Spike thresholds for several stimulation configurations. Region adjacent to the center
recording electrode (R) on the hexagonal array is shown, with filled circles indicating active elec-
trodes for stimulation and open circles denoting unused electrodes. All active electrodes were
simultaneously stimulated at the same current amplitude. In addition to the standard setup (/ef?),
three alternative configurations were tested: all neighboring electrodes, three electrodes, and a
single neighboring electrode. Threshold currents are shown as averages over eight cells and indi-
cate lowest value found when multiple electrode combinations were tested. Corresponding charge
densities were 0.09, 0.22, 0.25, and 0.32 mC/cm?. Electrodes were 60 pm apart. (The figure is
redrawn and reproduced from Sekirnjak et al. (2006), with permission from the American
Physiological Society)

Freeman et al. 2010). For ideal retinal implants, each electrode should only activate
nearby RGCs, thus forming small round visual percepts. However, precious clinical
study for patients with Argus II epiretinal implants reported most evoked percepts
by single electrode were elongated and aligned with the estimated axon paths in the
retina, suggesting the activation of axon bundles (Nanduri et al. 2011, 2012).
A similar phenomenon has also been validated through electrically elicited responses
in salamander and rodent model using calcium imaging techniques (Behrend et al.
2009; Weitz et al. 2013). To prevent streak-like perceptions, longer duration pulse
has been used to produce more confining retinal responses to the site of the elec-
trode through indirect stimulation (Freeman et al. 2010). Chichilnisky et al. demon-
strate that the manipulation of spatial patterns of current injection generated by
high-density multielectrode can be used to selectively evoke action potential firing
from individual ganglion cells, thus increasing the spatial resolution of stimulation
(Sekirnjak et al. 2006; Jepson et al. 2013) (Fig. 2.6). In subretinal stimulation, the
anodic-leading current pulse has been shown to result in differential thresholds for
ON and OFF cells which might further be applied on targeted stimulation of ON/
OFF signaling pathways (Jensen and Rizzo 2006).

Stimulation Encoding
In addition to targeting a specific cell type, any electrical stimulation protocol that

seeks to create a more natural visual signal must recreate the typical spatiotemporal
response. Ideally, such an approach could manipulate perception in terms of
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luminance, contrast, shape, color, and motion. Electrophysiological studies have
shown that the response of RGCs can be predicted through a linear-nonlinear (LN)
cascade model with a difference-of-Gaussians or wavelet-shaped characteristic
spatial profile (Frishman et al. 1987; Meister and Berry 1999; Van Rullen and
Thorpe 2001). Based on that idea, Bomash et al. have developed an adaptable LN
model for a wide range of stimuli to more precisely investigate population encod-
ing (Bomash et al. 2013). Eckmiller et al. proposed an encoder which models
receptive field properties of primate RGCs as individual spatiotemporal filters
(Eckmiller et al. 2005). For each filter, the parameters were trained through machine
learning algorithms iteratively supervised with subject feedback to mimic the reti-
nal information processing. The visual inputs from an asynchronous contrast sen-
sor was also used for reconstructing the spatiotemporal properties of several RGC
groups and possibly outperforms the frame-based inputs in term of temporal preci-
sion (Lorach et al. 2012). Recently, involuntary eye movements including micro-
saccades, drifts, and tremor were incorporated in retinal models. The result showed
that the visual sensitivity to both spatial and temporal changes in luminance can be
ameliorated (Olmedo-Paya et al. 2015). Yet, none of above conceptualized meth-
ods has been successfully applied on real retinal prostheses mainly due to the con-
straints on the electrode size. It is not yet possible to control single RGC or bipolar
cells with a retinal prosthesis, which is necessary for the biological models to be
effective.

Stimulation Efficiency

A more pertinent concern for clinical retinal implants is stimulus efficiency.
Using lower stimulus intensity can extend the battery life of the external system
(which supplies power for the implant). For the epiretinal implant Argus II, add-
ing an interphase gap between the symmetric cathodic-first biphasic pulses or
altering the stimulus to asymmetric anodic-first pulse with unbalanced duration
can effectively reduce the required electrical stimulation thresholds (Weitz et al.
2014; Chang and Weiland 2016). Perceptions fade when high stimulus rates are
used, but if stimulation pulses are applied at too low a rate, the percept will
flicker and be less useful. For subretinal Alpha-IMS implants, the working fre-
quency for stimulation is typically set to 5-20 Hz, and some patients claim that
the lower frequency option helps in alleviating phosphene fading (Stingl et al.
2015). Another fading-resistant strategies proposed by Freeman and Fried
include interleaving longer duration desensitizing pulses (1 ms) between the
short duration (200 ps) stimulating pulse trains delivered as a function of incom-
ing luminance (Freeman and Fried 2011). The desensitizing pulses are proposed
to diminish the synaptically mediated response which is believed to cause desen-
sitization, thus allowing luminance-driven pulse to elicit one to two spikes per
pulse through direct activation of RGC. Until now, this strategy has not been
experimentally validated.
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Cameras and Video Processing

State-of-the-art cell phone cameras have vastly superior resolution compared with
the retinal implant electrode array; therefore, little engineering research is needed
on camera technology, except for incorporating depth information to aid in detec-
tion of important obstacles. However, since the visual perception integrates not only
the signal from the retina but also the motion of eye/head and proprioception, cam-
era positioning becomes a critical issue for prosthesis user to obtain a more natural
perception. Video processing algorithms have potential to improve the performance
of retinal prostheses through selectively highlighting important areas (nearby
objects) and attenuating irrelevant background scene (far in distance).

Camera Positioning

The Alpha-IMS has imaging capability positioned underneath the retina. The
electrically-evoked vision, eye and head coordinates naturally since the imaging
components are located inside the eye thus move along with the eye. In contrast, the
cameras of epiretinal implants are usually externally installed on a glasses frame, so
head movement is needed to refresh an image. Although no controlled comparison
has been studied in patients, the head-mounted camera seems to be less instinctive,
and long-term training may be required for adaptation.

Novel Camera and Video Processing

The potential of depth cameras has been generally validated in the computer vision
field and in commercial products such as the Microsoft Kinect. Some studies have
extended this technology to the retinal prosthesis with conferring the ability to cap-
ture the relative distance between user and objects. McCarthy et al. has established
a visual representation that augments intensity of regions of the current scene, based
on the local variation of surface originated from the RGB and depth information
(Mccarthy et al. 2013). Their results show that potentially important obstacles such
as a low wall near a sidewalk in a scene can be accentuated and presented in the
simulated prosthetic vision paradigm. Moreover, the depth information can be used
as input to simultaneous localization and mapping (SLAM) algorithms which con-
struct a map of an unknown environment while simultaneously keeping track of the
location of user (Pradeep et al. 2009). This concept might ultimately be transformed
into guidance cues to help retinal prosthesis users to pass through a complicated
environment.

For epiretinal implants, a camera that can directly replace the role of the crystal-
line lens might be a solution for more natural vision. Nasiatka et al. have proposed
an intraocular camera that can be implanted in the position of the crystalline lens
(Nasiatka et al. 2010). Due to the limitation of space, a small cylindrical hermetic
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capsule about 3 mm in diameter and 4 mm long was designed to fit in the place, and
an aspherical lens with extremely short back focal length (~1 mm) was used to form
image on the wide dynamic rage CMOS sensor. With the power and control circuit
behind the sensors, the visual information can be delivered to the stimulation chip,
further driving the related stimulation patterns on the electrode array. Simulation of
the intraocular camera experiment suggests that with the control ability of eye
movement, the user can perform visual tasks in a more natural manner (Weiland and
Humayun 2014).

Summary

Developments from different engineering perspectives have made significant
advances and improved the performance of retinal implants, but much work still
remains to achieve long-lasting, high-resolution device. Hermetic packaging has
been developed to meet the standards for regulatory approval, but an ideal coating
with both low-dimensional requirement and high durability is still not yet available.
Electronics module have achieved complexity that is adequate for most of current
systems, though more sophisticated designs are required for high transmission rate,
low power consumption, as well as efficient and safe stimulus drivers. Electrode
arrays now can be fabricated with requisite site density; however, more adaptable
substrates with high flexibility are needed to ensure each electrodes form close con-
tact with retina. Electrical stimulation strategies have been shown to alter the
responses of retinal cells; therefore, better control over shape perception and stimu-
lation efficiency can be expected with the advanced stimulation strategies.
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Chapter 3
Retinal Prostheses: Patient Selection
and Screening

Ninel Gregori and Lisa C. Olmos de Koo

Approved Indications for Use

The Argus II Retinal Prosthesis System (Second Sight Medical Products, Inc.,
Sylmar, CA, USA) is approved for treatment of blindness due to end-stage retinitis
pigmentosa (RP) in the United States and any severe outer retinal degeneration in
Europe, Saudi Arabia, and Canada. The Argus II system delivers electrical stimula-
tion to residual functioning ganglion cells of degenerated retina which has lost
photoreceptors to induce visual perception in patients who meet the following
approved criteria: at least 25 years of age, bare light or no light perception in both
eyes (if the patient has no residual light perception, evidence of intact inner retinal
function must be confirmed as described in Visual Assessment Section below), pre-
vious history of useful form vision, pseudophakic or aphakic status, and ability to
receive the recommended post-implant clinical follow-up, device fitting, and visual
rehabilitation (http://www.secondsight.com/121-the-important-safety-information.
html, accessed 12-3-2016). The Argus II prosthesis is intended to be implanted uni-
laterally, typically in the worse-seeing eye (Ho et al. 2015; da Cruz et al. 2016).
Due to such factors as spatial interaction between electrodes and severity of retinal
degeneration, the resolution provided by the present-day retinal prosthesis is limited
(Horsager et al. 2011). The artificial vision produced by the Argus II appears as pix-
elated, shimmering lights, which the patient must learn to interpret as objects. The
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system was tested and approved for patients with profoundly limited vision, no better
than bare light perception. This level of vision maximizes a chance that the subject will
benefit from the prosthetic vision. It has been reported that after implantation, the
majority of Argus II patients (93-96%) are able to recognize simple stimuli such as
large, high-contrast shapes or large-print letters. More than half (50-60% of patients)
also achieve success in more complex tasks, such as detecting direction of a moving bar
or following a maze on the floor (Humayun et al. 2012; Stronks and Dagnelie 2014).

The approved baseline vision is bare light perception or worse in both eyes. Based
on the results of the clinical trials, a third to a half of Argus II recipients were able to
reliably score better than 2.9 logMAR (equivalent to 20/16,000 on the Snellen acuity
scale) with the system ON up to 24 months after implantation, and the best result
was 1.8 logMAR (equivalent to Snellen 20/1262) (Humayun et al. 2012; da Cruz
et al. 2016). The acuity of 2.9 logMAR is the lowest acuity that can be measured
with the Berkeley Rudimentary Vision Test (BRVT) Grating Acuity cards that allow
quantification of visual acuity in patients unable to read the standard Snellen chart
(Bailey et al. 2012). In a prospective trial, approximately 50% of 21 tested subjects
with the Argus II device were able to recognize large-print letters (41°) presented on
an LCD screen, and four were able to read short words (da Cruz et al. 2013).

By requiring a history of previous useful vision, the presence of a fully devel-
oped and functional central visual pathway is likely. A normally functioning visual
system is further confirmed by eliciting a history of previous ability to use vision for
learning and reading. Congenital or early childhood blindness and profound ambly-
opia represent contraindications to the Argus II retinal implant.

The patient should be aphakic or pseudophakic to accommodate the implant and
allow for adequate visualization of the intraocular components postoperatively. If
the patient is phakic, the natural crystalline lens is removed prior to or during the
implant procedure by either phacoemulsification or lensectomy approach. If the
intraocular lens implant is unstable prior to or during Argus II implantation, the lens
implant should be removed during Argus II implantation.

Optimal Ocular Health Considerations

Contraindications to the current Argus II Retinal Prosthesis include ocular diseases
or conditions that could affect the integrity of the inner retina or optic nerve required
to conduct the signal from the electrodes, such as optic nerve disease, profound
amblyopia, trauma, central retinal artery or vein occlusion, or history of retinal
detachment. In addition, while not specifically listed as a contraindication, severe
strabismus or nystagmus with inability to control eye movements while scanning
the environment by head movements should be considered carefully when evaluat-
ing the suitability of the Argus II system for a particular patient. The ability to fixate
the eye straight ahead helps to align the transmitting and receiving coils and improve
the efficiency of the wireless signal transmission. However, many patients with
small-angle strabismus and low-amplitude nystagmus have been successfully
implanted.
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Other contraindications include conditions that could prevent successful implan-
tation. These include extremely thin or scarred conjunctiva that would make cover-
ing of the implant difficult; severe ocular surface disease that would cause
postoperative dry eye, pain, and conjunctival compromise; axial length outside the
required window of 20.5-26.0 mm necessary to accommodate the current prosthesis
design; choroidal neovascularization in the area of the intended tack location that
could lead to bleeding; posterior staphyloma that would prevent adequate electrode
array apposition to the posterior pole, or corneal opacity that would prevent ade-
quate visualization of the retina intraoperatively or postoperatively. A predisposi-
tion to eye rubbing can lead to postoperative device exposure and should be
addressed preoperatively. Patients with history of significant eye rubbing should not
be implanted, due to safety concerns.

Systemic and Mental Health Considerations

Because the implantation surgery can last up to 4 hours, patients with the inability
to tolerate general anesthesia cannot undergo implantation. Metallic or active
implantable devices in the head, such as cochlear implants, may interfere with
device functionality and should be avoided.

Any disease or condition that prevents understanding of the informed consent,
fitting of the Argus II system, or postoperative follow-up and rehabilitation is a
contraindication. Examples include developmental disability or dementia. Hearing
loss is not an absolute contraindication, as long as the patient is able to participate
in the fitting and rehabilitation. However, the compatibility of hearing aids with the
Argus II glasses should be confirmed prior to surgery. In fact, several Usher syn-
drome patients have been implanted successfully.

A preoperative psychological evaluation may be recommended based on a physi-
cian’s assessment and communication with the patient at the screening visit.
Currently, there are no specific criteria available for ruling out a poor candidate
from psychological standpoint, but it has been observed that patient’s personality
plays a role in the ability and willingness to undergo an intensive rehabilitation
process (Stingl et al. 2013). Additionally, the patient and family must be informed
that individuals implanted with an Argus II prosthesis may not undergo electrocon-
vulsive therapy (ECT), which may cause tissue damage or permanent damage to the
implant. Thus, anyone with a psychiatric condition requiring treatment with ECT is
not a good candidate.

Individuals with central nervous system disease must be made aware of restric-
tions to magnetic resonance imaging (MRI) parameters deemed safe with the Argus
I implant (Weiland et al. 2012). Per the Argus II Product Insert (www.2-sight.com),
recipients may undergo MRI only if it is performed using a 1.5 or 3.0 T MRI sys-
tem. Individuals who may require MRIs with different parameters should consult
their physician to discuss the implications for their ability to have scans
postoperatively. If suspected, it is also important to rule out organic causes such as
stroke or hemorrhage within the central nervous system that may cause a visual field
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defect and prevent full spectrum of percepts spanning the central 22° provided by
the Argus II electrode array.

Finally, the use of the Argus II system during pregnancy and nursing has not been
evaluated and should be discussed with females of reproductive age.

Managing Patient Expectations

A critical aspect of patient selection is establishing realistic patient expectations
regarding device functionality and expected prosthetic vision. In order to best man-
age patient expectations, the screening physician should directly ask the patient
what he/she hopes to gain with the system. Common answers are seeing a loved
one’s face, driving a car, or reading a book. However, at the present time, none of
these visual tasks are possible. For instance, the pixelated artificial vision may allow
the patient to visualize the shape of the person but not the fine features of a person’s
face. Patients should be informed that they will not be able to read at a normal
speed, drive a car, or recognize fine details of an object. In the clinical trial and after
device commercialization, patients have been able to visualize large, high-contrast
object such as the doors, windows, people, moon, fireworks, and crosswalk lines.
Color vision is not currently expected with standard device use, as phosphenes are
typically seen as bright or white.

The physician should explain to the patient that the artificial vision generated
by the device and the vision the patient had prior to losing sight are quite differ-
ent. The artificial vision typically consists of pixelated lights, often shimmering,
which the patient must learn to interpret as objects that have meaning. This pro-
cess takes time and patience, and it is analogous to putting the pieces of a puzzle
together with some pieces missing. At first, the artificial phosphenes the patient
sees may be difficult to interpret, but with continued practice, the brain learns to
form mental images. The patient must continue practicing every day, and thus
blind rehabilitation is an integral part of the process.

Another critical aspect to convey is that any residual vision could decline in the
implanted eye. It is helpful to ask the patient whether he or she has any useful residual
vision. Can the patient locate objects at home, such as windows and lamps? Can the
patient follow the lines of a crosswalk or detect obstacles when walking? Can the
patient use his or her vision to participate in sports or hobbies? If the answer to any of
these questions is “yes,” the patient may not derive useful benefit from the system.

Reviewing these factors, particularly with patients who have high expectations
from the Argus II, may be challenging and time-consuming for the screening physi-
cian, but it is critical to establish realistic expectations so that patients who will not
benefit are spared from the significant burden of surgery, device cost, and time spent
in rehabilitation.

Just as patients seeking a retinal implant may have unrealistic expectations about
what they will be able to see after implantation, they may also have unrealistic
expectations about the amount of effort and work they will need to put forth in order
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for the device to benefit them. Prospective patients should understand that diligence
and a firm commitment to learning to use the device are essential in order to obtain
the best results. The patient must be informed that the Argus II Retinal Prosthesis
System is not meant to replace the other visual aids a patient may already be using,
such as a cane or a dog, but is another useful aid to help their mobility and
independence.

The degree of visual impairment in outer retinal degenerations is highly variable,
and only patients with profound visual loss are currently good candidates for the
Argus II. Clinical trials have shown that there appears to be some degree of vari-
ability in patients’ acceptance of the implanted device (da Cruz et al. 2013). Quality
of life studies have shown that patients whose blindness has negatively impacted
such quality of life aspects as injury avoidance, copying with the demands of life,
and fulfilling life roles reported significant long-term, durable (over 36 months)
improvement after Argus II implantation (Duncan et al. 2016).

Conducting Patient Screening

Upon confirmation that the patient meets the criteria for on-label use (age at least
25 years old, diagnosis of severe retinitis pigmentosa (United States) or an outer
retinal degeneration, and history of previous useful vision), the screening process is
initiated. Screening typically involves a standardized survey, patient interview, and
complete eye exam, including biometry, optional B-scan ultrasonography, and mac-
ular OCT as described below. The following steps have been used by screening
physicians. The screening process may be discontinued at any point if the patient is
deemed ineligible.

Visual Function Assessment

Perform a visual function assessment to confirm that the patient has bare light or no
light perception in both eyes. If there is no light perception, photoflash testing or
electrically evoked response may be used to confirm the function of the inner retina
and optic nerve. Patients with profound amblyopia may not benefit due to a lack of
development of the visual cortex. The visual function assessment, though it may
sound simple, is in fact one of the most critical screening steps, and care should be
taken to ensure accurate results, using both objective and subjective assessments. As
such, the physician may consider verifying the results if they were obtained by a
technician or other designees.

To confirm that the patient has vision no better than bare light perception, stan-
dard clinical measures of visual function (ETDRS or Snellen chart, count fingers/
hand motion/light perception) and/or the Berkeley Rudimentary Vision Test (BVRT)
can be used (Section “Standard Clinical Measures of Visual Function and/or
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Berkeley Rudimentary Vision Test (BRVT)” below). The results of either of these
tests may also establish that the patient has a functioning visual system (i.e., he/she
can detect bright light). If light perception is still ambiguous, one can use the pho-
toflash test (see “Photoflash Test” below) or electrically evoked responses
(see “Confirming Inner Retina Functionality by Electrically Evoked Response
(EER)” below) to establish the health of the remaining visual system.

Each eye should be tested separately while the patient looks straight ahead in
order to test central acuity. If it is apparent that the patient is using peripheral vision,
a further exploration of the extent and usefulness of the peripheral vision is war-
ranted with visual field measurement and/or the residual vision interview (see
Section “Residual Vision Interview”).

Standard Clinical Measures of Visual Function and/or Berkeley
Rudimentary Vision Test (BRVT)

The visual assessment described below may be used to verify bare light perception
or no light perception vision, but the screening physician should use his or her judg-
ment based on the clinical evaluation of the patient as to whether all steps are indi-
cated or applicable. As part of the standard clinical measures of visual function, one
may choose to test whether the patient is able to read any rows on a standard vision
chart at 1 m, count fingers at 1 foot, or determine the direction of hand motion 1 foot
away. If the patient is unable to perform those tasks, light perception should be veri-
fied. In a dark room, a bright penlight, muscle light, or indirect ophthalmoscope
light is used to shine a focused light directly into patient’s eye. The light is moved
into and away from the eye several times to verify. If the patient cannot detect any
light, a photoflash test (Section “Photoflash Test””) may be necessary to establish
intact visual system function.

The BRVT is a visual function test for vision worse than that measured by the
ETDRS chart (Bailey et al. 2012). While it was not used in the Argus II clinical trial,
it may be useful for evaluating implant candidates in a post-market setting instead
of or in addition to a standard clinical evaluation of low vision (i.e., counting fin-
gers, hand motion, light perception).

Regardless of the method used to assess residual visual function, if the results are
ambiguous, as they may be in this very low vision group, who have adapted other
senses to compensate for their lack of vision, a careful discussion with the patient to
assess their residual functional vision will help the screening physician to make the
final decision.

Berkeley Rudimentary Vision Test (BRVT) Procedure

The test involves 16 steps, which are followed separately for each eye while patch-
ing the non-tested eye. Room light is kept bright except for step 1 (testing light
perception). Steps 2—16 utilize various optotypes of increasing difficulty to
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document the maximum visual acuity of the patient. The second step tests whether
the patient is able to detect a white versus a black card. In the third step, the patient
is asked to identify whether the top or the bottom half of the page is white versus
black. In the fourth step, the patient determines which quarter of the page is white
(top left, top right, bottom right, or bottom left). In steps 5-16, the patient is asked
to determine the orientation of bars in the Grating Acuity cards (vertical or horizon-
tal bars) and the direction of letter E in the Tumbling E cards (up, down, right, or
left). The minimal acuity is quantified with the Grating 200 M cards (equivalent to
2.9 logMAR) shown at a distance of 25 cm from the patient. The maximal acuity is
quantified with the Tumbling E 25M cards (1.4 logMAR) held 1 m from the patient.

For step 1, light perception is tested in a dark room using a bright penlight or
similar small, focused light. The patient is asked when (s)he sees a light. For each
trial, the penlight is moved until it is shining directly into the tested eye. If the
patient reports seeing a light quickly, within seconds after the light is shone in the
eye, that trial is recorded as correct. Repeat this test six times, with different amounts
of time (from 2 to 10 s) in between each trial. If the patient reports seeing a light at
any time when no light is shone into the eye, the trial is recorded as incorrect.

For all other steps, the room lights should be on; the specified optotype is pre-
sented at a random orientation six times for each eye. For each trial, the patient’s
response is recorded as correct or incorrect. Second sight testing kit contains instruc-
tions on the criteria that are followed to determine whether to advance to the next
step. The visual acuity for the tested eye is equal to the vision corresponding to the
step where the screening was stopped.

If the patient is unable to reliably detect a penlight, a photoflash test (Section
“Photoflash Test” below) may be done to establish intact visual system function. If
he or she is able to advance through the first few BRVT steps only, the patient may
be eligible based on the results of the residual vision questionnaire and functional
assessment (Sections “Residual Vision Interview” and “Residual Vision Functional
Assessment” below). If the patient is able to advance through the last few steps
involving Tumbling E cards, he or she likely has residual vision that is better than
bare light perception. If the results of the visual function tests are not clear, extra
effort to investigate patient’s vision with the residual vision interview and residual
vision functional assessment (Sections “Residual Vision Interview” and “Residual
Vision Functional Assessment” below) would be warranted.

Photoflash Test

The patient’s eyes should be dilated and dark adapted for 20 min, and the flash test
should be performed in a dark room. The fellow eye is patched during testing. To
reduce waiting time, one may wish to try it first without dark adaption of the eyes
and only use dark adaptation if the patient is clearly unable to see the flash.

The patient is instructed that for each trial, he or she will hear the flash go off four
times, but the flash will only be illuminated one of the four times. The patient is
asked to announce in which interval he/she saw the light. The photoflash kit
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contains a suggested testing sequence indicating in which interval the flash should
be applied in front of the subject. For some patients, one may need to wait for up to
a minute between each interval and trial, so the patient does not confuse new flashes
with previous flashes. For each trial, the interval where patient announced he/she
sees light is recorded. A correct response is where the subject answers positively to
the interval in which the flash actually occurred. An incorrect response is where the
subject answers positively to an interval in which the flash did not occur. One can
stop the test if/when the subject reaches nine correct answers. If the patient scores
correctly on nine or more trials, the vision is recorded as bare light perception. If the
patient scores correctly on less than nine trials, the vision is recorded as no light
perception.

Confirming Inner Retina Functionality by Electrically
Evoked Response (EER)

In the rare occasion that the patient is unable to detect any flashes in the photoflash
test, one needs to determine whether or not residual bipolar and ganglion cells are
capable of properly forwarding electrical signals from the electrodes (Stingl et al.
2013). Retinal excitability can be measured by means of electrically evoked response
(EER) via a corneal electrode (Stingl et al. 2013). This test is only performed during
screening of the eye intended for implantation and only if the patient has no light
detection on the photoflash test.

The necessary equipment includes Digitimer constant current stimulator (Model
number DS7A), Second Sight EER electrode (Catalog Number 130160-001), 1 cm
diameter Grass electrode, Goniosol, and eye patches.

EER Procedure

* The cornea is anesthetized with topical anesthesia, and the EER disposable elec-
trode is placed on the eye with Goniosol. The lead wire is taped to the cheek.

* The area behind the ear on the tested side of the head is cleaned with alcohol. A
1 cm diameter Grass electrode is placed behind the ear with electrode gel, and
the lead wire is taped to the neck. This electrode is used as the reference.

* The non-tested eye is patched.

e Testing is commenced with the stimulation amplitude set at 1 mA with a pulse
width of 1 ms. Current is passed between the electrode and the common elec-
trode in a single pulse. The subject is asked if they perceived any light at the
moment of stimulation. The stimulation pulse is repeated eight times, and the
number of positive responses is recorded. If the subject does not perceive light on
at least five of the presentations, the stimulus amplitude is increased in steps of
1 mA, up to a maximum of 8 mA. If at 8§ mA the subject fails to perceive light on
at least five of the presentations, the pulse width is increased to 2 milliseconds
(ms) and the test is repeated, starting at a stimulus amplitude of 1 mA and
increasing in 1 mA steps to 8 mA if necessary.
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 If the subject does not perceive light on at least five out of eight presentations of
the 8 mA 2 ms pulse, he/she is classified as having insufficient optic nerve func-
tion in that eye and is excluded from implantation.

Residual Vision Interview

These and similar questions can be used to gain an understanding of whether the
patient believes he or she has useful residual vision. This is critical since the residual
vision may decline after implantation in that eye. The following questions have
been used by Argus II surgeons for screening purposes:

* Does the patient report having any residual vision?

e If yes, what does he/she report being able to do with it? Can he/she use it for
visual tasks in the real world?

* Can he/she use residual vision for orientation tasks, such as determining the
location of windows, ceiling lights, or lamps?

* Can he/she use residual vision for mobility tasks such as following the lines of a
crosswalk or detecting obstacles?

e Can he/she use residual vision to do sports or hobbies?

*  Would he or she be willing to accept the potential risk of experiencing a decline
in or loss of the residual vision in the implanted eye?

Residual Vision Functional Assessment

The following questions can be used to gain an understanding of whether the patient
is able to use his or her residual vision to perform basic visual tasks and, if so,
whether the vision is central or peripheral:

* The room light is brightly lit, and the patient is asked if he/she can visually deter-
mine anything about the environment—Iight locations, people moving, etc.

e If the patient can see features of the environment, he/she is asked to describe
where (in the visual field) he/she has vision.

* The patient should be observed to determine whether he or she has a preferred
retinal locus: consistently not looking straight ahead while trying to use residual
vision or keeping the head to one side may be a sign of residual vision.

Comprehensive Eye Exam

Perform a comprehensive eye exam (both eyes), assessing whether or not any con-
traindications are present. Lids should be evaluated for any abnormalities including
significant blepharitis, which should be treated to minimize risk of postoperative
infection. The conjunctiva is evaluated to rule out extreme thinning or scarring.
Gentle movement of the conjunctiva with a cotton swab after installation of an
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anesthetic drop is helpful. The cornea is inspected to rule out significant opacity that
prevents visualization of the retina. The lens status is evaluated, and intraocular lens
subluxation or instability should be documented to help the decision of whether it
should be removed. If a crystalline lens is present, the patient should be informed of
the necessity to remove it during or before the Argus II implantation. The posterior
pole is evaluated to rule out staphyloma, retinal detachment, or any other pathology.
The status of the optic nerve should be documented, and any disease such as glau-
coma that may prevent the conduction of the signal to the brain should be ruled out.

Medical History

Review the medical history. The surgeon must ensure that the patient meets all of
the eligibility criteria contained in the product label, there are no contraindications
to device placement, the patient’s level of residual vision contributes to a favorable
risk/benefit profile, and the patient’s motivations, expectations, cognitive and com-
munication skills, and physical abilities are likely to contribute to receiving benefit
from the device. Medical history is reviewed for contraindications such as metallic
or active implantable device (e.g., cochlear implant) in the head and ocular condi-
tions that would prevent implantation, healing, visualization, or performance of the
Argus II implant.

Motivation and Expectations

Question the patient regarding motivation and expectations. Counsel the patient
about the time and the effort required to undergo vision rehabilitation. Patients who
live very far from the clinic who do not have transportation or who do not under-
stand the requirement for follow-up visits may be more likely to be dissatisfied with
the Argus II system after implant. It is important to gain an understanding of the
patient’s availability for and commitment to the requirements for fitting and
rehabilitation.

It is possible that patients with greater independence and those who have shown
high motivation to seek out and learn from blind rehabilitation may be more satis-
fied with vision from the Argus II. Conversely, those with very high expectations of
the system are more likely to be disappointed. The physician should utilize his/her
judgment to determine this.

The patient should be informed that that there will be up to five visits to the clinic
in the first month, with roughly one visit a week with a rehabilitation therapist (in
the clinic or at the patient’s home) for the following 1.5-2 months. Long-term visits
(one per year or more) will also be required for medical follow-up and re-fitting.

The patient should understand that hard work is part of the process and a firm
commitment to it is required to get the best result.



3 Retinal Prostheses: Patient Selection and Screening 51
Testing the Glasses and Video Processing Unit

The patient should be allowed to try on the Argus II glasses and feel the wearable
components of the external device. In some rare cases, the style or fit of the glasses
could be a source of patient dissatisfaction post-implant if s(he) was not introduced
to them prior to surgery. The patient should be allowed to touch and wear the glasses
and VPU.

Applanation A-Scan Ultrasonography with Biometry

Perform applanation A-scan ultrasonography with biometry to measure the axial
length. An applanation probe at >10 MHz (preferred over noncontact optical
devices) is performed five times along the optical axis, and the average of five
measurements is calculated for each eye. Measurements may be difficult due to
a poor ability to fixate and must be done carefully. If the length is <20.5 mm or
>26.0 mm, the patient is not eligible for the current implant. The axial length
sets several important surgical implantation landmarks; thus, accuracy is
critical.

Diagnostic B-Scan Ultrasonography Imaging

Perform optional diagnostic B-scan ultrasonography imaging to rule out a staphy-
loma. The electrode array may not make a good contact with the retinal surface in
cases of staphyloma, leading to higher electrical thresholds and poor device func-
tionality. If the patient is enrolled in the post-approval study conducted for 5 years
after Argus II implantation to collect device safety, functional vision, visual acuity,
and device performance data, the thickness of the posterior ocular coats is measured
three times and the average is taken.

Spectral-Domain Macular Optical Coherence Tomography

Perform spectral-domain macular optical coherence tomography (OCT) to evaluate
the retinal layers and rule out any significant protrusions or depressions in the mac-
ula, which could affect how well the Argus II array fits against the retina. Such
conditions as a staphyloma, macular scarring with distorted inner retinal contour,
and significant epiretinal membranes must be noted. Close contact between the
electrodes and the inner retina is essential for the optimal electric stimulation of the
ganglion cells.
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Fundus and External Reflex Photography

The physician may also consider an optional color 50° field fundus photography as
well as external reflex photography to document the natural position of the eye and
any strabismus present.

Risks and Probable Benefit

Review the risks and probable benefit again with the patient. If the patient is eligible
and interested, follow your institutional procedures for consenting, scheduling, and
ordering the device. Humanitarian Use Device (HUD) IRB consent is required for
implantation in the United States.

Nonqualifiers

Patients with RP or other outer retinal degenerations who do not qualify for the
device fall into two basic categories: those who are unlikely to become candidates
in the future due to anatomic considerations or other pathology and those who do
not qualify because of useful residual vision. This second group may take comfort
in the knowledge that future device improvements may make it helpful to those with
better vision. Furthermore, should their vision continue to decline, the Argus II rep-
resents a “safety net” against the complete blindness encountered by some of these
patients. Nevertheless, even those who do not qualify for this particular device
because of anatomic considerations or other pathology should be encouraged that
ophthalmic research continues to yield promising future therapies.

Conclusion

In summary, screening potential candidates for Argus II implantation involves
careful patient evaluation, education, and counseling in this unique, profoundly
blind population. A trained technician conducts a visual assessment with stan-
dard and specialized tests. The dimensions of the eye are measured to determine
the likelihood for successful implantation and healing. Patient history, psycho-
logical, and general health factors are carefully evaluated. A detailed ophthalmic
exam is performed. The implanting surgeon must be responsible for ensuring that
all factors will contribute to device functionality and acceptance by the patient.
Proper patient screening and counseling are vital parts of success in Argus II
implantation.



3 Retinal Prostheses: Patient Selection and Screening 53

Compliance with Ethical Requirements Ninel Z. Gregori and Lisa C. Olmos de
Koo declare that they have no relevant conflicts of interest. No human or animal
studies were carried out by the authors for this article.

References

Bailey IL, Jackson AJ, Minto H, Greer RB, Chu MA. The Berkeley rudimentary vision test. Optom
Vis Sci. 2012;89(9):1257-64.

da Cruz L, Coley BF, Dorn J, Merlini F, Filley E, Christopher P, Chen FK, Wuyyuru V, Sahel J,
Stanga P, Humayun M, Greenberg RJ, Dagnelie G, Argus IISG. The Argus II epiretinal pros-
thesis system allows letter and word reading and long-term function in patients with profound
vision loss. Br J Ophthalmol. 2013;97(5):632-6.

da Cruz L, Dorn JD, Humayun MS, Dagnelie G, Handa J, Barale PO, Sahel JA, Stanga PE, Hafezi
F, Safran AB, Salzmann J, Santos A, Birch D, Spencer R, Cideciyan AV, de Juan E, Duncan
JL, Eliott D, Fawzi A, Olmos de Koo LC, Ho AC, Brown G, Haller J, Regillo C, Del Priore LV,
Arditi A, Greenberg RJ, Argus IISG. Five-year safety and performance results from the Argus
II retinal prosthesis system clinical trial. Ophthalmology. 2016;123(10):2248-54.

Duncan JL, Richards TP, Arditi A, da Cruz L, Dagnelie G, Dorn JD, Ho AC, Olmos de Koo LC,
Barale PO, Stanga PE, Thumann G, Wang Y, Greenberg RJ. Improvements in vision-related
quality of life in blind patients implanted with the Argus II Epiretinal Prosthesis. Clin Exp
Optom. 2016;100(2):144-50.

Ho AC, Humayun MS, Dorn JD, da Cruz L, Dagnelie G, Handa J, Barale PO, Sahel JA, Stanga
PE, Hafezi F, Safran AB, Salzmann J, Santos A, Birch D, Spencer R, Cideciyan AV, de Juan
E, Duncan JL, Eliott D, Fawzi A, Olmos de Koo LC, Brown GC, Haller JA, Regillo CD, Del
Priore LV, Arditi A, Geruschat DR, Greenberg RJ, Argus IISG. Long-term results from an
epiretinal prosthesis to restore sight to the blind. Ophthalmology. 2015;122(8):1547-54.

Horsager A, Boynton GM, Greenberg RJ, Fine 1. Temporal interactions during paired-electrode
stimulation in two retinal prosthesis subjects. Invest Ophthalmol Vis Sci. 2011;52(1):549-57.

Humayun MS, Dorn JD, da Cruz L, Dagnelie G, Sahel JA, Stanga PE, Cideciyan AV, Duncan
JL, Eliott D, Filley E, Ho AC, Santos A, Safran AB, Arditi A, Del Priore LV, Greenberg RJ,
Argus IISG. Interim results from the international trial of Second Sight’s visual prosthesis.
Ophthalmology. 2012;119(4):779-88.

Stingl K, Bach M, Bartz-Schmidt KU, Braun A, Bruckmann A, Gekeler F, Greppmaier U, Hortdorfer
G, Kusnyerik A, Peters T, Wilhelm B, Wilke R, Zrenner E. Safety and efficacy of subretinal
visual implants in humans: methodological aspects. Clin Exp Optom. 2013;96(1):4—13.

Stronks HC, Dagnelie G. The functional performance of the Argus II retinal prosthesis. Expert Rev
Med Devices. 2014;11(1):23-30.

Weiland JD, Faraji B, Greenberg RJ, Humayun MS, Shellock FG. Assessment of MRI issues for
the Argus II retinal prosthesis. Magn Reson Imaging. 2012;30(3):382-9.



Chapter 4
Retinal Prostheses: Surgical Techniques
and Postoperative Management

Stanislao Rizzo and Laura Cinelli

Argus® II Retinal Prosthesis (Implant)

The Argus® II retinal prosthesis is a medical device surgically implanted in and on
the eye. The implant’s part located outside of the eye is composed of a scleral band
(equivalent to a 240 band used in scleral buckling procedures) on which are encased
an implant coil and an electronic case connected to each other.

The implant coil is a receiving and transmitting antenna (made of a gold wire)
that communicates wirelessly, via radio frequency, with an external coil mounted on
the Argus® II glasses. The electronic case (a group of application-specific integrated
circuits) receives data from the implant coil, processes them, and generates the elec-
trical stimulation output that, through the electrode array, reaches the retina.

The implant’s part located inside of the eye is composed of a polymer cable
(containing the wire conductors) connected, on its proximal end, to the case and,
with its distal end, to the array (made of 60 platinum electrodes, 200 pm diameter
each, with a silicone covering on the retinal side for tissue protection) (Fig. 4.1).

Fasteners and Grabbing Tools

The Argus® IT implant design has been developed for an easy handling and surgical
placement.

To anchor the implant to the sclera, three suture tabs are provided: two on the
electronic case and one on the implant coil (Fig. 4.2).
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Fig. 4.1 Argus® IT implant with its components: receiving implant coil, electronic case, electrode
cable, 60-electrode array (image courtesy of Second Sight Medical Products)

Fig. 4.2 Argus® II suture Electronics
tabs for implant anchorage 7 Case Suture
onto the sclera (image Tabs
courtesy of Second Sight '
Medical Products)

Lateral Rectus

Muscle Implant Coil

Suture Tab

To safely grab the array during insertion maneuvers into the vitreous cavity and
its positioning over the macular region, a “handle” on the distal end of the array is
provided.

To fix the electrode array over the fovea with the retinal tack specifically created
by Second Sight Medical Products, a tack hole on the proximal end of the array is
provided (Fig. 4.3).

Equipment and Supplies for Implantation

In order to perform the Argus® II epiretinal implant surgery, the surgeon should use
both standard vitreoretinal tools and specifically designed surgical instruments. A
series of tools has been carefully selected to allow the clinician to grab and easily
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Handle

Electrode Cable with (for surgical manipulation)
Silicone Flange Tack Hole

Fig. 4.3 Argus® IT handle for surgical manipulation and tack hole for retinal tack insertion (image
courtesy of Second Sight Medical Products)

Fig. 4.4 Silicone-tipped forceps (to safely manipulate the implant)

manipulate the implant during the extraocular placement and the intraocular posi-
tioning, such as the silicone-tipped forceps (Fig. 4.4) and the 20-gauge end-gripping
forceps (Fig. 4.5a and b).

Among the surgical tools created specifically by Second Sight Medical Products
for this type of surgery, we find retinal tack forceps 19 gauge (Fig. 4.6a and b) used
to catch and insert the tack into the vitreous cavity and retinal tack used to fix the
array onto the retina. The tack has a spring on it to keep the array in contact with the
retina (Fig. 4.7).

Moreover, you will also need external equipment, provided by Second Sight
Medical Products, necessary to test the functionality of the system before, during,
and after the implant procedures.

Below you will find a full list of equipment, supplies, and tools that are required
to implant the Argus® II device.

Argus® II Implant

Containing:

e One Argus® II implant (sterile)
e Two Argus® II retinal tacks (sterile)
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Fig. 4.5 (a) 20-Gauge Eckardt end-gripping forceps (to grab the array “handle” during its inser-
tion through the 5.2 sclerotomy and its fixing on the retina. (b) Tip of 20-gauge Eckardt end-
gripping forceps

Fig. 4.6 (a) 19-Gauge retinal tack forceps (to grab and insert the tack into the vitreous cavity).
(b) Tip of 19-gauge retinal tack forceps

Fig. 4.7 Retinal tack (to fix the array onto the retina)
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Argus® II External Devices

Argus® II operating room coil (OR coil)

Argus® II video-processing unit (VPU)
Argus® I communication adapter (CA)
Argus® II clinician fitting system (CFS)
Cables and accessories:

— VPU battery

— Argus® II CA-VPU cable

— Argus® Il CFS-CA cable

Standard Vitreoretinal Surgical Equipment

Vitrector

Operating microscope (with inverter)
Panoramic view system

Vitrectomy lens(es)

Bipolar electrosurgical equipment

Surgical Instruments

Gripping

Silicone-tipped forceps
End-gripping forceps, 20 gauge
Retinal tack forceps, 19 gauge
Fixation forceps

Suturing forceps

Tying forceps

Barraquer’s needle holder
Utility or dressing forceps, serrated jaws
Utility forceps, smooth jaws
Watzke sleeve spreading forceps
Scleral plug forceps

Cutting

20-Gauge myringotomy knife
5.2 angled bevel up knife

15° single edge knife
Westcott blunt scissors

59
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Others

» Calipers (millimeter increments or smaller)
e Soft-tipped cannula

e Lid speculum

* (2) Muscle hooks, one plain, one with eyelet
* Vitreous cutter

e 25-gauge straight endoillumination probe

e 25-gauge infusion cannula

e 25-gauge chandelier

e 25-gauge trocar, entry system valved

Surgical Supplies

 Silicone sleeves (Labtician Ophthalmics TM, Oval Sleeve, Style #3083)

e 7-0 Vicryl sutures braided with spatula needle or equivalent absorbable sutures to
close sclerotomies

e 5-0 Mersilene sutures braided with spatula needle or equivalent nonabsorbable
sutures to fix episcleral band and tab holes onto the sclera

e 2-0 Silk sutures or equivalent to pass around muscles

* 8-0 Vicryl sutures or equivalent to close Tenon’s capsule and conjunctiva

e 10-0 Ethilon monofil nonabsorbable sutures to close corneal tunnel

* Processed pericardium or equivalent (approximately 400 pm thick)

e Sterile balanced salt solution

e Sterile sleeves/sterile camera drapes

* Spare tack for the electrode array

» Sterile powder-free and latex-free gloves or sterile silicone phaco test chamber

* General vitreoretinal surgical items

Surgical Technique for Argus® IT Retinal Prosthesis
Implantation

The Argus® II surgical implantation is performed under general anesthesia. The
average duration of surgery is about 3 h. Surgery can be divided into five phases
(Second Sight Medical Products, Inc. 2013):

Preparation

Extraocular placement

Intraocular placement

Closure

Intraoperative implant testing procedure

Nk L=
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Phase 1: Preparation

The first step for a successful outcome of the surgery is to avoid infection by adhering
to scrupulous sterile technique and carefully preparing the eye region at the beginning
of the operation. Extra attention should be paid to eyelashes and removal of any debris.
Adhere to sterile technique throughout the procedure by limiting the number of person-
nel in the operating room, limiting the flow of personnel in and out of the room, and
requiring all personnel to wear masks that cover the nose and mouth. Administer 8§ mg
of dexamethasone and 1 g of cefazolin via intravenous infusion to the patient (Table.4.1).
Cover the implant, still located inside the tray, with 48 ml of sterile salt solution and
antibiotics (add 1 ml of vancomycin and 1 ml of ceftazidime) for 5 min, and then rinse
the implant with sterile salt solution before installing it on the eye.

The second step is to remove the lens with phacoemulsification (if the patient is pha-
kic) and leave him aphakic after the procedure. Then close the corneal tunnel with an
Ethilon 10-0 suture point. If the patient is pseudophakic, the intraocular lens should be
left in place unless it is subluxed or dislocated or has high likelihood of becoming sub-
luxed or dislocated (in which case it should be removed through a limbal incision).

The third step is to perform a 360° limbal conjunctival peritomy as in all ab
externo scleral fixation techniques. The Argus® II implant is made specifically for
either the left eye or the right eye. In any case, the electronic case must be placed in
the supero-temporal quadrant. To avoid dehiscence of the conjunctival wound in
correspondence of the implant case, only one radial relaxing incision is made in the
inferonasal quadrant or in line with the rectus muscles. The four rectus muscles are
isolated with 2-0 silk (Fig. 4.8).

At this point, using silicone-tipped tweezers or forceps, the implant is removed
from the tray by sliding the scleral band out from under the two cross bands holding
it in the tray and rinsed with sterile salt solution.

Phase 2: Extraocular Placement

Before starting to insert the silicon episcleral band with its incorporated case and
coil under the four recti muscles and securing them onto the sclera with sutures, it
is important to protect the implant cable and the array from contamination and

Table 4.1 Intra-operative medication

Intraoperative Start of Intravenous steroid:
medication procedure Dexamethasone 8 mg (or equivalent)

Intravenous antibiotic:
Cefazolin 1 g (or equivalent)

End of Intravitreal antibiotics:

procedure Vancomycin 1 mg and ceftazidime 2.25 mg (or equivalent)
Subconjunctival antibiotics:

Cefazolin 100 mg and dexamethasone 2 mg (or equivalent)
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Fig. 4.9 Inserting coil under lateral rectus muscle, placing the electronic case in the supero-
temporal quadrant

trauma by covering them with a protecting sleeve (it could be a fingertip cut from a
small sterile talc-free glove or a sterile silicone phaco test chamber tip).

At this point, the receiving coil is inserted under the lateral rectus muscle
(Fig. 4.9) using fingers or blunt forceps, while the electronic case rests in the supero-
temporal quadrant. Then, the inferior part of the scleral band is passed under the
inferior and the medial rectus muscles, while the superior portion of the band is
passed under the superior rectus muscle. The two ends are then secured with a
Watzke sleeve, applied in the superior nasal quadrant (Fig. 4.10).

Next, the encirclement band is sutured with 5-0 Mersilene in the two nasal
quadrants, and the electronic parts (transmitting coil and electronic case) are
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Fig. 4.10 Silicone sleeve is applied in the superior nasal quadrant

temporarily fixed to the sclera with 5-0 Mersilene, using the special tab holes
carved on the silicone shell. Suture bites should be taken anterior to posterior,
emerging at the intended suture tab hole setback distance provided by special axial
length-related tables (Second Sight Medical Products medical product). Before
definitively fixing the external implant to the sclera, the surgeon must make sure
that the electronic case is centered in the supero-temporal quadrant adjusting the
superior/inferior position of the case and that the distances between the suture tab
and the limbus are calculated according to the special fitting tables mentioned
above, adjusting the anterior/posterior position of the case and coil. It is very
important to carefully follow the measurements listed in the table in order to allow
enough cable for optimal positioning of the multielectrode array on the retinal
surface, above the macula. Once the suture tab hole positions are confirmed, we
can permanently tie the sutures by attaching them through the three suture tabs
(Figs. 4.11 and 4.12).

Finally, rotate the suture knots so that the cut ends face toward the sclera as much
as possible to minimize the risk of conjunctival abrasion.

During this maneuver, the surgeon must be very careful to safeguard every elec-
trical component.

Phase 3: Intraocular Placement

Three scleral ports for the vitrectomy (infusion line inferotemporal, vitrectomy port
at 3 and 9 o’clock) are created at 3.5 mm from the limbus, and a complete vitrec-
tomy, with removal of the posterior vitreous, is performed with the aid of a chande-
lier light. We use the ZEISS Lumera 700 microscope and Constellation vitrectomy
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Fig. 4.11 Electronic case anchored with 5-0 Mersilene suture to the sclera in the supero-temporal
quadrant using the special tab holes

Fig. 4.12 Implant coil anchored to the sclera with 5-0 Mersilene suture in the inferotemporal
quadrant using the special tab holes

system (Alcon Fort Worth, USA), using 25-gauge (25 + Series) instruments and
valved trocars. The RESIGHT system is used to visualize the retina. After core vit-
rectomy is performed, triamcinolone acetonide is injected into the vitreous cavity to
facilitate visualization of the vitreous and retinal surface. A posterior vitreous
detachment is induced, avoiding excessive traction on the retina. The vitreous cor-
tex is usually very adherent in eyes with Retinitis Pigmentosa (especially in young
patients) and normally does not detach further than the mid-periphery (Mura and
Bamonte 2014).
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Fig. 4.13 Scleral-depressed vitreous shaving

Vitreous base vitrectomy is then performed (Fig. 4.13). The chandelier light
allows the surgeon to carry out this maneuver without assistance. Scleral-depressed
vitrectomy allows peripheral vitreous shaving, which results in a more complete
vitrectomy. It is important to accurately remove peripheral vitreous as much as pos-
sible, especially in the supero-temporal quadrant from where, in a second step, we
will enter with the electrode array into the vitreous cavity through the sclerotomy
cut. The presence of residual adhesion of cortical vitreous in this region could
induce a stretching of the ciliary bodies during the insertion of the chip into the
vitreous cavity with all the unpleasant consequences that might arise (such as
marked hypotonia in the postoperative period and subsequent development of cho-
roidal detachment).

If macular epiretinal membrane is present in the region where the array will be
located, it is peeled away, and if the patient is aphakic, we will remove any posterior
capsule that remains.

In the supero-temporal quadrant, a 5.2 mm straight sclerotomy, with a distance
from the limbus calculated according to the axial length-related tables mentioned
above, is now performed. To create the sclerotomy, we use first a 15° single edge
knife perpendicularly angled to the sclera, being careful not to cut the ciliary body.
The use of a narrow and sharp knife is suitable to ensure a full-thickness and full-
width incision of the soft and elastic choroid coat. Slightly decreasing intraocular
pressure may reduce the resistance felt during choroid cut and make it easier to
perform. Then we use a 5.2 mm premeasured angled bevel up to widen the wound
and to reduce resistance during insertion of the array (Fig. 4.14).

At this point we can introduce the array into the eye (Fig. 4.15).

The array is grasped on a special “handle” located on the distal end of the array
with 20-gauge end-gripping forceps and is inserted into the mid-vitreous cavity
with an angle of insertion perpendicular to the sclera. The array is released in the
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Fig. 4.15 Array insertion through sclerotomy grabbing the array with 20-gauge Eckardt end
gripping

mid-vitreous cavity, and the remaining extraocular part of the cable is pushed
inside with silicone forceps. Before definitively fixing the array onto the retina,
the scleral wound is closed with multiple interrupted 6-0 or 7-0 Vicryl sutures.
The stitches on the 5.2 sclerotomy must be given as close as possible to each
other, being careful not to damage the cable. This is to avoid future leakage,
always keeping in mind that, even with very close stitches, an opening between
the inside and outside of the eye will always remain due to the cable passing
through the sclera.
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Fig. 4.16 (a) Purse-string suture. (b) Purse-string suture. (¢) Purse-string suture. (d) Purse-string
suture

Sometimes, if leakage persists, a 5-0 Mersilene purse-string suture is placed
around the sclerotomy to allow hermetic closure at the electrode cable site and to
reduce risk of postoperative hypotony and long-term complications
(Fig. 4.16a-d).

If all the previous steps have been performed correctly, the array should fall on
the macular region (the initial location of the array is generally nasal of the macula).
Next, the surgeon, using intraocular end-gripping forceps, tries to position the array
in the ideal location. This should result in the electrode rows being approximately
diagonal at 45° to the horizontal meridian and the center of the electrode grid coin-
ciding with the fovea, leaving a small non-electrode portion of the array just touch-
ing the optic disc (Fig. 4.17).

If the array appears tilted when placed on the fovea or there is substantial twist
in the cable, the surgeon should relocate the extraocular portion of the device to cor-
rect the cable angle entering the sclerotomy. When the surgeon is ready to proceed
with tacking, he creates another 20-gauge sclerotomy port in the inferonasal quad-
rant to introduce the tack tool, then he loads the tack into the tack insertion tool
(making sure that the tack is in line with the tool shaft), and finally he fixes the array
to the retina with a bimanual technique: with one hand (through end-gripping for-
ceps) the surgeon grips the little handle on the array and places it in the ideal
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Fig. 4.17 Array ideal position: electrode rows positioned at 45° to the horizontal meridian with
the array center coinciding with the fovea

Fig. 4.18 Bimanual array tacking onto the retina

position, while with the other hand (using a special tack insertion tool via the
20-gauge sclerotomy), he proceeds to insert the tack in the dedicated hole located at
the root of the array and fixes it into the retina (Fig. 4.18).

During this maneuver, the intraocular pressure must be set at 60 mmHg, and the
tack insertion tool must be placed as perpendicular to the retinal surface as possible
before inserting the tack into the retina.

Use of chandelier lighting system helps to illuminate the retina and frees the
surgeon’s second hand, allowing him to perform a bimanual technique.
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Phase 4: Closure

If the implant placement is correct, and there are no complications, we proceed to
suture the 25- and 20-gauge sclerotomies with 7-0 or 8-0 Vicryl (during the closure
phase, infusion line is left in place).

Moreover, to avoid movement and extrusion of the cable, a mattress suture is
passed above the cable.

To prevent conjunctival erosion, a piece (approximately 9 mm x 7 mm) of cadav-
eric human pericardium or equivalent allograft (SIM Pericardial Patch with Encap
TM Technology or Biologics Tutopatch by Tutogen Medical GmbH) is fixed above
the array cable and the electronic case suture tabs using 7-0 Vicryl absorbable
sutures (Fig. 4.19). The 25-gauge infusion trocar is then removed, and the sclerot-
omy is sutured. Tenon’s and conjunctiva are sutured with 8-0 Vicryl (Fig. 4.20), and
a subconjunctival injection of 1 cc cefazolin (100 mg) and 1 cc dexamethasone
(2 mg) salt solution is given far away from the implant. Finally, an intravitreal injec-
tion of 0.1 cc vancomycin (1 mg/0.1 cc) and 0.1 cc ceftazidime (2.25 mg/0.1 cc) is
performed (Table 4.1 intraoperative medication).

Phase 5: Intraoperative Implant Testing Procedure

This procedure is not performed as a step in its own right but in conjunction with the
four surgical steps. During the implantation procedure, it is important to perform the
impedance measurement of the 60 platinum electrodes of the array to verify that no

Fig. 4.19 9 x 7 pericardial patch is fixed above the array cable and the electronic case suture tabs
using 7-0 Vicryl



70 S. Rizzo and L. Cinelli

Fig. 4.20 Conjunctiva closure with 8-0 Vicryl

changes or damage of the matrix elements or of the electrical polymer cable have
occurred during surgical maneuvers.
There are five intraoperative times when it is recommended to test the system:

. Impedance measurement in solution

. Impedance measurement after the extraocular placement (optional)
. Impedance measurement before intraocular array tacking (optional)
. Impedance measurement after intraocular array tacking

. Impedance measurement after the final closure (optional)

L N N R S R

In order to perform the intraoperative implant test, we need supplementary
equipment provided by Second Sight Medical Products (Fig. 4.21):

1. Argus® II operating room (OR) coil: a radio-frequency (RF) coil that will allow
the clinician to monitor the implant safety

2. Argus®II clinician fitting system (CFES): laptop computer that is configured with a
dedicated, PC-based software that enables tailoring of the electrical stimulation
parameters for the patient, as well as monitoring and troubleshooting of the system

In the operating room, the electrode impedance measurements are performed on
demand. To test the functionality of the implant, the external OR coil is placed in
close proximity to the implant. Once it has established a good link with the internal
coil, the external OR coil communicates the status of the implant to the laptop. The
impedance measurement takes less than 30 s. The software will display a color-coded
map of impedance values: the lower the value, the better the condition of the elec-
trode. In the same condition, for example, if the electrode array is not sufficiently wet
with salt solution or if there has been damage to the implant during its manipulation,
the impedance measurement could indicate electrodes with high impedance values.
In this case, we have to repeat the measurement by ensuring that the chip is well
immersed in the salt solution in order to exclude damage to the system.
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CFS Laptop

Communication
Adapter (CA)

OR Coll
(to be put in sterile sleeve)

Fig. 4.21 External equipment composed of CFS laptop, video-processing unit (VPU), OR coil,
and communication adapter (CA) (image courtesy of Second Sight Medical Products)

Table 4.2 Pre- and postoperative medication

Preoperative 48 h of 500 mg oral antibiotics fluoroquinolone (or equivalent) two times/day
medication

Postoperative 14 days of 500 mg oral antibiotics fluoroquinolone (or equivalent) two times/
medication day

14 days oral steroid prednisolone (or equivalent) 60 mg daily followed by a
period of tapering dose

14 days of topical antibiotic fluoroquinolone (or equivalent) eye drops, one
drop four times per day

14 days topical steroid prednisolone drops 1% (or equivalent), one drop four
times daily (continue beyond 2 weeks as needed)

14 days topical drops atropine 1% (or equivalent), one drop every day

Recommended Pre- and Postoperative Medication Regimen

The patient who receives an Argus® II epiretinal prosthesis is subjected to a regimen
consisting of antibiotic and cortisone systemically as well as topically.

For 48 h before surgery, patients are treated with 500 mg of systemic oral antibi-
otics fluoroquinolone (or equivalent) for two times/day and topical antibiotic fluo-
roquinolone eye drops (one drop four times/day).

In the postoperative phase, the patient will be administered 14 days of topical
antibiotic fluoroquinolone eye drops (one drop four times/day); topical steroid pred-
nisolone eye drops (one drop four times/day), to be continued for a further 2 weeks
as needed; and atropine 1% eye drops (one drop daily). Postoperative systemic
therapy consists in 14 days of full-dose (1000 mg/day) oral antibiotics fluoroquino-
lone and 14 days of oral steroid prednisolone (60 mg daily for 2 weeks followed by
8 mg methylprednisolone taper pack, until the pack is finished) (Table 4.2).
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Postoperative Management

Postoperative management follows the patient in three distinct and equally impor-
tant aspects:

1. To calibrate the microchip stimulation parameters customizing them to each
patient’s need

2. To allow the best integration of the device in the patient’s everyday life thanks to
specifically designed visual rehabilitation

3. To regularly perform medical examinations of the implanted eye and check the
patient’s general health

Calibration Phase

Calibration phase refers to the procedure for customizing the video-processing unit
(VPU) for use by the subject. Calibration phase takes place over several sessions
following implantation of the Argus® implant, and it takes place in the clinic. During
the calibration phase, first (array scanning) all 60 electrodes of the microchip are
stimulated one by one in order to induce single spots of light and verify which elec-
trodes cause perception and which do not. Each active electrode is stimulated three
times and at three different electric strengths increasing each time (at 234 pA, at
452 pA, and at 677 pA). If the patient does not have any perception of light in at
least two of the three stimulations at the lowest level, the electrode should be stimu-
lated at the next level. At this point, for each electrode of the microchip, the mini-
mum quantity of electricity necessary to induce a perception of light on the part of
the patient (hybrid threshold measurement) is measured. Once the basic electric
stimulations have been ascertained, they will be used to produce a video configura-
tion file (VCF) specific to each patient (generate VCF tool) which will be loaded
onto the video-processing unit (VPU). The video-processing unit (which serves to
transform the video image on the camera into electric stimulations of the retina in
real time) will generate the correct and diverse electric stimulations for each patient
on the basis of the calibration carried out previously.

Rehabilitation Phase

Once the VPU has been calibrated, the actual rehabilitation begins. In the weeks and
months following implantation, subjects will receive training on how to use the
Argus® system. The image which patients receive with the Argus® II system is dif-
ferent from the normal image they were used to seeing before their loss of sight.
Therefore, there are certain basic concepts and visual abilities which patients will
need to acquire in order to use the system efficiently and to integrate these “new”
images into daily life.
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During the rehabilitation phase, patients will need to learn how to regulate the
functions present on the VPU, such as the inversion of the background (black images
on a white background or white images on a black background: this should be
inverted according to the luminosity of the surrounding environment), the regula-
tion of contrast (vision in black and white or in a range of grays), and the definition
of the outlines (patients will be able to choose whether to see only the outline of the
object/person visualized).

They will need to learn to identify the spatial position of the phosphenes created
by the Argus® II system and to differentiate them from the common phosphenes
typical of their retinopathy; they should learn to keep their eyes looking straight
ahead in respect to their head; on an axis with the external antenna located on their
glasses (in order not to lose the electrical connection between the external system
and the internal system), they should learn to move their head and eyes at the same
time (patients, once implanted, need to get used to scanning their surroundings
using movements of their head and no longer their eyes); and they need to practice
recognizing the difference in the signal between black and white objects, recogniz-
ing white figures on black backgrounds and vice versa, localizing objects on a table,
and localizing points of light which come from windows or doors, to the point when
they manage to interpret forms, letters, and numbers.

This process must be supported by a qualified visual rehabilitation specialist who
has been specifically trained to conduct the reeducation both in internal and external
surroundings as well as using visual function tests which are developed and supplied
by the Second Sight Company. These tests include the square localization (to deter-
mine the ability of the patient to localize luminous squares on a black background), the
direction of motion (to determine the ability of the patient to distinguish the move-
ments of luminous bars on a black background), and the grating visual acuity (to mea-
sure the patient’s visual acuity in a range between 1.6 and 2.9 logMAR).

This rehabilitation should be carried out both in hospital and at home, and it may
last from a few months to 1 year, based on the patient’s perseverance and ability.

Eye Checkup Phase

The eye checkup examinations should be carried out regularly, above all immedi-
ately after surgery in order to avoid medical complications. The checkups evaluate
both the general health of the patient and the condition of the eye. They take into
consideration both eyes and include not only a complete examination of the eye but
also a series of in-depth instrument checkups. For these we advise:

1. Fundus photo (to evaluate the ideal position of the matrix and its possible rota-
tions or movements) (Fig. 4.22)

2. Optical coherence tomography (OCT) (to evaluate distance between array and
retina, a possible morphological modifications of the retinal layers, a possible
onset of fibrosis around the tack (de Juan et al. 2013) or of fibrotic adhesions
between the chip and the internal surface of the retina, a possible onset of retinal
schisis or choroidal folds) (Fig. 4.23)
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Fig. 4.22 (a) Fundus image taken with Topcon DRI OCT Triton, (b) autofluorescence imaging
taken with the spectral domain Heidelberg Spectralis HRA+OCT, (¢) A 200° fundus image in a
“green separation mode” taken with Optos Daytona
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Fig. 4.23 Fundus surface image and cross-sectional images of the retina captured using the
NIDEK Optical Coherence Tomography RS-3000 Advance. (a) Fundus surface image. The longest
electrode row of the array is precisely positioned at 45° to the horizontal meridian with a small
non-electrode portion of the array just touching the optic disc. (b) Cross-sectional image of the
retina-array complex passing through the shorter row of electrodes (composed by six electrodes).
The metal electrodes block light from the scanning infrared light source, casting six shadows on
the retinal image. (¢) Cross-sectional image of the retina-array complex passing through the lon-
gest row of electrodes (composed of ten electrodes)
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3. Goldmann visual field (to evaluate possible changes or improvements of the
visual field)

4. B-scan echography (to monitor the course of possible complications such as a
choroidal detachment, a retinal detachment, or retinal schisis)

All the data regarding the adverse events were collected. Adverse events were
classified as “serious” (if they caused permanent damage or required surgical inter-
vention or hospitalization to prevent permanent impairment) and “nonserious” (if
they required noninvasive treatment or resolved spontaneously without any
treatment).

Compliance with Ethical Requirements

Stanislao Rizzo and Laura Cinelli declare that they have no conflict of interest. No
human or animal studies were performed by the authors for this chapter.
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Chapter 5
Retinal Prostheses: Clinical Qutcomes
and Potential Complications

Devon H. Ghodasra, Allen C. Ho, K. Thiran Jayasundera,
and David N. Zacks

Introduction

The feasibility of surgical implantation of retinal prostheses for the treatment of
retinal degenerations was first demonstrated in animal studies. Early biocompatibil-
ity studies showed no serious adverse events, and novel surgical techniques were
developed to implant various types of retinal prostheses on or below the retinal
surface. While a variety of devices have shown promising outcomes in animal stud-
ies, those being implanted in humans are most notable for making technical head-
way toward clinical application. The recent publication of human clinical trials with
long-term outcome and safety data has confirmed the exciting progress in visual
prosthesis research.

Clinical Outcomes

Early experiences with retinal prostheses have shown promising results in restoring
sight to the blind, but as with any investigational device, patient safety and device
reliability are of paramount concern. The first retinal prosthesis to obtain regulatory
approval, the Argus II Retinal Prosthesis System (Second Sight Medical Products,
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Inc., Sylmar, CA, USA), has shown an acceptable long-term safety profile as com-
pared to glaucoma drainage devices and retinal tacks (Gedde et al. 2009; Lankaranian
et al. 2008; Ang et al. 2010; Abrams et al. 1986). One study of the 12-month out-
comes of six patients from a single center showed no complications that required
additional surgery (Rizzo et al. 2014). The 3-year results of the Argus II clinical trial
showed an acceptable rate of serious adverse events (SAEs) and nonserious adverse
events (non-SAEs) (Ho et al. 2015). SAEs are defined as complications that require
medical or surgical intervention to prevent permanent injury. Non-SAEs are those
that may be observed or for which treatment is noninvasive. Thirty subjects were
implanted with the Argus II between June 2007 and August 2009 at ten centers in
the United States and Europe (Ho et al. 2015). Implant safety was examined at years
1 and 3. The majority of patients, 66.7% at year 1 and 63.3% at year 3, had no
device- or surgery-related SAEs. The most common SAEs were conjunctival ero-
sion or dehiscence, hypotony, presumed endophthalmitis, retinal tack dislocation
requiring re-tacking, and retinal tear or detachment. Other SAEs include corneal
opacity, infective keratitis, and corneal melt. Nonserious adverse events include
epiretinal membrane, conjunctival congestion, ocular pain, hypotony, suture irrita-
tion, choroidal detachment, uveitis, retinal thickening, and vitreous hemorrhage,
among others.

Patients are at greatest risk for both serious and nonserious adverse events during
the early postoperative period. At year 3, 61% Argus Il SAEs and 53% of non-SAEs
had occurred within the first 6 months after implantation. Vigilant monitoring dur-
ing follow-up appointments is critical during this period.

Certain implanted patients may be at increased risk for multiple or recurrent
complications. The Argus trial showed that events were clustered within patients
as 55% of all SAEs at 3 years occurred in only three subjects (10%). Furthermore,
the few delayed complications observed after 6 months were usually a part of
cascades or recurrences of events. Complications associated with retinal prosthe-
sis are frequently related. The development of one such complication may increase
the risk of future complications. For example, the presence of hypotony or con-
junctival erosion may allow the ingress of microorganisms into the vitreous cavity
from the ocular surface and may increase the risk of endophthalmitis. Further
study is needed to identify those patients that are most at risk for recurrent
complications.

As clinical experience with retinal implants grows, devices have shown good
long-term reliability. The Argus II System has been shown to be very reliable and
stable. Twenty-nine out of 30 implanted subjects still had functioning devices after
3 years. A single patient was explanted due to complication management rather than
device failure. Seven patients had elective surgical repositioning of the array to
improve function, but no devices have been explanted due to nonfunctioning.

Postoperative care and the management of complications in patients undergoing
retinal prosthesis are critical in achieving successful outcomes. In addition to the
typical risks associated with standard intraocular surgery, retinal prosthesis surgery
raises new challenges from the unique aspects of the implantation procedure.
Preoperative planning and modified surgical techniques may help reduce the risks
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of certain complications. Patients require close follow-up and vigilant monitoring of
any symptoms that may alert of an impending complication. Early detection aids in
early rehabilitation, which can minimize long-term sequelae.

Complications and Management Strategies

Conjunctival Erosion

Conjunctival erosion or dehiscence is the most common complication arising with
retinal prosthesis implantation (Ho et al. 2015; Humayun et al. 2012). In the Argus
II clinical trial, 13.3% of subjects had conjunctival erosion, and 10.0% had con-
junctival dehiscence defined as a serious adverse event. Three patients (10%) had
conjunctival erosion or dehiscence defined as a nonserious adverse event.
Conjunctival disruption typically occurs over the raised profile of suture tabs of the
extraocular component of the device. Conjunctival erosion and dehiscence are
often heralded by ocular irritation or pain, conjunctival injection, tenderness to
palpation, or mucoid discharge (Fig. 5.1). Examination of the suspected area of
erosion may reveal overlying conjunctival hyperemia, visible sclera, or exposed
suture/prosthesis (Fig. 5.2).

While early identification is most critical, several pre- and intraoperative strate-
gies may reduce the likelihood of conjunctival problems. A preoperative risk assess-
ment should note previous ocular surgery which can cause conjunctival scarring and
identify thin or poorly mobile conjunctiva on preoperative examination. Any history

Fig. 5.1 Early conjunctival erosion over the device suture Table 3 months after implantation
treated with removal of eroding Mersilene suture, placement of pericardial graft, and conjunctival
closure
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Fig. 5.2 Late conjunctival erosion and exposed device suture tab leading to eventual device
explantation

of strabismus or extraocular muscle surgery should be identified. One Argus II
patient with a history of large muscle recession had conjunctival erosion because the
device coil could not be placed under the lateral rectus. Intraoperatively, the
electronics case, array cable, and suture tabs should be adequately covered with an
allograft such as processed pericardium. The Tenon’s membrane should be closed
with absorbable suture prior to meticulous conjunctival closure. For suturing the
scleral buckle, nylon suture may be preferred over braided Mersilene polyester
sutures, which may contribute to erosion. All permanent sutures should be rotated
posteriorly to lower knot profiles.

Ideal management of conjunctival erosion involves early identification. Mild
injection and irritation at a suspected site without erosion can be treated with aggres-
sive lubrication and frequent follow-up. Frank erosion or dehiscence should be
managed surgically. Topical antibiotics should be used until the patient can return to
the operating room for closure. Wound revision should include adequate exposure
of the offending area with thorough debridement and release of any areas of trac-
tion. All irritating sutures should be removed. If the buckle and coil are secure and
well encapsulated, suture tabs can be removed if necessary. Exposed areas should
be recovered with sufficient homologous scleral or pericardial patch graft, over
which conjunctiva is then carefully reclosed. If there is not sufficient remaining
conjunctiva for closure, an autograft from the fellow eye may be used.

Conjunctival erosion is a significant risk for the lifetime of a retinal prosthetic
device. Implanted patients should be vigilant in promptly reporting any new symp-
toms of foreign body sensation, pain, tearing, or discharge to their surgeon.
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Fig. 5.3 Choroidal detachment secondary to hypotony presenting on postoperative day 3

Hypotony

Postoperative hypotony is one of the more common complications of retinal pros-
thesis surgery. Conservative management may be appropriate in some cases, but
surgical invention with wound revision is the definitive treatment. In the Argus II
clinical trial, hypotony was defined at intraocular pressure less (IOP) than 5 mmHg
(Humayun et al. 2012). Four patients (13.3%) had hypotony defined as a serious
adverse event requiring treatment to prevent injury, and seven patients (23.3%) had
hypotony defined as nonserious that was managed with observation or noninvasive
methods. Postoperative hypotony typically occurs within 6 months of implantation,
but cases have been reported after 12 months (Ho et al. 2015). Acute postoperative
hypotony is typically due to inadequate closure of sclerotomies but less commonly
may be due to damage to the ciliary body. The case of late postoperative hypotony
in the clinical trial was attributed to migration of the device after broken sutures.
Nevertheless, there may be a lifetime risk of hypotony due to the presence of the
open channel of the array cable (Humayun et al. 2012). Hypotony may be asymp-
tomatic or can cause eye pain and discomfort. Ophthalmic examination may reveal
corneal decompensation, shallowing of the anterior chamber, anterior chamber cell
and flare, or ciliochoroidal detachment, either serous or hemorrhagic (Fig. 5.3).
Seidel testing with fluorescein should be performed for all patients with hypotony
or suspected leaks.

Prevention of postoperative hypotony is best achieved by meticulous sclerotomy
closure, especially the superotemporal sclerotomy around the array cable. Adequate
closure of sclerotomies at the end of the case is facilitated by proper initial wound
construction. The sclerotomy for the array cable should be straight as opposed to a
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chevron shaped or curved, which may cause cable and wound puckering. When
closing, mattress sutures with long scleral passes increase vector forces in re-
apposing wound edges. Each sclerotomy should be dried and carefully checked for
leakage. Any small amount of oozing from the wound should be addressed, as spon-
taneous resolution should not be assumed. Some surgeons advocate fluid-air
exchange, suggesting that the surface tension effect of an air bubble can help reduce
wound leaks. Partial thickness scleral flaps analogous to trabeculectomy surgery
and sealants such as fibrin glue have been used but are not standard practice.

Management of postoperative hypotony depends on duration of hypotony and
any associated signs. If no other serious adverse events are present, observation for
up to 2 weeks with pressure patching and close follow-up can be adequate. Persistent
hypotony or unimproved anterior chamber flattening should prompt return to the
operating room for further inspection and re-suturing of sclerotomies. Small or sta-
ble choroidal effusions may also be observed, but quickly enlarging or appositional
choroidal effusions warrant immediate reoperation. In the interim results from the
Argus II clinical trial, two of three patients with hypotony had stabilization of IOP
with intraocular silicone oil tamponade (Humayun et al. 2012).

Endophthalmitis

Infectious endophthalmitis is a rare occurrence in typical vitrectomy surgery, occur-
ring in approximately 1 in 3000 cases (Hu et al. 2009; Shimada et al. 2008; Scott
et al. 2008). There are several aspects unique to retinal prosthesis implantation,
however, that may increase the risk of endophthalmitis. The higher risk of conjunc-
tival erosion and the persistent channel of the array cable both open the barrier
between the intraocular cavity and external environment. The prolonged time of
surgery of retinal implantation as compared to standard vitreoretinal procedures
may also contribute to increased risk. In the long-term results from the Argus II
clinical trial, 3 out of 30 implanted patients (10%) had culture-negative endophthal-
mitis (Ho et al. 2015). In the single-study center of six patients, there were no cases
of endophthalmitis (Rizzo et al. 2014). Endophthalmitis is typically associated with
increasing eye pain and photophobia. Examination may reveal conjunctival injec-
tion, severe anterior chamber reaction with hypopyon or fibrin, and vitreous cell and
haze (Figs. 5.4 and 5.5).

The most important step to reducing the risk of postoperative endophthalmitis is
preoperative povidone iodine prep and sterile technique. The retinal implant and
device cable should also be rinsed prior to implantation, and all efforts should be
made to avoid contact with exposed lashes. Topical and subconjunctival antibiotics
should be used postoperatively to cover Gram-positive and Gram-negative bacteria.
Oral antibiotics are used per device protocol for 1-2 weeks. After the protocol in the
Argus II clinical trial was changed to include prophylactic intravitreal antibiotics at
the end of the case, no additional cases of endophthalmitis were reported (Ho et al.
2015). Contributory risks such as hypotony and conjunctival erosion should be
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Fig. 5.4 Endophthalmitis presenting with pain, conjunctival injection, subconjunctival hemor-
rhage, engorged iris vessels, and hypopyon 5 weeks after implantation

Fig. 5.5 Vitritis and hazy view of the fundus in the preceding patient with endophthalmitis

identified early and corrected. The early identification of presumed endophthalmitis
is also critical to preserving successful outcomes. Warning signs and symptoms of
endophthalmitis should be reviewed at each follow-up examination, and patients
should be instructed to call immediately with concerns.

As in all intraocular surgery, suspected endophthalmitis should be considered an
ophthalmic emergency. Vitreous aspiration and culture should be performed.
Intravitreal antibiotics typically given are vancomycin 1 mg/0.1 mL and ceftazidime
2.25 mg/0.1 mL. Due to its effective vitreous penetration, an oral fluoroquinolone
should be considered for 7-14 days. All cases of endophthalmitis in the Argus II
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clinical trial were successfully treated with intravitreal, subconjunctival or topical,
and systemic antibiotics (Ho et al. 2015). No cases required explantation of the
device.

Retinal Tear or Detachment

Retinal tear and detachment are less common serious adverse events noted after
retinal prosthesis implantation. In 30 Argus clinical trial patients, one had retinal
tear, and two had retinal detachments (Ho et al. 2015). Both cases of retinal detach-
ment occurred 5—-6 months after surgery and were treated with surgical intervention
(Fig. 5.6).

Several intraoperative techniques should be employed to reduce the risk of this
complication. First, some surgeons recommend that triamcinolone acetonide be
used to highlight the vitreous and allow for more accurate and safer shaving of
the vitreous base in both the superotemporal and inferotemporal quadrants where
the array and the tack, respectively, will be inserted. Second, excessive traction
on the retina should be avoided. Since the vitreous cortex is very adherent in some
patients with RP, the hyaloid frequently cannot be detached anterior to the mid-
periphery. Third, macular epiretinal membranes may be peeled to improve contact
between the array and the retina, but internal limiting membrane peeling should not
be performed to avoid the risk of macular hole. Fourth, prophylactic 360° endolaser
retinopexy is not recommended as this may cause necrosis of the retina, which is

Fig. 5.6 Laser demarcation of suspected rhegmatogenous retinal detachment in the inferonasal
quadrant noted on routine follow-up 2 weeks after device implantation
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already thin and atrophic. Lastly, careful examination of the periphery with scleral
depression at the end of the case allows immediate detection and treatment of intra-
operative retinal breaks.

Retinal tears and detachments may be treated with standard surgical techniques.
All vitreous adhesions and tractional membranes should be fully released. Any reti-
nal breaks should be well treated with confluent retinopexy. Laser retinopexy may
be safely used without altering electrode functioning, but care should be taken to
ensure laser is applied away from the intraocular portions of the device. Both intra-
ocular gas (SF6 and C3F8) and silicone oil may be used for tamponade without
affecting the retinal prosthesis. As with other complications, the symptoms of reti-
nal tear and detachment should be discussed with each patient during follow-up to
assure prompt diagnosis.

Nonserious Adverse Events

Like most serious adverse events, nonserious adverse events or minor complications
typically arise within the first 6 months after implantation. These device- and
procedure-related complications may include ptosis, macular edema, epiretinal
membrane, uveitis, and elevated intraocular pressure.

Macular Complications

Retinal thickening and cystoid macular edema are commonly seen after intraocular
surgery, including vitrectomy. Retinal prosthesis implantation may have increased
risk of macular edema because of increased postoperative inflammation compared
to standard vitreoretinal surgery and unique tractional aspects arising from prosthe-
sis contact with the retinal surface. In the Argus II clinical trial, 16.7% of patients
had retinal thickening with cystoid macular edema, and 13.3% had retinal thicken-
ing without cystic changes (Ho et al. 2015). Cystoid macular edema is characterized
by breakdown of the blood-retinal barrier with accumulation of fluid in the inner
nuclear and outer plexiform layers, producing a petaloid pattern. Oral and topical
steroids are used as part of the typical regimen to reduce postoperative inflamma-
tion. The Argus II clinical trial protocol used topical prednisolone and oral pred-
nisolone for 2 weeks followed by methylprednisolone (Medrol) taper pack. For
recurrent or residual macular edema, topical nonsteroidals (ketorolac) and/or dor-
zolamide may be used as needed. If not improving, a 1-month course of oral pred-
nisone (0.5 mg/kg to start, then tapered weekly) can be considered. While it should
generally be treated, the effect of prolonged or persistent edema on electrode func-
tioning is unknown. Cases have even been reported in which array-retina apposition
improved after incidence of macular edema, resulting in improved electrode
functioning.
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Fig. 5.7 Dense epiretinal membrane near the device array causing tractional retinal detachment
6 weeks after implantation

Epiretinal membranes typically form from residual vitreous cortex left during
vitrectomy or in response to postoperative inflammation. More specifically in reti-
nal prosthesis implantation, array contact with the retinal surface may also contrib-
ute (Fig. 5.7). Of the 30 Argus II clinical trial patients, 11 (36.7%) developed a
postoperative epiretinal membrane. Both epiretinal membrane and macular edema
can be followed with optical coherence tomography. Postoperative epiretinal mem-
brane formation is typically observed without treatment, but its effect on long-term
retinal prosthesis functioning needs further study.

Elevated Intraocular Pressure

While hypotony is the more common pressure issue, patients undergoing retinal
prosthesis surgery have several risk factors for developing postoperative elevated
intraocular pressure. Increased intraocular pressure is observed in approximately
one-third of patients following standard vitreous surgery (Han et al. 1989; Gedde
2002; Costarides et al. 2004; Desai et al. 1997). The majority of pressure elevation
after standard vitrectomy is due to secondary open-angle glaucoma and includes
causes such as inflammation or corticosteroid response. Retinal prosthesis patients
may have increased intraocular inflammation compared to patients undergoing stan-
dard vitreoretinal procedures that are shorter and require less manipulation. Argus 11
patients also receive higher and prolonged doses of topical and oral steroids, which
may place them at risk for steroid response glaucoma. Increased intraocular pressure
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typically occurs 2—-6 weeks after initiation of steroid treatment. The risk of postop-
erative intraocular pressure elevation may also be higher in retinal prosthesis patients
due to elements of the scleral buckle. For standard vitreoretinal procedures such as
retinal detachment repair, combined procedures involving vitrectomy and scleral
buckle have been shown to increase the risk of developing postoperative elevated
pressure (Han et al. 1989). The placement of an encircling scleral buckle is known to
temporarily reduce the outflow facility of the eye. In the Argus clinical trial, 2 out of
30 patients (6.7%) developed postoperative elevated intraocular pressure.

All patients should be instructed about the warning signs of elevated intraocular
pressure during standard postoperative counseling. At each follow-up examination,
intraocular pressure should be assessed, ideally with the Goldmann applanation
tonometry. Accurate pressure monitoring may sometimes be difficult in the early
postoperative period due to corneal epithelial defects or edema. Upon identification
of elevated pressure, any secondary factors such as increased inflammation should
be appropriately managed. Intraocular pressure may be controlled with topical med-
ications, including beta-blockers (e.g., timolol), alpha agonists (e.g., brimonidine),
and carbonic anhydrase inhibitors (e.g., dorzolamide) as needed and as tolerated.
Pilocarpine should be avoided if possible. Systemic oral carbonic anhydrase inhibi-
tors (e.g., acetazolamide) may also be used as needed. Patients with known glau-
coma or angle abnormalities should be vigilantly monitored and treated early for
pressure fluctuations.

Attentive monitoring of intraocular pressure is necessary in all patients undergo-
ing retinal prosthesis surgery.

Uveitis

Surgical manipulation may result in alterations of the blood-aqueous and blood-
retinal barriers, leading to vulnerability to inflammation in the early postoperative
period. Protein leakage and cellular reaction in the aqueous and vitreous humor are
manifested as cell and flare or vitreous haze. Some degree of inflammation is to be
expected after any complex surgical procedure such as retinal prosthesis implanta-
tion, but early identification of an excessive inflammatory response is needed to
ensure absence of infection and to help promote normal wound healing. The most
important initial step in addressing atypical postoperative inflammation is identify-
ing noninfectious uveitis from infectious endophthalmitis. While differentiating the
two may sometimes be challenging, features suggesting an infectious etiology
include significant pain, intense conjunctival injection, fibrin or hypopyon, and tim-
ing 3—10 days after surgery. Any suspicion of inflammation from an infectious etiol-
ogy should be treated as endophthalmitis and managed as previously discussed.
Delayed onset endophthalmitis from fungal or atypical bacteria such as P. acnes is
especially challenging in differentiating from noninfectious chronic postoperative
uveitis. Five patients (16.7%) with noninfectious uveitis were identified in the
3-year results of the Argus clinical trial (Ho et al. 2015).
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After microbial infection has been ruled out, noninfectious postoperative uveitis
can be addressed. Typical signs of uveitis include ciliary flush, anterior chamber cell
or flare, keratic precipitates, and vitreous haze or cell. Intraocular pressure should
be measure and is typically low or normal but may become elevated from uveitic
glaucoma. Mild anterior chamber reaction can be treated with topical prednisolone
acetate 1% (Pred Forte). Once inflammation is improving, the steroid can be tapered
by one drop per day every week and then discontinued once all cells have disap-
peared from the anterior chamber. Intermediate and posterior uveitis is treated with
oral steroids or sub-Tenon’s steroid injection. Patients are typically started on oral
prednisone 40-60 mg per day. With improvement, prednisone is tapered by 5—-10 mg
weekly depending on response. Sub-Tenon’s injection of triamcinolone 40 mg/mL
may also be considered in patients with cystoid macular edema and intermediate or
posterior uveitis but is contraindicated in patients with steroid-responsive intraocu-
lar pressure. Cycloplegic agents such as cyclopentolate 1% or atropine 1% should
be given to prevent synechiae and reduce photophobia.

The risk of postoperative uveitis is typically reduced with an appropriate postop-
erative steroid regimen. Topical and oral steroids should be used as recommended
by the retinal prosthesis protocol and tapered as inflammation permits. Any patient
with history of uveitis should be identified preoperatively as intraocular surgery
may cause prolonged and severe postoperative inflammation. Implantation should
be delayed in any patient with active uveitis. These patients should be treated appro-
priately and remain quiet without any evidence of active inflammation, or rebound
for at least 3 months before implantation should be considered. Any patient with a
history of uveitis may warrant preoperative pulse dose oral steroids immediately
prior to implantation.

Postoperative uveitis is expected after retinal prosthesis surgery, but excessive
inflammation may lead to additional complications such as macular edema, elevated
intraocular pressure, or tractional retinal membranes. Appropriate management of
disproportionate or rebound uveitis can preserve good outcomes in patients under-
going retinal prosthesis implantation.

Conclusion

Retinal degenerations such as retinitis pigmentosa were previously one of the major
causes of untreatable blindness. New treatment paradigms such as gene therapy and
retinal prostheses have the potential to revolutionize the management of these
patients. Clinical trials of various retinal prostheses are well underway, and the most
examined implant, the Argus II Retinal Prosthesis System, has already shown favor-
able long-term safety data. The risk of serious and nonserious adverse events for
retinal prosthesis implantation is comparable to other intraocular procedures. Long-
term reliability and device failure rate are excellent. Despite promising overall
results, early experiences have also identified certain challenges and complications
associated with novel parts of the surgical procedure. In addition to standard risks
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associated with vitreoretinal surgery, the implantation procedure has increased risks
of complications such as conjunctival erosion, hypotony, endophthalmitis, and reti-
nal tear or detachment. In some instances, the risk of complications may be reduced
with modified techniques to implantation protocol. More importantly, vigilant mon-
itoring for early potential complications is critical to successful postoperative man-
agement. Data have shown that long-term sequelae can be minimized with
appropriate medical and surgical management.
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Chapter 6
Retinal Prostheses: Functional Outcomes
and Visual Rehabilitation

Gislin Dagnelie

Introduction

The quality of prosthetic vision is extremely poor. Most of us are surrounded by
screens with millions of pixels in rich color and can hardly imagine a visual world
presented in low contrast and without meaningful color. The resolution of a retinal
prosthesis may be specified as 6 x 10 (Argus II) to 38 x 40 (Alpha IMS), but in real-
ity there are no discernible pixels at all, and the implants provide at best blurry
shape and movement information. And yet some recipients of these implants dem-
onstrate surprising ability to interact with the visual world around them in ways that
seem inconceivable when we look at realistic simulations of what they are seeing.
This simple reflection teaches us two important facts:

1. Even minimal visual information can be helpful to a person who has been func-
tionally blind for years.

2. The human visual cortex is remarkably good at learning how to interpret this
very limited information.

In this chapter, we will consider how this is possible and how we can assess and
improve prosthetic visual performance.

The question how many dots are needed to convey an image goes back at least to
the dawn of television transmission, but for visual prostheses this question was first
seriously examined in the Normann lab at the University of Utah in the 1980s, in the
context of design proposals for a cortical visual prosthesis. Cha and colleagues stud-
ied the minimum number and density of dots required for reading (Cha et al. 1992c¢),
visual acuity sufficient for standard print (Cha et al. 1992a), and wayfinding in an
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indoor maze (Cha et al. 1992b). For all three tasks, a grid of 25 x 25 dots with 4 arc-
min spacing presented foveally was found to yield good results, albeit that a mini-
fied image was required for optimal mobility, projecting a 30° visual field onto the
1.7° grid. All these simulations were carried out in normally sighted individuals,
with the assumption that future prosthesis recipients would all be previously sighted
and thus have a fully developed central visual system.

As several teams began to design retinal prostheses, it became clear that implants
with 625 electrodes would not be feasible in the near future, and additional simula-
tions were carried out to determine what tasks could be accomplished with feasible
electrode numbers. The Johns Hopkins group compared simulations with 4 x 4,
6 % 10, and 16 x 16 dots for a variety of clinical and daily tasks (Hayes et al. 2003)—
tumbling E, Lea symbols, MNRead (Legge et al. 1989), recognizing household
objects, pouring, and cutting with scissors—and for both real and virtual wayfind-
ing tasks (Dagnelie et al. 2007). An important finding of these studies was that a few
of the simplest tasks could be carried out with just 4 x 4 dots, and all could be
learned with 6 x 10. These findings informed the choices by Second Sight for its
first (Argus 16, 4 x 4 electrodes) and second (Argus II, 6 x 10 electrodes) implant
designs and several other groups based their designs on similar considerations.
Subsequent simulations of face recognition (Thompson et al. 2003) and continuous
text reading (Dagnelie et al. 2006a) indicated that 16 x 16 dot resolution could be
adequate for more complex visual tasks.

Figure 6.1 shows several of the “pixelized” patterns presented to sighted subjects
using a video headset. When viewing these stationary patterns, it is important to
bear in mind that these subjects derived additional information from the temporal
changes in the patterns as the camera was scanned across the scene and that in most
cases performance could be improved with practice.

In retrospect, these early simulations, and dozens of similar studies performed by
groups around the world to project how well future implant recipients might be able
to accomplish visual tasks, suffered from a major flaw: They all assumed that the
images perceived by implant wearers would consist of a grid of regularly spaced
dots, similar to the output of a dot matrix printer. While that assumption was in part
supported by reports of small round phosphenes, obtained during intraoperative
tests in blind volunteers, some acute tests indicated that phosphenes could be irregu-
larly shaped (Rizzo et al. 2003). Acute tests with a row of electrodes also indicated
that elongated compound shapes were seen, rather than a row of individual dots.
This lack of resolution down to individual dots, even for electrodes separated by 2°
(~550 pm), has been confirmed in all chronic retinal implants to date: Images are
described as blurred shadows, as though each dot is “smeared out” by the simultane-
ous activation of neighboring electrodes; this effect may be attributed to mutual
interference of cellular activation patterns in the inner retina caused by extensive
reorganization of neuronal connectivity in the later stages of retinal degeneration
(Jones and Marc 2005).

Figure 6.2 shows pairs of images for two hand-eye coordination tests carried out
in our lab, originally by normally sighted and low-vision observers and more
recently by Argus II implant users. The first test, the so-called checkerboard task,
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Fig. 6.1 Three simulations developed in the author’s laboratory: (a) Percept of a partial Lea sym-
bol using a 4 x 4 electrode retinal prosthesis. (b) Percept of a white Styrofoam cup within the field
of view of a 16 x 16 electrode retinal prosthesis. (¢) Percept of the view into a room, with a ceiling
light and a window, as seen with a 6 x 10 retinal prosthesis

required the subject to locate a small number of white squares within a white frame
and then cover these squares with black checkers (Dagnelie et al. 2006b); the images
in Fig. 6.2a/b show the video capture by the subject’s head-worn camera and the
image presented in the head-worn goggles, respectively. In the second test, the
“maze-tracing” task, subjects placed a stylus on a black dot inside a white circle on
a touchscreen and then had to trace a white line with one of more angles to reach a
solid circle marking the end of the maze (Mueller et al. 2007); the images in
Fig. 6.2c/d show the starting circles and stylus captured by the subject’s camera and
the image presented to the subject—notice that the position of the stylus can still be
inferred from the interruption in the white ring.
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Fig. 6.2 Views of detail of the board during the “playing checkers” activity (a/b) and of the screen
during a “maze-tracing” task (¢/d). (a) and (¢) show raw images as captured by the subject’s head-
worn video camera; (b) and (d) show the images as they are thought to appear to the retinal implant
wearer

Early simulations did not do justice to another crucial aspect of prosthetic vision
with an external camera, i.e., the role of head vs. eye movements in scanning the
scene: In normal vision, and in a retinal prosthesis with intraocular image capture,
the image projected onto the retina, and thus the information sent to the central
visual system, will shift in response to an eye movement, but the oculomotor system
sends a corollary discharge of the eye movement command to the central visual
system (Duhamel et al. 1992), so the image shift is anticipated and perceived as a
stationary scene. With a head-mounted camera, on the other hand, this closed-loop
system is interrupted: The electrodes stimulating the retina move with the eye, and
the compensatory signal to the central visual system causes the eye movement to be
perceived as a shift. This requires the prosthesis wearer to learn to keep the eyes
steady and perform camera scanning movements with the head. While the still
images in Fig. 6.2 cannot show this, an eye tracker inside the video headset worn by
our sighted subjects was used to shift the image in register with eye movements,
allowing us to verify whether they could learn to keep the eyes still. We found that
they indeed learned to do so (Wang et al. 2008) and eventually perform at levels
close to free-viewing conditions (Kelley et al. 2004), thus providing confidence that
retinal implant wearers would learn to do so as well.

Based on the most realistic simulations and despite severe limitations of today’s
prosthesis systems, it appears, therefore, that retinal implant wearers should be able
to accomplish simple visual tasks. There are several additional factors, however,
that could further restrict patient performance: the distance from the implanted
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electrodes to the target cells, the condition of the inner retina, the quality of the
electrical signal transduction from the implant to the retina, unintended activation of
retinal ganglion cell axons in the retinal nerve fiber layer, and gradual deterioration
of the implant or the retina, whether related to long-term stimulation or merely to
aging. On the other hand, it is important to remember that the human central visual
system is capable of extremely sophisticated pattern detection and recognition,
especially with well-targeted rehabilitation and practice. Without the ingenuity of
the visual cortex, the perseverance of the implant users, and the support of dedicated
rehab specialists, many of the results reported below would not be possible.

Functional Outcomes

Patients receiving retinal implants will generally be those with end-stage inherited
retinal degenerations. This implies that they have had good, or at least useful, vision
in youth, and sometimes for decades, but they all have gone through a period where
they were functionally blind, with at best some light perception or projection. A reti-
nal implant restores some functionality, and the best way to assess this is to follow
the crude hierarchy:

» Light perception (telling daylight from night or room lights on from off)

» Light projection (where the light is coming from)

e Light movement (direction in two dimensions)

* Detecting contrast (borders, outlines)

e Spatial resolution (two dots/bars)

e Crude hand-eye coordination

* Shape discrimination

*  Monocular depth cues (size, parallax)

* Functions requiring detail vision, such as reading, face recognition, fine motor
tasks, etc.—well beyond the capabilities of current retinal implants

Reading the reports on clinical trials with various retinal implants, one finds this
same progression of visual tasks and functional assessments (Mahadevappa et al.
2005; Benav et al. 2010; Ayton et al. 2014; Fujikado et al. 2011; Roessler et al.
2009), and one can think of this hierarchy as the framework for a prosthetic vision
curriculum; in fact, all groups working with implant recipients use a similar frame-
work. Some projects, notably the German Epiret 3 project and the suprachoroidal
implant programs in Japan and Australia, have had fewer implanted patients and
shorter time periods and have therefore not tested all aspects listed above. For this
reason, and because we are most familiar with the Argus II studies, this overview
will limit itself primarily to results published for the Argus II. Another reason to
look at only one system in depth is that there appears to be a general consensus that
the two best-documented implant systems, the Alpha IMS and the Argus II, yield
very similar functional performance (Stronks and Dagnelie 2014; Zrenner 2013; Ho
et al. 2015).
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Light perception is not assessed as a separate test but rather verified as part of the
initial system “fitting,” i.e., determining the minimum electrical charge at which
phosphenes can be elicited, either at a single electrode or through a combination of
multiple adjacent electrodes. During a similar procedure, the dynamic range of the
implant is determined by scoring perceived brightness as a function of electrical
charge, limited either by the patient’s comfort level or by the charge limits set by the
electrode materials or implant electronics. Once a brightness vs. charge characteris-
tic has been obtained for all functional electrodes, the electronics of the prosthesis
system are set to allow a direct conversion from external illumination to perceived
brightness; note that either the camera system or the internal electronics must per-
form the automatic gain adjustment required for operation of the system at widely
varying absolute illumination levels. Only after the system electronics have been
properly tuned can the hard work of “prosthetic seeing,” i.e., interpreting phosphene
stimulation patterns, begin. Most patients will initially describe their prosthetic
vision as “seeing flashes,” and only gradually will these flashes become organized
into movement and patterns, as the visual system works to detect their meaning.

Once the implant wearer has learned to reliably detect the presence of light, the
next step is to detect where the light is coming from. In the Argus II training
sequence, this is done through an exercise called square localization (Ahuja et al.
2011): A white square subtending ~5° is presented in a random location on a touch-
screen in front of the subject, at a distance of ~40 cm, and the subject’s task is to
touch the perceived location of the square on the screen; automatic verbal feedback
regarding the closeness and correct direction is provided by the software—e.g.,
“close; it was higher and right”—after each trial, and a distribution of relative touch
deviations is saved at the end of each run of 40 trials. Published results from the
Argus II feasibility study show that, at 1 and 3 years after implantation, 90% of
subjects were significantly more accurate in their localization (Ho et al. 2015) and
that the variability for most of them was at most one-third, with the system on com-
pared to system off (Ahuja et al. 2011); the only exceptions were three subjects
whose remaining vision allowed them limited localization.

The localization of a light source requires the prosthesis wearer to scan the cam-
era across the light and determine where the source is in reference to the head.
Pointing to the light source requires translation from a head-centered to a body-
centered frame of reference. An additional complicating factor is eye position:
Similar to the effect of gaze shifts mentioned above, the location of a stimulus per-
ceived by the wearer of an implant with an external camera depends on the direction
of gaze (Sabbah et al. 2014), but this location may shift over time depending on the
proprioceptive feedback received. This was demonstrated by Barry and Dagnelie
(2016), who intentionally provided a “gaze” offset to several Argus II wearers by
shifting the portion of the wide-field camera image that was presented to the implant.
The study indeed found an adaptation process, but it was much slower than the
adaptation observed in sighted individuals wearing prisms (Held and Hein 1958).

Having a central gaze direction or a body-centered frame of reference is less
important in determining the direction of a bar stimulus moving across a touch-
screen, the stimulus used in the so-called direction of motion test (Dorn et al. 2013),
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although the response does require the subject to trace the perceived direction on the
screen. But as long as the head is held vertical, the perceived and traced direction
should closely match the stimulus direction. During the clinical trial, directions
were randomized, and 80 trials were presented in each run, with verbal feedback
similar to that in the square localization test following each trial. A distribution of
error angles was saved at the end of each run. Even though this task might seem
easy, the time during which the stimulus was visible as the bar crossed the field of
view of the implant was short, and the accuracy was limited by the resolution of the
implant. For this reason, only ~60% of subjects performed significantly better with
the system on compared to system off (Ho et al. 2015); in fact, in addition to the
same three subjects who could perform the task with the system turned off, ten sub-
jects performed at the chance level with the system turned on (Dorn et al. 2013).

As a simple but demonstrably reliable measure of spatial resolution, the Argus II
trial used a grating visual acuity test (Bittner et al. 2005), adapted for use on a moni-
tor screen at 40 cm. Square-wave gratings with 100% contrast, ranging in width
from 40 to 800 arcmin (20/800 to 20/16,000 or 1.6 to 2.9 logMAR, in 0.1 logMAR
steps), were presented in one of four orientations (horizontal, vertical, diagonal left,
or diagonal right) for up to 5 s, and subjects indicated the perceived direction by
pressing one of four response buttons. Due to the limited extent and resolution of
the implant, this test required rapid scanning in different directions for the Argus II
wearers to make a reliable choice, so most implant users were unable to meet the
strict statistical criteria for reliable detection at adjacent spatial frequencies: An
interim study found that 7 of 28 subjects had repeatable resolution thresholds rang-
ing from 1.8 to 2.9 logMAR, while none had measurable resolution with the system
off (Humayun et al. 2012). In the latest study report (Ho et al. 2015), the number of
implant users with measurable grating acuity was 14 out of 29 after 1 year and 9 out
of 27 after 3 years.

To address the task of shape recognition/discrimination, Argus II clinical trial
participants were invited to join a letter identification task. The alphabet was sepa-
rated into three groups based on shape characteristics: simple (L,T,E,J,FH,I,U),
intermediate (A,Z,Q,V,.N,W,0,C,D,M), and complex (K,R,G,X,B,Y,S,P). All char-
acters were presented in white on a black background, with 2.9 logMAR font size.
Among 21 participants, correct percentage levels with the system on for the three
letter groups were 72 + 25%, 55 + 27%, and 52 + 29%, respectively; performance
with the system off was no better than chance (da Cruz et al. 2013). Six subjects
continued the test with smaller characters, in 0.1 logMAR steps. Finally, four of
these six subjects were challenged to “read” short words, at their preferred font size
and with their eyes patched. They were given up to 60 s per character and managed
to successfully identify 7-10, 5-9, and 4-9 out of 10 two-, three-, and four-letter
words, respectively. Clearly, this is not a practical reading alternative for braille or
speech output, but it does confirm that some retinal prosthesis wearers can recog-
nize complex shapes, including short words. A similar report has appeared about at
least one recipient of the multi-photodiode array (MPA) subretinal implant (Retina
Implant AG, Reutlingen, Germany), the predecessor of the Alpha IMS (Zrenner
et al. 2011).



98 G. Dagnelie

Several tests of visually guided behavior in the laboratory have been reported for
Argus II users. Two of these formed part of the clinical trial (Ho et al. 2015): In the
“line task,” subjects followed a white line on the floor that either ran straight for
18 ft. or made a 90° left or right turn midway; successful completion required the
subject to follow the line to the end; six trials were performed, two in each configu-
ration, in pseudorandom order. The success rate was close to 70 + 6% across 28
subjects at 1 and 3 years after implantation with the system on and was at chance
with the system off. In the “door task,” a 2.5 x 6 ft. rectangular felt “door” was sus-
pended against a contrasting wall, in one of two positions; subjects had to locate it
from across a 20 ft. room, walk toward it, and touch it. Success rates were lower
(~53 + 6% at 1 and 3 years after implantation), mostly because of near misses and
because large objects of the same brightness are hard to locate at close range:
Subjects tend to use edge information and thus may touch the wall on the wrong
side of the edge.

Other visually guided behavior was reported for smaller numbers of Argus II
users in the laboratory. Twenty-one subjects performed the maze test mentioned
above (Fig. 6.2¢/d); feedback tones were provided so the subject could hear when
they correctly touched the starting and end points of the maze. Deviation from the
maze pattern was significantly less with the system on as compared to off, but time
to complete the task was much longer, not surprising since most subjects haphaz-
ardly ran their hand across the screen in the system off condition. In a separate
study, six Argus II recipients grasped an object placed at random positions on the
table in front of them. In this study, in addition system on and off, a condition called
“scrambled” was presented, in which the mapping of the electrodes was random-
ized, greatly hampering precision but still allowing crude localization. Interquartile
ranges for success in the on, scrambled, and off conditions were 67-95%, 42-95%,
and 0-50%, respectively, confirming that hand-eye coordination is improved by
activation and by correct mapping of the implant electrodes.

All activities listed above were carried out in the clinic, under tightly controlled
conditions, and thus were not necessarily representative of activities in everyday
life. For this reason, the Argus II clinical trial added three activities under real-world
conditions that could vary somewhat from center to center: sock sorting, walking
direction discrimination, and sidewalk tracking. In the sock sorting task (Fig. 6.3),
a pile of 30 socks—ten white, ten gray, ten black—of the same size and material
was placed on a table in front of the subject, on either a high, white or black felt, or
low, bare table, wood or gray, contrast background. Subjects were asked to sort the
socks into three piles of like color and identify each pile when finished. Subjects
performed at chance with the system off and significantly above chance (73 + 23%)
with the system on, especially on the high-contrast background; error rates were
highest for the gray socks, with some subjects performing at chance on the bare
table. Interestingly, several subjects commented in subsequent visits that they were
now sorting laundry at home.

Two additional tasks were also performed significantly better with the system on
than the system off. In an outdoor task, 27 subjects had to follow a curved border
between a grass and light-colored sidewalk, without stepping onto the grass or
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Fig. 6.3 Argus II implant user performing the sock sorting activity

straying more than 3 ft. from the border; errors along a 20 ft. trajectory were counted
as the score. In an indoor task, subjects observed two assistants as they took turns
passing in front of them at 10 ft. distance and after each of 40 such passages had to
indicate whether the person walked left to right or right to left; assistants wore dark
tee shirts for contrast against the white backdrop and socks to avoid auditory cues.
A few subjects performed above chance with the system off, probably due to
remaining auditory information; all performed above chance with the system on.

Patient-Reported OQutcomes

As in other areas of clinical research, self-reported outcomes such as visual func-
tioning questionnaires (VFQs) and quality-of-life (QoL) instruments are of great
importance when assessing the feasibility or success of retinal implants. After all,
even if the objective improvements in function are modest by the standards of nor-
mal vision, the differences compared to functional blindness may have a profound
impact on the implant wearer. This impact is readily apparent in interviews with
Argus II wearers and participants in other retinal prosthesis trials that have been
distributed through the media, but an important question is whether the impact can
be confirmed using the psychometrically validated self-report instruments (Massof
and Rubin 2001) that have increasingly been adopted over the past decade. VFQs in
different languages have undergone rigorous calibration using Rasch analysis and
are now in use in many clinical trials. Unfortunately, these VFQs are aimed at popu-
lations with mild to moderate vision loss and thus do not lend themselves to use in
retinal prosthesis wearers—even the simplest activities queried in these instruments
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would be rated as either “impossible” or “not applicable”; an additional complica-
tion is that some activities, like “telling time,” may be answered as though they are
carried out without using vision and thus be rated much easier than they would be if
use of vision were explicitly required.

The Argus II clinical trial used the Massof Activity Inventory (AI) (Massof et al.
2007) and vision-related quality-of-life (VisQoL) (Duncan et al. 2016) instruments
to estimate the impact of the implant on participants’ vision use and quality of life,
respectively. Most of the goals in the Al were rated as not applicable, both at base-
line and during follow-up administrations, and many of those that did get scored
yielded inconsistent changes; the simplest explanation for this is that this compre-
hensive categorical list of daily visual activities does not cover retinal implant users’
very limited visual ability. Interestingly, three of the six VisQoL subscales—injury,
life, and roles—showed a significant response among Argus II implant users who
had indicated at baseline that blindness affected their quality of life, with two addi-
tional subscales, assistance and activity, showing a positive trend (Duncan et al.
2016). This is understandable, since QoL instruments are not dependent on a par-
ticular vision level but rather on the impact of vision change, at any level.

Visual Rehabilitation

Prosthetic vision rehabilitation has many parallels with low-vision rehabilitation in
cases of severe visual impairment, but there are two fundamental differences: (1)
Prosthetic vision differs in many ways from native vision, as we have seen above;
(2) implant users generally are accomplished in blindness skills, and most have
received extensive blind rehabilitation. What does remain similar, on the other hand,
is the need for concrete rehabilitation goals, allowing the patient and therapist to
work on skills development that will make it possible to reach those goals. For these
reasons, rehabilitation workers engaging retinal implant recipients need to combine
unique skills. They should be experienced in blind rehabilitation, because they have
to build on those blindness skills to make the implant an additional tool—it does not
replace the blindness skills but augments them. But rehab workers also have to have
a thorough understanding of the technology, an attentive ear to what the user is
experiencing, and a creative mind to envisage solutions that will make it possible for
the user to accomplish valued tasks.

Before and during the rehabilitation process, it is important to observe implant
wearers’ use of vision, both native and artificial, for any effects of the implant on
their daily lives. During the Argus II clinical trial, this need led to the development
of the Functional Low-Vision Observer-Rated Assessment (FLORA) (Geruschat
et al. 2015, 2016), consisting of three sections: an interview querying the implant
wearer for specific changes in activities of daily living (ADL), independence, or
social interactions that may be attributed to the implant; an observation of the
implant wearer demonstrating specific skills such as indoor orientation in space,
perception and direction of light, movement, and objects, object localization and
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manipulation, and outdoor orientation and wayfinding; and a summary by the rehab
specialist conducting the interview and making the observations. Out of 35 activi-
ties evaluated in 26 clinical trial participants, 24 were performed significantly better
with the system on, as compared to off. The report and recordings submitted by the
rehab specialist were reviewed by two outside experts and scored for a net benefit or
loss attributable to the device; they concluded that no patients had an overall nega-
tive outcome of the implant, and only six had not experienced a benefit.

For the Argus II clinical introduction, SSMP developed a several practical tools
such as a magnetic board with black and white sides, and different white and black
shapes to be placed on the board, and a kit with three-dimensional objects that can
be observed and manipulated to improve image understanding and hand-eye coordi-
nation. These instruction tools are used by the rehab specialists during face-to-face
training but also are used for practice between training sessions. Home visits and
practice in the community are other important aspects of the training program,
allowing rehab specialists to observe and advise implant wearers toward more effec-
tive use of their restored vision and integration of its use into their blindness skill set.

Toward Improved Functional Outcomes

Over the next few years, improvements in functional outcome can be expected in
three important areas:

Image information for prosthesis wearers: At the present time, images presented to
retinal implant wearers with external cameras only undergo basic processing,
such as adjustment to external luminance and contrast, and video inversion.
Laboratory tests have been carried out, either in simulations or with implant
wearers, that demonstrate the feasibility of edge enhancement, object localiza-
tion and recognition, localization of faces, and selection based on distance or
temperature using specialized stereo and thermal cameras, respectively. Formal
results in implant wearers have not yet appeared in the peer-reviewed literature,
but can be expected in the next few years, as can prototype input devices and
software performing these functions.

Assessment of visual performance: As indicated above, most visual functioning
questionnaires query the respondents about visual activities that cannot be per-
formed with prosthetic vision and therefore are not capable of measuring self-
reported visual performance; this is true both at baseline and at follow-up or
comparing system on and system off performance. In recent years, a VFQ has
been developed that can assess functioning in the ultralow vision range (Dagnelie
etal. 2014; Jeter et al. 2016). The use of such a questionnaire for accurate assess-
ment of self-reported visual performance is not limited to retinal implant wear-
ers: Outcomes are reliable in native ULV as well as in prosthesis wearers, and
similar benefits can be expected for novel treatment modalities such as gene
therapy in patients with rudimentary vision from Leber congenital amaurosis.
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Quality of rehabilitation programs: Retinal implants are just starting their develop-
ment, and the number of rehabilitation specialists who have had the opportunity
to work with these patients is small. They have had the opportunity to exchange
experiences in online collaborations, conference calls, and a recent conference of
Argus II experts (Ghodasra et al. 2016). Further improvements can be expected as
a new set of standardized performance assessments for activities of daily living
(ADL), developed in parallel with the ULV-VFQ, will become available. Such
standardized assessments exist for patients with slightly better visual abilities
(Finger et al. 2014), and a similar assessment for individuals with ultralow vision
is currently being calibrated (ULV-ADL (Dagnelie et al. 2015)). As the number of
wearers of Argus II and other retinal implants grows, so will the number and expe-
rience of rehab specialists, as well as the range of rehabilitation programs and
tools. This will be important to both patients and clinicians: The success of retinal
implants will critically depend on the strength of the rehabilitation program.

Compliance with Ethical Requirements Gislin Dagnelie is a consultant to
Second Sight Medical Products and is also named as an inventor on several patents
related to the Argus II. No human or animal studies were performed by the author
for this chapter.
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Chapter 7
Retinal Prostheses: Other Therapies
and Future Directions

Olivier Goureau, Christelle Monville, Antoine Chaffiol, Gregory Gauvain,
Serge Picaud, Jens Duebel, and José-Alain Sahel

Introduction

Retinitis pigmentosa (RP), related inherited retinal dystrophies, and age-related
retinal degenerative diseases are major courses of yet incurable visual impair-
ment and blindness due to final loss of photoreceptor cells. Depending on the
pathology, the type of degenerated cells, and the stage of the disease, several
major therapeutic approaches suited to one or more disease stages have been
described (reviewed in Jacobson and Cideciyan 2010). These include gene ther-
apy (gene replacement or gene supplementation) to correct the disease-causing
genetic defect and associated biochemical abnormalities, neuroprotection
(trophic factors) to prevent or slow down the progressive degeneration of
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photoreceptors, retinal prostheses to stimulate the visual system and substitute
for the usual input from photoreceptors, and cell transplantation. Gene therapy
appears a suitable therapeutic approach in the early stages of retinal degeneration
in which the photoreceptor density and morphology and, specifically, the cone
outer segments are (partially) preserved. Cell therapy by replacing degenerated
retinal pigmented epithelium (RPE) is a very promising approach to prevent pho-
toreceptor loss in specific retinal diseases. For the most advanced stages of the
disease in which the inner nuclear neurons and circuitry remain relatively pre-
served for extended periods of time after the photoreceptor loss, retinal prosthe-
sis, optogenetics, and cell therapy by photoreceptor replacement provide
alternative approaches for vision restoration.

Optogenetic Therapy

The success of clinical trials on retinal prostheses demonstrated that the electri-
cal stimulation of retinal neurons from blind patients can induce visual percep-
tion. The optogenetic approach is an alternative therapeutic strategy, which is
currently being evaluated in rodents and nonhuman primates, and should soon
enter into clinical trials. The idea of optogenetics is to convert light-insensitive
retinal neurons into “artificial photoreceptors” by using light-sensitive opsins,
such as microbial opsins, which are derived from bacteria, algae, or other sources.
These optogenetic tools can be targeted to specific cell types of the retina with
viral vectors. Like an electrical implant, an optogenetic approach works indepen-
dently of the genetic cause of the disease. Thus, optogenetic-based gene therapy
should be applicable to a broad range of patients with rare genetic diseases, such
as RP, as well as to more common diseases, such as age-related macular degen-
eration (AMD), by introducing a gene into the residual retinal neurons using
adeno-associated viral vectors (AAVs). An advantage of the optogenetic approach
is that injecting a viral vector into the eye does not require a complicated surgery.
Another major benefit of optogenetics is the control of neural activity at high
spatial resolution which has the potential to restore vision at high acuity levels.
Recent gene therapy trials showed successful results in the treatment of Leber
congenital amaurosis (Bainbridge et al. 2008; Cideciyan et al. 2009; Maguire
et al. 2008; Simonelli et al. 2010) or choroideremia (MacLaren et al. 2014), and
promising results were obtained after reinjection of previously treated patients in
the contralateral eye (Bennett et al. 2012). These studies have demonstrated the
safety and feasibility of gene therapy in the human eye by focusing on the
replacement of specific genes, and they pave the way for novel strategies that are
mutation independent, such as optogenetic approaches. This chapter describes
the various forms of optogenetic therapy strategies using microbial opsins, but it
also addresses other approaches based on vertebrate opsins or photosensitizing
pharmacological agents.
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Cell Type-Specific Targeting of Microbial Opsins: Patient-
Tailored Optogenetic Approaches

In retinal degenerative diseases, such as RP or AMD, photoreceptors are affected by
degeneration. In RP, rod photoreceptors degenerate first, followed by the progres-
sive loss of cone outer segments, leaving the outer retina with remaining “dormant”
cones, i.e., cones lacking their photosensitive part but still alive. At later stages,
these surviving cones can disappear as well, while bipolar, horizontal, and amacrine
cells remain present. The remnant retinal circuitry is then deeply modified com-
pared to a healthy retina (Krishnamoorthy et al. 2016; Marc et al. 2014). Therefore,
depending on the stage of degeneration of the retina, different optogenetic therapies
seem to be available for the patient: in the early stage of the disease, activity could
be restored in cones lacking their outer segments. When cones are degenerated, one
could generate artificial photoreceptors from the inner nuclear layer (INL) cells,
such as bipolar cells or amacrine cells. Finally, in late stages of the disease, once
bipolar cells are no longer present, retinal ganglion cells (RGCs) could be targeted
(Fig. 7.1).
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Fig. 7.1 Cell type-specific optogenetic vision restoration strategies are dependent on the stage of
retinal degeneration. (a) Healthy retina. (b) Retinal degeneration stages and corresponding optoge-
netic strategies. At early stages rod photoreceptor degeneration is followed by cone outer segments
loss (top); later cone cell bodies also degenerate (center). At late stages of the disease, important
circuitry remodeling occurs in the inner nuclear layer (INL, bottom). Retinal pigment epithelium
cells are shown in brown, photoreceptors in blue, horizontal and amacrine cells in purple, bipolar
cells in red, and retinal ganglion cells in green. (c¢) After an intravitreal injection of the engineered
viral vector coding for the optogenetic tool into the patient’s eye, transfected retinal cells can
respond to light. The example trace shows a light response from a mouse retinal ganglion cell
expressing ChR2. The global signal output originating from the treated retina is then transmitted
via the optic nerve to the brain
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The first study that used an optogenetic approach to reactivate the retina of blind
mice was performed in rd1 mice, a model of photoreceptor degeneration. This
pioneering work showed that expression of channelrhodopsin-2 (ChR2) in RGCs
can confer light sensitivity to a previously blind retina (Bi et al. 2006), which was
followed by other studies (Tomita et al. 2007, 2009, 2010; Zhang et al. 2009;
Greenberg et al. 2011). In order to evaluate the potential of clinical translation,
ChR2 has been expressed with an AAV in the marmoset, a nonhuman primate
(Ivanova et al. 2010). This work demonstrated that RGCs of the marmoset retina
can indeed be activated by ChR2. However, the eye of marmoset is much smaller
than the human eye; thus, the efficacy of viral vectors (AAV) to express microbial
opsins has to be further evaluated in species that are phylogenetically closer to
humans, such as macaques. Targeting of RGCs could be a therapeutic strategy for
blind patients who show advanced degeneration of the INL; but it is important to
note that targeting of RGCs with ChR2 would lead to an ON response in all RGCs,
i.e., all cells would be turned into ON-type cells. Moreover, the image processing
capability of inner retinal circuits cannot be utilized with this approach. On the
other hand, clinical studies with epi-retinal implants have demonstrated that the
human cortex has the capability to make use from a visual code that is triggered by
direct stimulation of RGCs.

Targeting of ChR-2 to retinal ON bipolar cells is an alternative approach that
offers the benefit that neural circuits upstream of RGCs are utilized. A pioneering
study has shown that targeting ON bipolar cells with a specific promoter via elec-
troporation (Lagali et al. 2008) can restore visual responses on the retinal, corti-
cal, and behavioral level of treated blind mice. In a next step, electroporation was
replaced by viral gene delivery that is suitable for future clinical applications
(Doroudchi et al. 2011). More recently, by using viral vectors especially engi-
neered for retinal infection (Dalkara et al. 2013), it has been demonstrated that the
activation of ON bipolar cells can induce ON and OFF responses in the retina and
in the visual cortex (Cronin et al. 2014; Mace et al. 2015). This activation of the
ON/OFF pathway is mediated by the inner retinal circuitry. Unfortunately, there
is currently no viral vector specifically and efficiently transducing bipolar cells in
primates.

The discovery of residual photoreceptors in mouse models of retinal degenera-
tion, as well as in blind patients, suggested the possibility to reactivate these “dor-
mant” photoreceptors that have lost their light-sensitive outer segments. The
expression of the light-sensitive chloride pump, halorhodopsin, showed that it is
possible to reactivate these “dormant” cones in blind mice. Surprisingly, complex
visual functions, such as center-surround antagonism or direction selectivity, were
restored in these treated retinas (Busskamp et al. 2010). By using cultured postmor-
tem human retina (Fradot et al. 2011), researchers were able to show that halorho-
dopsin could also be expressed in human photoreceptors and be functional
(Busskamp et al. 2010). Screening with optical coherence tomography (OCT) con-
firmed the presence of such ‘“dormant” photoreceptors in blind RP patients
(Busskamp et al. 2010). Those patients could be eligible candidates for future clini-
cal trials. However, current in vivo tests in nonhuman primate did not yet reach
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sufficient level of halorhodopsin expression (unpublished data). Therefore, in the
present state of our knowledge, and taking into account diverse retinal remodeling
(Marc et al. 2014; Jones et al. 2016), targeting RGCs seems to be the first approach
to move into clinical trials (Fig. 7.1c).

The Choice of the Optogenetic Tool

As we have described above, the success of optogenetic strategies depends on the
specific targeting of a population of surviving retinal neurons by using tailored viral
vectors. The efficacy of this vector will be determined by (1) the viral capsid and (2)
the promoter, controlling the transgene expression; but the expressed element of the
vector will be the optogenetic tool. The choice of the optogenetic tool is critical to
the success of the therapy. The majority of the published studies using optogenetic
tools to restore vision used the microbial opsin ChR2 (Bi et al. 2006; Tomita et al.
2007, 2010; Lagali et al. 2008; Ivanova and Pan 2009; Zhang et al. 2009; Ivanova
et al. 2010; Doroudchi et al. 2011; Mace et al. 2015). In order to translate the
encouraging proofs of concept obtained in these studies to the clinic, careful tailor-
ing of the opto-genes is needed. Two different paths are currently explored; one is
based on the identification or engineering of microbial opsins with improved bio-
physical properties, and the other path is to use vertebrate opsins or proteins engi-
neered from vertebrate opsins.

Microbial Opsins

Microbial opsins are retinal-binding proteins that capture light energy and use it to
either actively pump ions across cell membrane or to open channels allowing a pas-
sive flow of ions across cell membrane. When introduced into non-light-sensitive
cells, microbial opsins enable to control their activity by using light as a stimulus.
The first steps in the discovery of microbial opsins were made in the 1970s by
Oesterhelt and Stoeckenius, when they identified bacteriorhodopsin, a rhodopsin-
like protein from the purple membrane of Halobacterium halobium that pumps pro-
tons under illumination (Oesterhelt and Stoeckenius 1971), followed by the
discovery of halorhodopsin, a light-driven hyperpolarizing chloride pump from
Archaebacteria (Matsuno-Yagi and Mukohata 1977). A major breakthrough was
then the discovery of channelrhodopsin, a blue light-sensitive cation channel from
the green algae Chlamydomonas reinhardtii (Nagel et al. 2002, 2003), followed by
the demonstration that, upon introduction of a microbial opsin, neurons became
responsive to light (Boyden et al. 2005).

The optogenetic toolbox was later expanded by the identification of multiple
opsins able to activate or to silence neuronal activity (Chow et al. 2010;
Cosentino et al. 2015; Hausser 2014). Since then, different variants have been
discovered with increased light sensitivity (Kleinlogel et al. 2011; Pan et al.



110 O. Goureau et al.

2014) in order to increase the efficacy of vision restoration strategies. Indeed,
they reduce the amount of required membrane-bound opsins needed for optoge-
netic stimulation. This is in particular the case of the “CatCh” protein that shows
an increased light sensitivity based on its permeability to calcium ions. However,
despite these improvements, the light intensity required for the stimulation of
microbial opsins is still very high, compared to the intrinsic opsins from a
human eye. A major bottleneck of channelrhodopsin-based vision restoration
strategies is that stimulation with blue light is needed, having the high risk of
inducing photochemical damage in the retina, as well as in the RPE (Ham et al.
1978; Rozanowska et al. 1995; Wu et al. 2006; Organisciak and Vaughan 2010).
Since the damage potential of red light is vastly lower than that of blue light,
there has been great interest in the development of red-shifted channelrhodopsin
variants, such as ReaChR or Chrimson (Lin et al. 2013; Klapoetke et al. 2014).
These novel opsins provide a therapeutic approach that can safely work in the
human eye by using red-shifted stimulation. Finally, the risk of immune
responses in human retina to microbial opsins is an important unknown, and the
tolerability of microbial opsins has to be evaluated carefully in the nonhuman
primate retina, before moving to clinical trials.

Other Optogenetic Tools

An interesting alternative for optogenetic applications are vertebrate opsins, such
as rhodopsin or melanopsin. Compared to microbial opsins, the light sensitivity of
vertebrate opsins is much higher, since the photon-triggered signals are amplified
by G-protein-coupled signaling cascades. It has been demonstrated that the
expression of melanopsin in blind mice can lead to light-induced responses at low
light levels (Lin et al. 2008). However, the slow kinetics of melanopsin does not
allow for light stimulation at sufficient temporal resolution. In a recent study, a
melanopsin-mGluR6 chimera expressed in bipolar cells showed that the temporal
property of melanopsin has been improved toward faster kinetics (van Wyk et al.
2015). The expression of rhodopsin in bipolar cells demonstrated that light
responses can be elicited even at indoor light levels (Gaub et al. 2015; Cehajic-
Kapetanovic et al. 2015). However, bleaching of rhodopsin remains an important
challenge, because for the chromophore recycling (Strauss, 2005) close interac-
tion of the retina with the RPE is needed, which could be a problem in many reti-
nal degenerative diseases.

Finally, a photochemical approach has also been proposed to resensitize the ret-
ina of blind patients. The idea is based on ocular injection of chemical photo-
switches that can trigger the opening of ion channels upon light stimulation. This
approach has now been validated in the retina ex vivo and in vivo for blind rodents
(Polosukhina et al. 2012; Tochitsky et al. 2014). A major drawback for therapy is
that it requires injections of photosensitizing molecules in the eye at regular time
intervals. The need of repeated injections is a clear bottleneck, but this approach has
the advantage to be reversible in case of major side effects.
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Future Perspectives

The optogenetic approach allows us to confer light sensitivity to specific cell types
in the retina by using AAVs, which have already been used as a safe gene delivery
tool in clinical studies. Viral vectors, especially designed for ocular gene delivery,
in combination with novel optogenetic tools provide us with new therapeutic per-
spectives for a wide range of inherited retinal degenerative diseases, such as RP, as
well as common age-related eye diseases, such as AMD. A key advantage of opto-
genetics is that it allows control of neural activity at high spatial resolution. Thus,
an optogenetic therapy could enable to restore vision at high acuity levels.

Cell Therapy

State of the Art

Cell replacement therapies have been historically viewed as a potential vision resto-
ration strategy for retinal degenerative diseases with significant cell damage. These
therapeutics aim at replacing the lost retinal cells using stem cells, progenitor cells,
and mature neural retinal cells. One of the main advantages of cell therapies is that
they are mutation-independent and can be used in a wide range of retinal degenera-
tion conditions.

The eye represents an ideal target for cell therapies as (1) it is easily accessible
and small (low number of cells would be sufficient for therapy), (2) it is highly
compartmentalized (permitting to target different ocular tissues such as vitreous or
subretinal space), and (3) the eye is a prototypic immune-privileged tissue that
resists immunogenic inflammation through multiple mechanisms (Streilein et al.
2002; Forrester 2009). Moreover, the development of noninvasive imaging
approaches, such as optical coherence tomography and adaptive optics, is of great
value in both diagnosis and follow-up after transplantation. Finally, the contralateral
eye can serve as an internal control in evaluation outcomes.

Patients suffering from retinal degeneration typically lose RPE cells, photore-
ceptors, or both. Therefore, two main cell sources can be considered: (1) RPE cells
to replace dysfunctional or degenerated RPE and to prevent photoreceptor cell loss
and (2) photoreceptor precursors to repair the degenerating neural retina. In this
context, human pluripotent stem cells (hPSCs) are an attractive alternative to ocular-
derived stem cell populations as a potentially inexhaustible source of donor cells.
They can be maintained indefinitely in an undifferentiated state in vitro and demon-
strate the capacity to differentiate into cells from all three germ layers (endoderm,
mesoderm, and ectoderm). This part of the review focuses on encouraging results in
animal models of retinal degeneration after transplantation of RPE cells and photo-
receptors derived from hPSCs, and on stem cell-based therapies targeting RP and
AMD currently under clinical evaluation.
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Cell Transplantation Using hPSCs

Human embryonic stem cells (hRESCs) have been the best studied since their first
isolation from the inner cell mass of a blastocyst (Thomson et al. 1998). The discov-
ery in 2007 by the group of S. Yamanaka that somatic cells can be reprogrammed
with four specific transcription factors (POUSF1, SOX2, KLF4, and c-MYC) into
an ES cell-like pluripotent state, known as human-induced pluripotent stem cells
(hiPSCs) (Takahashi et al. 2007), offers a new promising source of cells for trans-
plantation approaches, especially in an autologous context.

Based on the identification of the specific molecular signals required for neuro-
ectodermal identity adoption, eye field specification, and retinal differentiation, the
guided differentiation of mouse ES cells and also of hESCs and hiPSCs toward reti-
nal lineages has progressed rapidly in the last decade (reviews in Song and Bharti
2016; Leach and Clegg 2015; Wiley et al. 2015; Nazari et al. 2015; Borooah et al.
2013).

RPE Cell Replacement: RPE Cells vs. RPE Sheets

The RPE provides essential support for the long-term preservation of retinal integ-
rity and visual function (Strauss, 2005). For instance, RPE cells (1) control nutrient
and metabolite flow to and from the retina, replenish 11-cis retinal by reisomerizing
all-trans retinal generated during photoconversion, (2) phagocyte daily a portion of
the outer segments of photoreceptors, and (3) secrete cytokines that locally control
the innate and adaptive immune systems (Strauss, 2005). It is also part of the blood-
retina barrier and, together with the selectively permeable Bruch’s membrane, pro-
vides control over ion, nutrient, and metabolite transport between the retina and the
fenestrated capillaries of the choroid. Given the intimate anatomical and functional
relationship of RPE cells and photoreceptors, it is not surprising that any disease or
abnormality that affects the RPE displays problems with vision.

The treatment of RPE-associated degenerative eye diseases by cell therapy
was first proposed by Gouras and collaborators in the early 1980s (Gouras et al.
1984, 1985). This group successfully transplanted RPE cells in a monkey model,
demonstrating the feasibility of such approach. By the end of the 1980s, it was
well established that RPE cells can not only be transplanted in degenerated retina
but also can delay photoreceptor degeneration in a rat model of retinal degenera-
tion (Lopez et al. 1989), opening the path to the development of therapeutic cell-
based strategies. Laboratories from all over the world developed and tested
methods to produce cells that can replace defective or degenerated endogenous
RPE cells. Several cell sources have been evoked for RPE cell therapy rising
from the adult eye, autologous RPE cells harvested from the peripheral retina
(Wang et al. 2008) and allogenic RPE graft harvested from cadavers, and recently
a new potential source has been identified with the discovery of human RPE stem
cells (Salero et al. 2012).
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Significant research efforts have focused on finding the ideal methods for effi-
ciently deriving RPE cells from hPSCs. It has been well demonstrated that hPSCs
have the capacity to “spontaneously” differentiate to RPE cells using the con-
tinuous adherent culture method and the embryoid body method (reviewed in
Leach and Clegg 2015), but the efficiency could be low and lead to multiple cell
doublings to obtain the sufficient number of cells for transplantation. In parallel,
protocols that use knowledge of the developmental biology of the eye have been
successfully developed (Song and Bharti 2016). Many research labs have now
optimized direct RPE differentiation protocols using growth factors and small
molecules (Leach and Clegg 2015). hPSCs are first engaged to express neuroec-
todermal characteristics by their exposition to inhibitors of the WNT signaling
pathway (DKKI/NODAL and LEFTY-A). Then neuroectodermal progenitor
cells are differentiated into RPE cells using a culture medium that does not con-
tain fibroblast growth factor 2 (FGF2) and in the presence of activin A. The com-
bination of chetomin, an inhibitor of hypoxia-inducible factors, with nicotinamide
yielded a highly pure hPSC-derived RPE cell population that displayed many of
the morphological, molecular, and functional characteristics of native RPE
(Maruotti et al. 2015).

The most innovating approaches are represented by the generation of tridimen-
sional retinal structures, corresponding to optic cup-, optic vesicle-like structures
and more mature retinal organoids. These protocols were used to simultaneously
generate RPE cells from hESCs and hiPSCs in a reproducible manner (Meyer et al.
2011; Nakano et al. 2012; Zhong et al. 2014; Reichman et al. 2014).

Significant research efforts are focusing on finding the ideal method for trans-
planting hPSC-derived RPE cells into the subretinal space. Optimizing RPE trans-
plantation procedures resulted in the development of two different therapeutic
strategies: (1) introducing a cell suspension of RPE cells into the subretinal space
and allowing the donor cells to integrate within the host retina and (2) transplanting
polarized sheets of RPE cells to allow for improved safety and better clinical out-
comes, since normal RPE functions are dependent on specific cellular features of its
apical and basal domains (Buchholz et al. 2009; Nazari et al. 2015).

Regarding efficacy, most preclinical animal data suggest that cells injected in
the subretinal space as a suspension often fail to survive at long term compared
to polarized RPE monolayer (Carr et al. 2009; Diniz et al. 2013). Indeed, trans-
planted RPE cells were almost not detectable 13 weeks posttransplantation in
two studies performed in Royal College of Surgeons (RCS) rats and nude rodents
(Carr et al. 2009; Diniz et al. 2013), while only 0.2% of RPE cells were still pres-
ent 28 weeks postinjection in another study (Wang et al. 2005). In addition, the
viability and ability for RPE cells to regain a fully differentiated phenotype in the
subretinal space were even lower when the integrity of the underlying substrate,
the Bruch’s membrane, was disturbed (Booij et al. 2010). Finally, the injection of
a cell suspension could only produce a transient functional recovery due to the
death of RPE cells that do not benefit from the foundation of a basement mem-
brane ensuring their correct polarization, between 10 and 15 weeks after injec-
tion (Carr et al. 2009). Altogether these results suggest that permanent
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implantation of a polarized RPE monolayer that exhibits the physiology of its
natural counterpart represents a favorable alternative to RPE cell suspension
(Stanzel et al. 2014). For that purpose, multiple different substrates have been
tried for generating a polarized RPE monolayer on a scaffold (Jha and Bharti
2015). Among those, non-biodegradable synthetic scaffolds like polyester or
parylene substrates have been tested and developed for clinical applications (Hu
et al. 2012; Ramsden et al. 2013; Lu et al. 2014; Stanzel et al. 2014), and poly-
lactic-co-glycolic acid (PLGA) is under development (Liu et al. 2014; Song and
Bharti 2016). Several parameters must be taken into consideration, such as thick-
ness, mechanical properties, and biodegradation, to prevent additional damage of
the retina and improve the interactions between the retina and RPE (Kador and
Goldberg 2012). We are currently optimizing a cell therapy with allogeneic
hESC-derived RPE cells over a biological substrate that consists of polarized
hESC-derived RPE cells cultured on human amniotic membrane. This membrane
commonly used in ocular surface reconstruction (He et al. 2014) presents signifi-
cant advantages such as anti-inflammatory and antimicrobial properties (Niknejad
et al. 2008). The group of M. Takahashi developed a strategy based on RPE
sheets transplantation without any matrix or scaffold using an ingenious system
(Kamao et al. 2014). hiPSC-derived RPE were cultured onto Transwell inserts
coated with collagen. When the RPE cells reach confluency and form a typical
cobblestone pigmented epithelium, the RPE sheet is removed from the insert by
a collagenase treatment and the size of the RPE sheet is then adjusted using a
laser microdissection system (Kamao et al. 2014).

Ongoing and future clinical trials will show whether the transplantation of RPE
tissue (with or without artificial scaffold biodegradable or not) will provide better
survival and integration (thus better functional outcome) than the injection of RPE
cell suspension.

PR Cell Replacement: Precursors of PR and Retinal Sheets

Protocols guiding hPSC differentiation have been developed during the last decade
by trying to mimic the successive developmental steps in vitro: neural induction and
eye field and retinal specification, with the commitment and the differentiation of
retinal progenitor cells (RPCs) to specific cell types of the neuroretina (reviewed in
Wiley et al. 2015; Nazari et al. 2015; Borooah et al. 2013).

A variety of retinal differentiation protocols combined a serum-free floating cul-
ture of embryoid bodies (called SFEB system) and adherent cultures by plating
embryoid bodies that are able, in principle, to generate cells of all the three germ
layers (endoderm, ectoderm, and mesoderm). These stepwise 3D-2D protocols
demonstrated the requirement of preventing the endogenous activation of bone mor-
phogenetic protein (BMP)/transforming growth factor  (TGFf) and WNT pathways
as well as the activation of insulin growth factor I (IGF-1)/INSULIN pathway at
early stage of cultures to commit the cells toward a neuroectodermal lineage and
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secondarily toward a retinal cell fate (Reh et al. 2010). Indeed, these conditions
allowed the identification of cells expressing several eye field transcription factors,
such as RX, PAX6, LHX?2, and SIX3. These RPCs can be differentiated into the
photoreceptor lineage by addition, at specific time points on the 2D step, of retinoic
acid, Sonic HedgeHog (SHH), taurine, and triiodothyronine (T3) (Wiley et al. 2015;
Borooah et al. 2013). Incorporation of an additional 3D step allowed the self-forma-
tion of neuroepithelial structures, which corresponded ontogenetically to the optic
vesicle (OV) stage (Meyer et al. 2011; Phillips et al. 2012). Following isolation,
floating OV-like structures continued to differentiate toward the photoreceptor lin-
eage, with the expression of mature photoreceptor markers such as RHODOPSIN or
S-OPSIN around 100 days in culture (Meyer et al. 2011). Recently, improvement of
this stepwise 3D/2D/3D (SFEB floating/plating/isolated OV-like structures in sus-
pension) protocol of differentiation demonstrated that hiPSCs could efficiently gen-
erate retinal structures that were properly laminated with the presence of mature
photoreceptors forming outer segment disks (Zhong et al. 2014).

Over the last few years, interesting papers from the Sasai’s group based on their
previous study using mouse ES cells (Eiraku et al. 2011) reported the formation of
a bilayered optic cup using re-aggregated hESCs cultured as SFEB in the presence
of Matrigel and WNT inhibitor and SHH agonist in very specific time windows
(Nakano et al. 2012). These culture conditions allowed the identification of photo-
receptors within neural rosettes formed in the 3D structures by expression of CRX,
RECOVERIN, and RHODOPSIN from day 35 to day 120 (Nakano et al. 2012).
Successive steps of BMP4 priming followed by addition of FGF receptor inhibitor,
Glycogen synthase kinase-3 (GSK3) inhibitor, and, finally, retinoic acid and taurine
addition permitted the self-formation of well-laminated neural retina without modi-
fying the rate and the yield of photoreceptor generation (Kuwahara et al. 2015).

Moving toward future clinical applications requires the development of simple
and reliable retinal differentiation process, which also should reduce the need for
exogenous factors (Matrigel, serum, etc.). In this context, Reichman et al. recently
developed a GMP-compatible protocol starting from overgrowing adherent hiPSCs
in pro-neural medium that allowed simultaneous generation of RPE cells and self-
forming retinal organoids comprising photoreceptors (Reichman et al. 2014).

Historically, the first attempts of retinal neuron replacement using cells derived
from pluripotent stem cells concerned the intravitreally or subretinally injections of
neural progenitors derived from human ES cells into immune-suppressed rats
(Banin et al. 2006). Very low percentage of the engrafted neural progenitors (<1.5%)
expressed photoreceptor markers indicating an insufficient competence for photore-
ceptor generation. Nevertheless, any tumor formation was detected by 16 weeks
post-operation (Banin et al. 2006). Recent papers confirmed that both hESC- and
hiPSC-derived neural progenitors remained as phenotypically uncommitted pro-
genitors following transplantation but they are effective in preserving vision in blind
animal models (Lu et al. 2013; Tsai et al. 2015).

To date, there are very few studies using hESC- or hiPSC-derived retinal
cells to replace photoreceptors. A larger number of studies have been
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subsequently conducted by using differentiated mouse PSCs as source of cells
for transplantation (Tucker et al. 2011; West et al. 2012; Garita-Hernandez et al.
2013; Gonzalez-Cordero et al. 2013; Decembrini et al. 2014). Interestingly pho-
toreceptor precursors derived from 3D mouse ESC cultures were capable to
integrate into adult host retina and to mature into new photoreceptors, without
any tumor formation (Gonzalez-Cordero et al. 2013; Decembrini et al. 2014).
Unfortunately, no assessment of visual function has been performed in rodent
model of blindness due to the low number of integrated cells (<0.3%).
Nevertheless, histological analysis of integrated mouse ES cell-derived rods
demonstrated that newly formed photoreceptors were able to connect with the
existing circuitry in retina of blind mice (Gonzalez-Cordero et al. 2013). In the
case of large animals, it has been reported that rhodopsin-positive photorecep-
tors derived from swine iPS cells can integrate into the damaged retina of swine
(Zhou et al. 2011).

The group of T. Reh was the first to report transplantation of hPSCs directed to
a retinal fate (Lamba et al. 2009, 2010). According to their “SFEB retinal differen-
tiation” protocol (Reh et al. 2010), hESCs were differentiated for 3 weeks, and
between 50,000 and 80,000 “retinal cells” were transplanted into the subretinal
space of adult wild-type mice without any prior selection. Some transplanted cells
were found after 6 weeks to be integrated in the retina and showed expression of
rod and cone photoreceptor markers (Lamba et al. 2009). A similar result has been
obtained with the transplantation of retinal cells derived from hiPSCs into the sub-
retinal space of adult wild-type mice (Lamba et al. 2010). In order to determine
whether these integrated photoreceptors were functional, they performed trans-
plantation experiments into blind mice, where none ERG response could be
recorded. 2-3 weeks after subretinal injection of hESC-derived retinal cells, a
partial restoration of light response was detected by ERG analysis, where the
amplitude of the B-wave response was correlated with the number of integrated
cells (Lamba et al. 2009).

In the case of very severe degenerations and loss of outer nuclear layer (ONL),
transplantation of retinal tissue rather than dissociated photoreceptor cells could be
required. The development of recent innovative protocols allowing the generation of
retinal organoids from hPSCs (Meyer et al. 2011; Nakano et al. 2012; Zhong et al.
2014; Reichman et al. 2014), will be very useful to derived transplantable retinal
tissues. The group of M. Takahashi has already performed the proof of concept with
the transplantation of mouse ES-derived retinal sheets containing a defined ONL
into a ONL-depleted host retina in rd/ mice (Assawachananont et al. 2014).
Recently the same group reported a similar approach with hESC-derived retinal tis-
sue in a new primate model of retinal degeneration (Shirai et al. 2016). Even though
few animals (n = 2) have been transplanted, this study showed the maturation of
transplanted hESC-derived retinal sheets with the possible integration of grafted
photoreceptors with host bipolar cells. Ongoing transplantation studies in animal
models will show whether the transplantation of purified photoreceptors or whole
retinal tissue is the most adapted for integration and connection of the transplanted
cells and less immunogenic.
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Trials with Stem Cells

To date, at least 15 ongoing clinical trials are registered at the International Clinical
Trials Registry Platform (ICTRP) of the World Health Organization to test stem
cell-based replacement therapies for treatment of retinal dystrophies (Dalkara et al.
2016; Klassen 2016). Many types of stem cells were used: retinal derivatives from
hPSCs or from fetal tissue, neural stem cells (NSCs), and non-neural stem cells such
as mesenchymal stem cells (MSCs) and bone marrow-derived stem cells (BMSCs).
Paracrine effects such as anti-apoptotic could explain how NSCs, MSCs, and
BMSC:s contribute to prolonged retinal cell survival, rather than their ability to gen-
erate new retinal cells. In this paragraph, we will focus on stem cell-based therapies
using retinal derivatives (Table 7.1).

The first clinical trial has been conducted by Ocata Therapeutics, Inc. (MA,
USA) to evaluate the safety and tolerability of a subretinal injection of hESC-
derived RPE cells in patients with dry AMD and Stargardt (STGD) (Schwartz
etal. 2012, 2015). Increasing doses of cells in suspension have been administered
to one eye of nine patients with dry AMD and nine STGD patients (three patients

Table 7.1 Clinical trials based on human retinal cells (initiated or completed as of March 2016)

Retinal cell derivatives
Sponsor (locations) | Identifiers Phase (cell source) Target disease
Ocata Therapeutics | NCT01345006/ | /I RPE cells (ES cells) Stargardt’s
(USA, UK) NCT02445612 disease
Ocata Therapeutics | NCT01344993/ |I/Iland Il | RPE cells (ES cells) Dry AMD
(USA, UK) NCT02463344/

NCT02563782
Ocata Therapeutics | NCT02122159 /11 RPE cells (ES cells) Myopic macular
(USA) degeneration
CHA Biotech Co. NCT01674829 I/ RPE cells (ES cells) Dry AMD and
(South Korea) Stargardt’s
disease

Cell Cure NCT02286089 I/lla RPE cells (ES cells) Dry AMD
Neurosciences
(Israel)
Pfizer/University NCTO01691261 I Sheet of RPE cellson | AMD
College London polyester membrane
(UK) (ES cells)
RIKEN Institute UMINO000011929 | I Sheet of RPE cells Wet AMD
(Japan) (autologous iPS cells)
Regenerative Patch | NCT02590692 I Sheet of RPE cells on | Dry AMD and
Technologies (USA) parylene membrane (ES | GA

cells)
Southwest Hospital | ChiCTR- /11 RPE cells (ES cells) Macular
Chongqing (China) | OCB-15006423 degeneration
jCyte, Inc. (USA) NCT02320812 I Retinal progenitor cells | RP

(fetal origin)
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in each cohort with 50,000, 100,000, or 150,000 cells). Follow-up testing showed
that 10 out of 18 treated eyes had substantial improvements in the first year after
transplantation. Median follow-up at 22 months suggests no major safety concerns
(no signs of hyperproliferation, tumorigenicity, ectopic tissue formation, or appar-
ent rejection). Adverse events were associated with surgery and immunosuppressive
treatment but were not considered related to the hESC-derived cells (Schwartz et al.
2015), providing evidence of the medium- to long-term safety and survival of
hESC-derived RPE cell injected as a cell suspension in patients with macular degen-
eration. Same approaches using cell suspensions of hESC-derived RPE cells have
started in South Korea (CHA Biotech Co., Ltd.) and in Israel (Cell Cure
Neurosciences Ltd.) in patients with dry AMD and STGD. One-year follow-up for
four patients in the Korean study confirmed the safety issues of this approach (Song
et al. 2015).

In contrast different groups developed a strategy that intends to transplant hESC-
derived RPE cells as an already polarized monolayer. The London Project to Cure
Blindness (sponsored by Pfizer) will insert a monolayer sheet of RPE cells cultured
on polyester membrane in ten patients with wet AMD and rapid recent vision
decline. This polyester matrix has been reported to maintain polarized human RPE
cells, and the benefit of the subretinal graft of this tissue-engineering product (TEP)
has been shown in the rabbit (Stanzel et al. 2014). Similarly, polarized monolayer of
hESC-derived RPE cells attached to a nondegradable parylene membrane has been
developed by the California Project to Cure Blindness. This scaffold possesses simi-
lar permeability properties of a healthy Bruch’s membrane, and the proof of concept
with this TEP has been reported in RCS rats and in Yucatan pigs (Nazari et al. 2015;
Diniz et al. 2013).

As hiPSCs can be obtained directly from the patient, they have the advantage of
being autologous and therefore less immunogenic than hESCs for future cell trans-
plantation studies. In this context, the RIKEN Center for developmental biology in
Japan has initiated in the end of 2014 the first phase I/II clinical trial assessing the
safety and feasibility of the transplantation of autologous hiPSC-derived RPE for
AMD treatment. In implant a sheet of RPE differentiated from hiPSCs previously
derived from fibroblasts of one patient suffering from exudative form of AMD has
been transplanted to this patient, and five other patients were planned. However due
to genetic defects found in the cells from the second patient, this first-in-man clini-
cal trial was suspended (Garber 2015). The National Eye Institute (NIH) and
Cellular Dynamics International are also developing an autologous strategy using
hiPSCs derived from CD34-positive cells. They will use a polarized RPE mono-
layer derived from these hiPSCs cultured on a biodegradable poly-lactic-co-glycolic
acid scaffold (Song and Bharti 2016).

Another type of cell-based therapy for retinal degeneration approaching clinical
translation is the use of human RPCs. The California Institute for Regenerative
Medicine, with jCyte company, uses human RPCs obtained from fetal retina and
previously expanded in culture. They recently started clinical trials to evaluate the
safety of intravitreal injection of these human cells in RP patients. The effects of
these cells are expected to be neurotrophic even though their ability to differentiate
and integrate into the retina cannot be totally excluded.
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Future Challenges

Several preclinical and clinical trials using hPSC-derived retinal cells are ongoing,
showing that several protocols following Good manufacturing Practice (GMP) pro-
ceduress exist (at least for hRESCs), and we are entering a very exciting era leading
to different treatments for patients.

In most countries and jurisdictions, the use of cellular products for medical ther-
apy is regulated by governmental agencies to ensure the protection of patients and
the prudent use of resources so that novel therapies will be the most widely benefi-
cial for the population. Many technical and regulatory breakthroughs in the last few
years have made stem cell-based treatment for retinal degeneration more plausible.
During the manufacturing process of hPSC-derived retinal cells, several important
limiting key points need to be carefully evaluated, safety, purity, and potency of dif-
ferentiated cells, according to regulatory guidelines (Schwartz et al. 2012, 2015).
Regardless of particular cell type, hPSCs carry additional risks due to their pluripo-
tency. These include the ability to acquire mutations when maintained for prolonged
periods in culture, to grow and differentiate into inappropriate cellular phenotypes,
to form benign teratomas or malignant outgrowths, and to fail to mature.

As compared to spontaneous differentiation, stepwise developmentally guided
methods are certainly more efficient and generally quicker. However, for the clinical
translation process of retinal cell differentiation protocols, all parameters need to be
evaluated with utmost rigor. According to European and US regulatory guidelines,
the production of retinal cells requires to be reproducible and to use fully defined
xeno-free media. Moreover, the manufacturer should provide a full traceability of
their starting materials (culture media, cytokines, and coating substrates) indicating
that they are pathogen-free and produced in a sterile environment. All this selection
increases the development steps from the first research protocol to the clinical one.
This optimization process faces challenges due to the variation of the non-GMP
starting material to the GMP one and to the batch to batch variability of the same
product. As to date, protocols to derive and differentiate hiPSCs under GMP-
compliant conditions will still have to be secured as recent observation of potential
tumorigenic mutations in some of the clinical-grade iPSC line for one AMD patient
of the Japanese clinical trial raises concerns (Garber 2015).

Even if subretinal space is largely an immune-privileged site, attention should be
drawn toward the fact that surgical trauma during cell transplantation compromises
the blood-ocular barrier and subjects surrounding cells to an increased level of rec-
ognition and reactions. In order to obtain long-term survival and function of the
transplanted cells, we might provide some protection against the inflammatory
response that could be triggered at the time of surgery by using robust immunosup-
pressive regimen (Schwartz et al. 2012, 2015) or intravitreal implants of corticoste-
roid capsules (Ahmad et al. 2012; Tomkins-Netzer et al. 2014). Generation of
hPSC-derived retinal cells with known Human Leucocyte Antigen (HLA) geno-
types may reduce risks of rejection (Andrews et al. 2015; Taylor et al. 2005).
Gourraud and collaborators developed a probabilistic model and demonstrated that
using a bank comprising the 100 iPSC lines with the most frequent HLA in each
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population would leave out only 22% of the European Americans, but 37% of the
Asians, 48% of the Hispanics, and 55% of the African Americans (Gourraud et al.
2012). International strategies started now in order to create such banks, which
might be useful as a source of allografts in retinal disorders (Andrews et al. 2015).
Finally, because diseases caused by retinal malfunction affect at least 30 millions of
people worldwide, a figure that will triple with the increase in the aging population
in the next 3040 years (Wong et al. 2014), industrialization and automation of cell
production will have to be considered in the future.

Concluding Remarks

Optogenetic approaches and cell therapy opened new possibilities in the treatment
of currently incurable retinal degenerative diseases. Ongoing safety and tolerability
prospective clinical trials, both in retinal cell therapy (see Table 7.1) and in optoge-
netic retinal therapy (ClinicalTrials.gov Identifier: NCT02556736), should provide
relevant information and allow to overcome last hurdles to the pursuit of these inno-
vative treatments in human.
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RPE cell replacement, 112-114
trials with stem cells, 117
Ceramics, 24
232-Channel stimulator chip, 29
256-Channel epiretinal stimulator, 29
512-Channel retinal stimulator chip, 30
Choroidal detachment, 81
Clinician fitting system (CES), 70
Comprehensive eye exam, 49
Cone photoreceptors, 4
Conjunctiva, 49
closure, 70
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early, 79
late, 80
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Dense epiretinal membrane, 86
Desensitizing pulses, 35
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Electrically evoked response (EER), 45, 48
Electrical prostheses, 2

Electrical retinal stimulation, 5
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Encapsulation, 24

Enclosure, 25-27

Endolaser retinopexy, 84
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Engineering, 23
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Epiretinal prostheses, 7, 9, 30, 31
External camera, 27

External reflex photography, 52
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Implantation, 2
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electronics, 27
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Inflammation, 87
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Integrated circuit (IC), 28
Intelligent Medical Implants (IMI), 9
Intraocular camera, 36
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Intraocular pressure, 86

L

Laser projection system, 13
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Low vision, 46

M

Macular epiretinal membranes, 84
Medical therapy, 119
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Optogenetic therapy, 106
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Photoflash testing, 45, 47
Photoreceptors, 107
cell replacement, 114-116
degeneration, 4, 9
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Prosthetic vision, 42, 91
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Rehabilitation phase, 72
Residual vision functional assessment, 49
RESIGHT system, 64
Retinal degenerative diseases, 3, 107
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Vision restoration, 5, 107, 110
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Visual function assessment, 45
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Visual impairment, 45

Visual prostheses, 1-3
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