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1.39.1 Abstract

Retinal prostheses are a promising means for restoring sight to patients blinded by the gradual atrophy of photoreceptors in retinal
degeneration. They introduce information into the visual system by electrical stimulation of the inner retinal neurons. Subretinal
implants stimulate the first layer of neurons after the lost photoreceptors, primarily bipolar cells, which then transfer responses to
the ganglion cells via retinal neural network. Therefore, many features of the natural retinal signal processing are preserved in this
approach. Epiretinal implants stimulate primarily the ganglion cells, and hence encode visual information is the spiking patterns,
which ideally, should match the target cell types. Recent clinical trial with subretinal photovoltaic array demonstrated that acuity of
prosthetic vision can reach the pixel pitch of 100 mm, while preclinical measurements achieved grating acuity down to 50 mm.
Higher density arrays are now being developed for restoration of central vision in patients blinded by age-related macular degen-
eration. This chapter reviews the concepts and technologies, preclinical characterization of prosthetic vision and clinical outcomes
with the current systems and provides an outlook into the future developments.

1.39.2 Introduction

Retinal degenerative diseases resulting in the progressive loss of photoreceptors are the leading cause of incurable blindness today
(Smith et al., 2001). While photoreceptors in retinal degeneration are lost, the inner retinal neurons survive to a large extent (Maz-
zoni et al., 2008; Humayun et al., 1999; Kim et al., 2002). Retinal prostheses are designed to reintroduce visual information into the
neural system by stimulating the surviving retinal neurons electrically. Several such systems have been evaluated in clinical trials,
and more advanced technologies are being developed. This review summarizes various approaches to retinal implants, and
discusses the challenges and perspectives associated with electronic restoration of sight.

1.39.2.1 Retina Encodes Visual Information

Vision begins with the projection of spatio-temporal patterns of incident light by the cornea and lens onto a thin layer of tissue
lining the back of the eye - the retina. This light-sensitive extension of the central nervous system consists of three neural layers:
photoreceptors, the inner nuclear layer and the ganglion cell layer (Fig. 1A and B).

Photoreceptors are graded-response neurons (i.e., they do not generate action potentials) that transduce photons into changes in
their membrane potential by means of light-sensitive proteins, called opsins. The vertebrate retina is inverted, so that photorecep-
tors are located at the back of the eye in contact with the retinal pigment epithelium (RPE), which is essential to the health and
function of the photoreceptors. Among other functions, RPE regenerates photopigments and digests outer segments shed by photo-
receptors. Without support from the RPE cells, photoreceptor cells progressively atrophy and die.

The human retina contains about 120 million photoreceptors. Cones dominate the central regions of the visual field and are
responsible for day vision. Rods dominate the periphery and mediate night vision. Primates and humans have three distinct
cone subtypes in their eyes, called S, M and L (for Short, Medium and Long wavelength) cones. S cones are mostly sensitive to
the blue component of the visible light spectrum. M and L cones exhibit significantly overlapping peaks of sensitivity in the middle
of the visible light spectrum (M), and toward the longer end of the spectrum (L) (Wandell, 1995).
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Figure 1 Retina and the Implant Placement. (A) Simplified wiring diagram of the retina. Signals from the photoreceptors (composed of nuclei in
the outer nuclear layer, ONL, inner and outer segments (OS)) are processed and relayed by the horizontal (HC), bipolar (BC) and amacrine cells (AC)
located in the inner nuclear layer (INL) to the retinal ganglion cells (RGC). The axons of the retinal ganglion cells form the nerve fiber layer (NFL),
which relays visual signals to the brain. Photoreceptors are located at the back of the eye, in contact with the retinal pigment epithelium (RPE). (B)
Histological cross-section of a healthy rat retina. Scale bar: 50 mm. (C) Histological cross-section of a degenerate rat retina (RCS). Epiretinal implants
are above the ganglion cell layer. Subretinal implants approach the inner nuclear layer from below (the former photoreceptor side). Suprachoroidal
implants are placed below the choroid, into the sclera.
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Photoreceptors relay visual information to the neurons in the inner nuclear layer of the retina, composed of about 10 million
cells in a human eye, where two types of horizontal cells, about 12 types of bipolar cells, and as many as 30 types of amacrine cells
(Masland, 2001; Wassle, 2004) process the visual signals. Retinal interneurons are primarily non-spiking, even though amacrine
cells can produce action potentials (Greschner et al., 2014). Retinal interneurons pass on visual information to about 20 distinct
classes of retinal ganglion cells (RGCs, about 1 million in a human eye) that generate action potentials relayed to the brain via their
axons, which constitute the optic nerve.

Most RGCs encode visual information over a spatially limited region, called their receptive field, which consists of a central area,
called the center, and a surrounding ring, called the surround. Retinal ganglion cells that respond to increments of light over the
center of their receptive field are called ON ganglion cells, while the ones that respond to light decrements over the center are called
OFF ganglion cells. The surround is antagonistic to the center, which means that ON-center ganglion cells have OFF surround, and
vice-versa. Ganglion cells can also have spectral opponency properties, such as the blue-ON, yellow-OFF small bistratified cells
(Field et al., 2007). In the primate retina, midget ganglion cells have been hypothesized to be responsible for high acuity vision,
and the parasol ganglion cells project to areas of the brain thought to encode motion (Salzman et al., 1990; Britten et al., 1992;
Merigan and Maunsell, 1993). In many species, including rodents and primates, direction-selective ganglion cells respond to visual
motion in a preferred direction (Barlow et al., 1964; Vaney et al., 2012; Manookin et al., 2018), and object-motion sensitive cells are
able to segregate motion of the objects from that of background (Olveczky et al., 2003). Bipolar cells relay visual information from
the photoreceptors making up the center of the receptive field to ganglion cells. Horizontal cells modulate the synapses between
photoreceptors and bipolar cells and are involved in contrast adaptation and in mediating part of the antagonistic center-
surround effect. Amacrine cells regulate the synapses between bipolar and ganglion cells and are also involved in center-
surround effects by providing lateral inhibition in the retinal network. Starburst amacrine cells are at the heart of the motion
direction-selectivity tuning (Briggman et al., 2011). Many other amacrine cell functions in shaping the complex computations in
the retina are still under debate in the visual neuroscience community.

1.39.2.2 Retinal Degeneration and Its Effects on the Visual System

The leading cause of incurable blindness in the developed world today is a broad category of diseases known as retinal degeneration
(Smith et al., 2001; Haim, 2002). In these conditions, the photoreceptors progressively die, eventually leading to loss of sight.
However, neurons in the inner nuclear and ganglion cell layer survive to a large extent and can be stimulated electrically, making
them target candidates for retinal prosthetics (Fig. 1C).

1.39.2.2.1 Age-Related Macular Degeneration
Age-related macular degeneration (AMD) is a leading cause of untreatable vision loss, affecting over 8.7% of the population world-
wide and the number is projected to reach 196 million by 2020 (Wong et al., 2014). Advanced forms of AMD (neovascularization
and geographic atrophy) are associated with severe visual impairment, and their prevalence dramatically increases with age: from
1.5% in US population above 40 years to more than 15% in population older than 80 (Friedman et al., 2004).

As AMD progresses, the retinal pigment epithelium cells deteriorate, forming cellular debris called drusen between the pigment
epithelium and Bruch’s membrane, which separates the RPE from the choroid. Drusen are thought to impede the transport of nutri-
ents from the choroid and tend to grow over time. Eventually, the disease evolves into one of the two advanced forms: in the dry
form of advanced AMD, RPE cells in the center of the visual field can begin to atrophy, which leads to the death of the photorecep-
tors above them. This condition is called geographic atrophy, and it results in the formation of a central blind spot, called a scotoma.
Since visual acuity in human eye rapidly drops with eccentricity (Wandell, 1995), loss of central vision, responsible for high-
resolution, severely impairs reading and face recognition, while preserved low-resolution peripheral vision allows for normal ambu-
lation. Therefore, restoration of central vision in such condition should provide functional visual acuity and enable central fixation,
without jeopardizing the surrounding retina.

Another form of advanced AMD, called the wet or neovascular form, involves the growth of new blood vessels from the choroid
into the retina, which degrades central vision. Anti-angiogenic drugs can block the signaling pathway of the Vascular Endothelial
Growth Factor (VEGF) and thereby prevent neovascularization. Due to rather short (weeks) lifetime of these anti-VEGF molecules,
such intravitreal injections need to be performed on amonthly basis. If successful, such treatments canmaintain the visual acuity on
a functional level until atrophic form of AMD ensues.

1.39.2.2.2 Retinitis Pigmentosa
Retinitis pigmentosa (RP) is a broad class of a variety of genetic disorders which typically affects patients in their twenties or thirties,
with an incidence rate of approximately 1:4000 (Haim, 2002). This inherited disease typically begins with a loss of rod photore-
ceptors in the periphery, followed by a loss of the remaining cone photoreceptors in the central retina. As the disease progresses,
patients start suffering from tunnel vision, with some baer light perception in the periphery, and central light sensitivity can even-
tually disappear as well. Retinitis pigmentosa is a prime candidate for gene therapy, and several clinical trials are being conducted
today. However, due to the large variability in genetic defects that can lead to this condition, it is unlikely that one single cure for all
its forms can be found.

The majority of RP patients retain some degree of sight (Grover et al., 1999), and hence only the patients with acuity significantly
lower than that provided by the retinal implants can be considered candidates for prosthetic vision.
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1.39.2.2.3 Blindness and Visual Acuity
Both retinitis pigmentosa and age-related macular degeneration are characterized by a significant loss in visual acuity – one of the
most important characteristics of the visual function, which quantifies spatial resolution. Typically, it is measured by assessing the
patient’s ability to discriminate between objects on standardized charts. In the United States, visual acuity is most commonly
measured in units of 20/x, which means that one sees from 20 feet away an object equally well as a person with normal visual acuity
would x feet away. A visual acuity of 20/10 is therefore twice better than normal, and a visual acuity of 20/40 twice worse than
normal. People with a visual acuity of less than 20/200 are considered legally blind in the United States, while the World Health
Organization sets the limit at 20/400. In countries with the metric system, the distance is expressed in meters, and since 20 feet is
about 6 m, the units of visual acuity are 6/x. The normal visual acuity (20/20) corresponds to the ability to resolve lines 1.75 mm
apart from a distance of 20 feet, which corresponds to a visual angle of 1 min of arc, or 5 mmon the retina. Another common unit of
visual acuity is LogMAR (for LOGarithm of the Minimum Angle of Resolution), defined as the negative decadic logarithm of the
fractional visual acuity, so that the logMAR acuity is �log(20/x) ¼ log(x/20).

Visual acuity is a perceptual notion and reporting it in units of 20/x implies perceptual equivalence between what two subjects
see. However, since the percepts elicited by visual prostheses are inherently very different from natural vision, it would be
misleading to imply such equivalence. Therefore, it is important to keep in mind that even though spatial resolution of prosthetic
vision is assessed in these units, these numbers reflect only spatial frequencies resolvable by the implanted patient, and not many
other aspects of the visual function, such as contrast, dynamic range, shape distortions, etc.

1.39.2.2.4 Blindness and Visual Field
Importantly, the definition of legal blindness in the United States includes not only visual acuity below 20/200, but also a visual
field under 20 degrees in the better seeing eye. To restore functional vision for patients blinded by RP, retinal implants should there-
fore aim at providing a sufficiently large field of view for comfortable orientation and ambulation, ideally exceeding 20 degrees. In
AMD patients, however, central scotoma rarely exceeds 10–15 degrees of the visual field, and hence ambulation is not a problem.
Therefore, in AMD patients with geographic atrophy, the implant should cover about 10 degrees in the middle of the scotoma and
avoid damage to the adjacent healthy retina.

1.39.2.2.5 Animal Models of Retinal Degeneration
To study degradation of sight associated with retinal degeneration, as well as restoration of vision, researchers have developed
a number of animal models of retinal degeneration (Marc et al., 2003). Retinal degenerations can naturally occur in a number
of species, for example mice, rats and dogs. In addition, various transgenic mice, rats and pigs, as well as knock-out mice, are
also commonly used to study visual impairment. Out of these, rodent animal models are generally the most cost-effective means
of carrying out animal studies.

The relevance of rodent animal models for studying visual function is under debate. For example, humans and macaques share
many features in their visual systems, such as foveated trichromatic vision, well-segregated parallel pathways in the visual thalamus,
ocular dominance and orientation columns in the visual cortex (Nassi and Callaway, 2009). Rodents do not exhibit such similarity
to the human visual system, but they do have an oculomotor reflex, and are capable of complex visual tasks, such as orientation
discrimination (Huberman and Niell, 2011), and invariant object recognition (Zoccolan, 2015).

A well-established rat model of retinal degeneration is the Royal College of Surgeon (RCS) rat (Strauss et al., 1998). In these
animals, a mutation in the receptor tyrosine kinase gene, Mertk, causes failure of the RPE cells to phagocytose shed photoreceptor
outer segments, which leads to a build-up of cellular debris in the subretinal space. This, in turn, causes the progressive death of
photoreceptors over a few months. By the age of 90 days (p90), the vast majority of photoreceptor outer segments are gone, while
the inner nuclear layer and ganglion cells remain well preserved (Fig. 1C). Since RCS animals are born normally-sighted, they
develop a normal visual cortex. This, combined with the relatively rapid progression of retinal degeneration – on the order of
3 months –makes them an attractive animal model for both in-vivo and ex-vivo studies of restoration of sight (Mandel et al., 2013).

The P23h and s344-ter are alternative rat models of retinal degenerations. In the P23h rat, both cones and rods degenerate as
a result of a mutation in a rod-specific protein (Shen et al., 2005). It takes about 300 days post-natal for scotopic (rod-
dominated) vision to disappear in P23h rats, and photopic (cone-dominated) vision remains present past 450 days. The slow onset
of degeneration in these animals makes it difficult to obtain tissue with completely absent photoreceptors, making them less suit-
able for prosthetic studies.

There are over fifteen mouse models of retinal degeneration (Chang et al., 2002), with degeneration speeds ranging from a few
days (rd1) to several months (rd8 or rd9mice). Various models of retinal degeneration exhibit different functional properties as the
disease advances, and it is unclear which of them correspond to human conditions. For example, in the rd1 mouse, both ON and
OFF RGCs exhibit hyperactivity, while in the P23h rat, only OFF cells become hyperactive in the disease (Sekirnjak et al., 2011). A
potential drawback of mice for retinal prosthetic studies is their small eye, which makes in-vivo studies very difficult.

A convenient alternative to genetic models of blindness is to cause a chronic detachment of the photoreceptors from the pigment
epithelium, and thereby trigger a local retinal degeneration. This can be done, for example, by chronically introducing a subretinal
implant in healthy animals (Mandel et al., 2013; Pardue et al., 2001; Lorach et al., 2015a), resulting in degeneration of photore-
ceptors above the implant in a few weeks. Retinal photocoagulation with a scanning laser can create a local ablation of the RPE
combined with direct thermal damage to photoreceptors. As a result, outer retina atrophies in the damaged regions, which can
be several millimeters in width, while the INL and ganglion cell layers are preserved (Lorach et al., 2015a). Selective ablation of
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only the RPE cells using microsecond pulses is insufficient to trigger local degeneration, since RPE cells from adjacent healthy areas
rapidly migrate into the damage zone (Lorach et al., 2015a). Both methods allow creating local retinal degeneration in otherwise
healthy animals and could be useful for studying the interactions between prosthetic and normal vision, as would be the case in
AMD patients.

1.39.2.2.6 Effects of Retinal Degeneration on the Neural Network
While retinal degenerations leave the inner nuclear layer and ganglion cells relatively intact for extended period of time (Humayun
et al., 1999), significant changes in retinal organization can take place at the end phases of the disease, when the vast majority of the
photoreceptors are lost (Marc et al., 2003; Marc and Jones, 2003; Jones and Marc, 2005). These changes are broadly called retinal
remodeling. During this process, amacrine and bipolar cells can migrate either to the distal retina or to the ganglion cell layer. While
all neurons appear to retain their normal basic molecular signatures, new synaptic connections are abundant. In the final stages of
retinal remodeling, neuronal death can significantly deplete the inner nuclear and ganglion cell layers, with glial cells partially filling
the space left by deceased neurons (Marc et al., 2003; Marc and Jones, 2003).

Electrical stimulation thresholds of certain sub-populations of the retinal ganglion cells in degenerate retina are higher than in
the healthy one (Cho et al., 2016), while for others they do not change. Spontaneous RGC firing patterns change significantly with
degeneration (Sekirnjak et al., 2011; Margolis et al., 2008; Menzler and Zeck, 2011). Hyperactivity has been reported inmany rodent
animal models of retinal degeneration, including asynchronous rhythmic activation of RGCs at 7–10 Hz frequencies in the rd1
mouse retina (Menzler and Zeck, 2011). In the rd10 mouse, RGCs types with normal electrical stimulation thresholds exhibit peri-
odic bursting (Cho et al., 2016).

AMD patients are less likely to suffer from extensive retinal remodeling than RP patients since (1) the onset of the disease is much
later in life and hence its duration is shorter, and (2) the peripheral retina is preserved, which helps maintaining more normal neural
activity in the center via lateral connectivity in the retinal network. However, even in local retinal degeneration, spiking rate increases
significantly (Tochitsky et al., 2014).

1.39.2.3 Electrical Stimulation of Neurons

Neural activity can be affected by modulating the cell potential using electric current, which can be delivered intra- or extra-
cellularly. Changes in the trans-membrane voltage affect conductivity of the voltage-sensitive ion channels, which control the
ion flux across the cell membrane. Typically, depolarization (decrease of trans-membrane voltage) leads to an increased influx of
cations (Sodium in ganglion cells, Calcium in bipolar cells). This, in turn, leads to further opening of the sodium channels, which
accelerates the charge intake. When the membrane potential exceeds a certain threshold, an action potential occurs in spiking
neurons. Within about a ms, the action potential ends when the sodium channels are inactivated (closed) and the slower potassium
channels open up, leading to an outflux of Kþ ions that lowers the membrane potential back to its resting value. Ion pumps then
restore normal ion concentrations within a few ms (Malmivuo and Plonsey, 1995a). Modeling these processes requires solving
Hodgkin-Huxley equations describing the dynamics of the voltage-sensitive ion channels on the cell membrane (Malmivuo and
Plonsey, 1995b).

1.39.2.3.1 Intracellular Stimulation
Intra-cellular electrical stimulation is relatively well understood and widely used in laboratory settings for characterizing the elec-
trical properties of cells. A simplified phenomenological model for intracellular stimulation, described by the Lapicque equation is
computationally simple and closely matches the experimental measurements (Bostock, 1983; McIntyre and Grill, 1998).

In a resting state, the intracellular potential of a neuron is maintained by a number of mechanisms at approximately �70 mV,
compared to the extracellular medium. A positive inflow of ions through sodium and leakage channels is compensated by an
outflow of ions through potassium channels, and ion pumps balance the diffusion by actively moving ions across the cell
membrane. Intracellular stimulation operates by injecting a current (Is) into the target cell, for example by means of a fine-tip
pipette. Modeling the neuron as a RC circuit, where the capacitor represents the capacitance of the cell membrane (C) and the
resistor (R) limits the current of the active ion pumps, which maintain the cell membrane potential (Fig. 2A), leads to the following
set of equations, which describes the electrical behavior of the cell:

8>>>>><
>>>>>:

Is ¼ Ir þ Ic

Ir ¼ V � Vr

R

Ic ¼ C
dV
dt

(1)

From these equations we can derive the minimum current Ith to be injected into the cell over a duration s to bring the membrane
potential to a value VTh:

Ith ¼
ðVTh � VRÞ=R
1� e�s=RC

(2)
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where VR is the resting potential. If we define the rheobase current Irh ¼ ðVTh �VRÞ=R and the chronaxie time sch ¼ RC=lnð2Þ, this
equation becomes:

Ith ¼
Irh

1� 2�s=sch
(3)

knownas the Lapicque equation, after the French scientist who first carried out this derivation in 1907.
If Vth is the threshold change of the membrane potential that elicits an action potential, this function, commonly known as the

strength-duration relationship, defines the minimum current to be injected into a cell over a duration s to elicit an action potential
(Fig. 2B). Its asymptotic value at long pulse durations is called rheobase, while its time constant sch, called the chronaxie, is defined
as the duration at which the threshold current is twice the amplitude of the rheobase. On the short end of this curve, the threshold
current scales as Ith f 1/s and hence the charge of the pulse q¼I$s is conserved (Fig. 2B).

More accurate description of the cellular activation should take into account the voltage-dependent conductivity and dynamics
of the ion channels, which are described by the Hodgkin-Huxley equations (Malmivuo and Plonsey, 1995b).

1.39.2.3.2 Extracellular Stimulation
Extracellular electrical stimulation is the mechanism by which all clinical neural implants operate today. It works by polarizing cells
in an electric field, instead of directly injecting current into the cell. The cell membrane is highly resistive, while its cytoplasm is very
conductive. Therefore, when an electric field is applied across a cell in the extracellular medium, charges redistribute along the cell
membrane and the cytoplasm rapidly becomes equipotential (within tens of ns) (Boinagrov et al., 2010). As a result, the trans-
membrane potential step increases (i.e., the membrane becomes hyperpolarized) on the side of the cell facing the anode and
decreases (the membrane becomes depolarized) on the opposite side. On the depolarized side of the membrane, the voltage-
gated cation channels open, increasing the influx of positive ions (Sodium in ganglion cells, Calcium in bipolar cells), resulting
in cellular depolarization as a whole. When the membrane potential exceeds a certain threshold, an action potential occurs in
spiking neurons.

Extracellular electrical stimulation only depolarizes the cathode-facing section of the cell membrane. Therefore, it can only
recruit a fraction of all the ion channels present on the cell membrane, and therefore it requires stronger stimuli to elicit responses
than would be with uniform depolarization of the whole cell membrane in intracellular stimulation. Typically, at least ten mVmust
be applied across a cell soma to elicit a response, while a fewmV would suffice for intracellular stimulation (Boinagrov et al., 2010).

If an action potential occurs during the stimulation pulse, the threshold current does not depend on pulse duration. This regime
of stimulation is the rheobase (Fig. 3). When the stimulus ends before the action potential is generated, the influx of sodium ions
during the stimulus may still be sufficient to put the neuron on the path of generating an action potential. For this, the sodium influx
during the stimulus should exceed the stimulation threshold. The shorter the pulse, the stronger the stimulus needs to be in order to
open enough ion channels and allow sufficient charge influx to exceed the stimulation threshold. This mechanism defines the rising
part of the strength-duration dependence of the stimulation threshold with decreasing pulse duration (Boinagrov et al., 2010). The
kinetics of different ion channels can vary significantly, and therefore the strength-duration dependence of the stimulation threshold
varies for different cell types.

For intracellular stimulation, the threshold can be approximated as the charge required to depolarize the cell by a certain voltage,
and therefore the threshold current scales inversely to pulse duration in this regime (Malmivuo and Plonsey, 1995b). In extracellular
stimulation, however, the dynamics of the charge influx is more complex, and the strength-duration curve deviates from such
a simple shape (Boinagrov et al., 2010). Since Na ion channels are faster than Ca ones, chronaxie in ganglion cells is shorter
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Figure 2 Lapicque Model of a Neuron for Intracellular Stimulation. (A) Equivalent circuit, including the membrane resistance R, capacitance C,
battery maintaining the resting potential Vr, and the source of current (stimulus) Is, which flowing through the resistor ðIrÞ and capacitor ðIcÞ. (B) The
resulting strength-duration relationship for intracellular stimulation, where stimulation current, I is presented in units of rheobase Irh , and pulse dura-
tion s - in the units of chronaxie sch. Injected charge ðq¼ I:sÞ is plotted in arbitrary units, shown on the scale on the right.
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than in bipolar cells (Fig. 3B and C), which provides an opportunity for selective stimulation of various cell types, as described in
the next sections.

1.39.2.3.3 Upper Stimulation Threshold
It is widely assumed that the upper limit to somatic stimulation is the cellular or electrode damage threshold. However, it turns out
that there is an upper stimulation threshold, above which no action potential can be elicited, and it is below the threshold of cellular
damage. The upper stimulation threshold was observed in the retinal ganglion cells (RGCs) at pulse durations ranging from 5 to
500 ms. The ratio of the upper to lower stimulation thresholds varied typically from 1.7 to 7.6, depending on pulse duration (Boi-
nagrov et al., 2012).

Computational modeling of extracellular RGC stimulation explained (and actually predicted) the upper limit by sodium current
reversal on the depolarized side of the cell membrane (Boinagrov et al., 2010). According to the model, the upper threshold of stim-
ulation is caused by reversal of the sodium ion current at strong depolarizations. For the sodium inflow, the current density is
defined as jNafgNa,ðENa � VÞ, where gNa is sodium channel conductivity, ENa is the sodium Nernst potential (typically in the
range of 35–50 mV), and V is the local transmembrane voltage. During the stimulus, the sodium ion channels are activated at
the depolarized part of the cell membrane, increasing gNa and jNa and thus letting the positive sodium current into the cell, which
may trigger the AP. At high stimuli, when V approaches ENa, the term approaches zero and reduces the sodium inflow, jNa. Upper
threshold occurs when the total sodium inflow into the cell is insufficient for generating the AP. At higher stimuli, when V exceeds
ENa, jNa becomes negative, so Na ions flow out of the cell through the open ion channels, and no AP is generated. Similar effect can
occur with bipolar cells, when the voltage-gated Ca channels in their axonal terminals experience trans-membrane voltage exceeding
their Nernst potential (Werginz and Rattay, 2016).

Figure 3 Retinal Responses to Electrical Stimulation. (A) RGCs respond to electrical activation of the retina with a combination of short latency
(SL), medium latency (ML) and long latency (LL) action potentials. SL responses come from the direct activation of the RGCs, while ML responses
originate in the inner nuclear layer (INL). LL responses likely originate in the photoreceptor layer (not shown here). (B) Strength-duration relationship
for a stimulating electrode placed epiretinal and delivering cathodic-first current pulses. With short (<2 ms) pulses, stimulation threshold for direct
activation of RGCs is lower than the network-mediated response, while long (>10 ms) pulses first activate the INL. (C) Strength-duration relationship
for a stimulating electrode placed in the outer plexiform layer and delivering anodic-first current pulses. Long (10 ms) anodic pulses can activate the
INL without directly eliciting activity in the GCL. Data adapted from Boinagrov et al. (2014).
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1.39.2.3.4 Role of Electrode Placement and Pulse Polarity
Since the distribution of ion channels over neurons is rarely isotropic, orientation of the electric field significantly affects the stim-
ulation threshold. It is lower when the side of the cell with the highest concentration of the responding ion channels (Na for
ganglion cells, Ca for bipolar) is depolarized. Therefore, placement of the stimulating electrode (above or below the retina - epire-
tinal or subretinal) as well as pulse polarity (anodic or cathodic) affects the stimulation thresholds.

Dependence of the stimulation threshold on pulse polarity has been confirmed many times experimentally. For epiretinal stim-
ulation of RGCs, cathodic-first pulses have a lower stimulation threshold (Jensen et al., 2005; Fried et al., 2006; Boinagrov et al.,
2014) due to the higher concentration of Na channels over the region of RGCs facing the inner limiting membrane, near the axonal
hillock (Fried et al., 2006). For subretinal stimulation of RGCs, anodic-first pulses have lower stimulation thresholds for the same
reason (Boinagrov et al., 2014; Jensen and Rizzo, 2006). Similarly, for subretinal stimulation of the inner nuclear layer, anodic
pulses have lower threshold (Boinagrov et al., 2014) because bipolar cells have a higher concentration of Ca ion channels in their
axonal terminals (Werginz et al., 2015). For small electrodes, proximity to the target neuron is another factor that significantly
affects the stimulation thresholds, since in this case the electric field rapidly decreases with distance. A combination of good elec-
trode placement and proper choice of the stimulation pulse parameters can help achieve selective activation of the various retinal
layers (Boinagrov et al., 2014).

Generally, RGC responses to electrical stimulation can be classified into three categories, depending on their origin. Short Latency
(<2 ms) RGC responses correspond to action potentials elicited directly in the ganglion cells (Fig. 3A). Medium Latency responses
(typically on the order of 3–50 ms) are mediated by stimulation of the inner nuclear layer. Electrical stimulation of the photore-
ceptors, or possibly amacrine cell-mediated activation of the retina, accounts for the Long Latency responses (not shown in
Fig. 3A). Selectivity of stimulation quantifies the ability to activate one layer of cells without affecting the others, and is defined
as the inverse ratio of the stimulation thresholds of the layer of interest vs. other layers.

Epiretinal prostheses aim at eliciting RGC responses through direct stimulation, so selectivity for this approach is the threshold
for medium latency action potentials divided by the threshold for short latency action potentials. Measurements of the strength-
duration relationships of direct and network-mediated responses (Boinagrov et al., 2014) demonstrated that short (<1 ms) epire-
tinal cathodic-first pulses coming from an epiretinal electrode provide a best selectivity of 3 (Fig. 3B).

For subretinal prostheses, selectivity is the ratio of short latency thresholds over medium latency threshold, as subretinal
implants generally target cells in the inner nuclear layer. Long (>4 ms) anodic-first pulses in the outer plexiform layer (i.e., in a sub-
retinal position) provide the best selectivity, exceeding a factor of 6 for 20 ms pulses (Boinagrov et al., 2014) (Fig. 3C).

Relative positioning of the active and return electrodes in the implant affects the cross-talk between neighboring pixels, and
thereby can also affect selectivity, contrast and attainable resolution (Palanker et al., 2005; Loudin et al., 2007; Flores et al.,
2016). Many implants operate with a common remote return electrode, in the so-called monopolar configuration. Cross-talk
between neighboring pixels becomes more pronounced with a higher number of simultaneously activated electrodes. To circum-
vent this limitation, arrays in which each stimulating electrode is surrounded by a local return electrode have been developed
(Loudin et al., 2007; Mathieson et al., 2012). A drawback of using local returns is that they decrease the penetration depth of
the electric field, compared to a monopolar configuration with same pixel size, which imposes more stringent requirements on
proximity between the stimulating electrodes and target cells. This has led to the development of 3-dimensional implants described
below.

1.39.2.3.5 Axonal Simulation
In cell somas, membrane polarization is defined by the voltage step across the cell boundaries, i.e., by the integral of electric field
along the cell. However, the axons are considered to be too thin (<1 mm) to accumulate a significant voltage step across them. Axons
are modeled as leaky cables, where activation function is defined by the derivative of electric field along the axon (Malmivuo and
Plonsey, 1995c), which determines the misbalance of the current entering and leaving the axon through its membrane. Therefore,
uniform electric field should not produce axonal stimulation. This phenomenon enables some field shaping-based solutions to the
problem of axonal stimulation.

For a point source, cathodal activation has about 5 times lower threshold than anodal. However, at sufficiently high cathodal
stimuli, the central activation zone is surrounded by the inhibition zone, creating a so-called “anodal surround block”, which limits
the dynamic range of cathodal stimulation.

1.39.3 Approaches to Retinal Prosthetics

1.39.3.1 Anatomical Placement of the Stimulating Electrodes

Depending on their location in the patient’s eye, retinal implants fall into one of three categories: epiretinal, subretinal or supra-
choroidal. In the epiretinal approach, prostheses target primarily the retinal ganglion cells, using electrodes placed on top of the
inner limiting membrane (Fig. 1C) (Ahuja et al., 2011; Humayun et al., 2012). Since the action potential is a binary response,
modulating the stimulus amplitude above the threshold does not affect amplitude of the resulting spike, and hence natural modu-
lation strategy for RGCs is by stimulation frequency. Epiretinal devices are less dependent on the health of the inner retina and can
operate as long as the RGCs survive. However, abnormally high spontaneous firing rate of ganglion cells, frequently observed in
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animal models of retinal degeneration, represents a problem since it impedes the ability of the implant to encode a desired sequence
of spikes or diminishes the corresponding perception.

In subretinal approach, arrays of electrodes located between the inner nuclear layer and the pigment epithelium replace the
degenerated photoreceptor layer and target primarily the surviving bipolar cells (Fig. 1C) (Zrenner et al., 2011; Lorach et al.,
2015b). Subretinal implants deliver visual information to non-spiking inner retinal neurons, and stronger stimuli are encoded
with higher amplitude or longer duration pulses. Output signals from bipolar cells are then transmitted to the ganglion cells via
synaptic connections and converted into the action potential trains. In this approach, the goal is to maintain some of the signal
processing properties of the retinal network, so that the spiking patterns elicited in the RGCs will resemble those arising under
normal physiological conditions. However, changes in the retinal network during degeneration may significantly impact retinal
signal processing, and therefore will likely influence our ability to encode visual information. Subretinal prostheses are particularly
vulnerable in this regard, since they rely on connections between the inner retinal neurons and the ganglion cells.

Implanting a subretinal device involves creation of a local retinal detachment and a small retinal incision, through which the
device is placed into the subretinal space, after which the retina is reattached. Excessively traumatic implantations can lead to fibrosis
and scaring. In the case of wired subretinal implants, large areas of the retina need to be detached during implantation, which is
a significant challenge with fragile diseased retinas. Explanting a subretinal device is significantly more difficult than epiretinal,
although it has been done with the Alpha IMS implants (see Section “The Alpha IMS/AMS Subretinal Implant”). Explaniability
of the photovoltaic subretinal devices remains to be demonstrated.

In a third approach, called suprachoroidal, the implant is placed below the choroid into the sclera (Fig. 1C). While this approach
has been deemed to be surgically less risky than both epi- and subretinal prostheses (Fujikado et al., 2011; Ayton et al., 2014), the
larger distance between the stimulating electrodes and retinal neurons greatly restricts attainable spatial resolution. Therefore, such
implants have large (�mm) electrodes and are placed in the periphery of the visual field, since they are designed to help with low-
resolution peripheral vision, primarily for ambulation.

1.39.3.1.1 Three-Dimensional Interfaces
The unexpected discovery that retinal tissue robustly migrates into voids in the subretinal space suggested a possibility of improving
proximity between the stimulating electrodes and target cells by making subretinal implants three dimensional, as opposed to
planar arrays (Palanker et al., 2004) (Fig. 4). Structures with chambers and pillars were found to induce retinal migration, with
voids in the subretinal space being filled within days after implantation (Butterwick et al., 2009; Ho et al., 2019; Flores et al.,
2019). Cells in the inner nuclear layer easily migrate through apertures larger than 10 mm. With 10 mm-diameter pillars and

Figure 4 Retinal Migration into 3-D Implants. (A) As flat pixels become smaller, penetration of electric field (shown in false color) into the tissue
becomes insufficient for stimulation of bipolar cells (shown in white on top of the retinal histology). (B) The inner retinal cells robustly migrate into
the voids between pillars or walls in the subretinal space, within a few weeks post-implantation. This way, cells are brought closer to the top of the
pillar electrodes. (C) With a return electrode on top of the honeycomb wells, electric field is aligned vertically, matching the orientation of bipolar
cells. This way penetration depth is decoupled from the pixel width, which enables scaling the pixel size down to cellular dimensions at the same
stimulation threshold.
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40 mm center-to-center spacing, cells of the inner nuclear layer fill the space between pillars (Ho et al., 2019) (Fig. 4B). Similarly,
cells migrate into the wells of 20 mm and larger, thereby enabling the honeycomb-shaped electro-neural interface (Flores et al.,
2019) (Fig. 4C). In general, pillar implants appear to maintain a more natural topology of the various retinal layers than implants
with wells, although it is unclear yet whether this has implications for retinal prostheses. Explanation of 3-dimensional structures is
likely to be more difficult than that of the flat arrays. Discussion of this topic continues in the section “Improving Proximity to the
Target Neurons in Subretinal Space”.

1.39.3.2 Delivery of Information and Power to the Implant

Transfer of information and power to the implant is a challenging engineering problem, since direct connection of an implant to
external electronics via transcutaneous wire is prone to infections and severe scarring (Knutson et al., 2002). Therefore, in modern
implants, transmission of information and power to the implant is done wirelessly, using one of the following techniques: (1)
delivery of power and serial telemetry of the data through inductive coils, (2) optical transmission of the data with power delivery
through inductive coils, or (3) optical delivery of data and power to the implant.

1.39.3.2.1 Serial Telemetry of the Data
Inductive coils are widely used to transmit power and data to medical devices, including cochlear implants and retinal prostheses. In
such systems, an AC current driven through an external transmitting coil induces an AC current in the implanted receiving coil,
which is converted into DC current in the implant. Coupling efficiency between the coils is described by the coupling coefficient
- the fraction of the magnetic flux produced by the current in the primary coil that links with the secondary coil. The transmitting
and receiving coils in implanted systems are typically weakly coupled (Wang et al., 2005), with the coupling coefficient k in the
range 0.08–0.24, much lower than in normal transformers, where k �0.9.

A capacitor in series with the receiving coil creates a tuned resonance at the transmitter frequency f, and the resulting circuit
amplifies the received voltage by a quality factor Q, typically in the range 10–100. Quality factor increases with frequency, however
RF absorption in tissue increases exponentially beyond a few MHz (Osepchuck, 1983), limiting the range of useful frequencies to
below a few MHz.

Unfortunately, while a high Q coil is efficient for receiving power, it is a rather poor data receiver, which makes it challenging to
use a single coil for both data and power. According to the Shannon-Hartley theorem (Shannon, 1998), the data capacity C of a coil
can be expressed as:

C¼ f
Q
logð1þ SNRÞ (4)

whereC is in bits/s and f/Q is the bandwidth of the circuit, inversely proportional to the quality factor Q. SNR in this equation is the
signal-to-noise ratio of the transmitted signal. For this reason, one coil is often used for power and another for data (Wang et al.,
2005), with data transmitted at a higher frequency and with a lower quality factor coil. Efforts have been put toward developing
single receiving coil systems with high Q, that can also efficiently deliver data, and one such system achieved transmission rates
above 1 MB/s (Liu et al., 2000). In terms of data bandwidth requirements, the maximum number of pixels N that can be driven at
a refresh rate R with S stimulation (gray) levels is then:

N¼ C
R log2 S

(5)

For example, a data rate of 1 MB/s can support 64� 64¼ 4096 pixels with a refresh rate of 60 Hz and 16 gray levels in the image.
Another option is transmission of power via RF link, by serial telemetry of the data via optical link from the goggles to receiver on

the implant, as implemented in the IRIS II system (Pixium Vision, Paris, France) (Hornig et al., 2017). Since optical data transmis-
sion rate is at least one order of magnitude higher than with RF coils, much more information can be delivered to the implant.

Since visual information transmitted from the camera to the implant via serial telemetry does not depend on eye movements,
this approach creates two problems. (1) The brain expects images to shift on the retina during eye movements. Since the stimulation
patterns in such implants do not translate with the eye movement, the brain interprets this lack of retinal shift as motion of the
object. Similar effects have been reported with cortical visual prostheses (Naumann, 2012). To avoid this phenomenon, patients
are asked to keep their direction of gaze steady. (2) Instead of using natural eye scanning, patients are required to scan the visual
field with their heads –a very unnatural paradigm. These limitations can be alleviated by incorporating an eye tracking system,
which electronically shifts the image delivered to the implant according to the direction of gaze (Caspi et al., 2018).

It is difficult to scale coil-based designs to thousands of electrodes for two reasons: (1) doing so requires a very wide data band-
width, (2) wiring of thousands of electrodes makes the cable quite rigid and the feed-through rather bulky. Multiplexing the signals
on the array itself would reduce the required number of wires, but it adds electronics to the retinal array itself, which affects its heat
dissipation, weight and flexibility.

A number of retinal implants use serial telemetry for data transmission: the Argus II (Second Sight Medical Systems, Sylmar, CA),
shown in Fig. 5, suprachoroidal implant (Ayton et al., 2014), IRIS II (Hornig et al., 2017), the Boston Retinal Implant (Rizzo et al.,
2011).
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1.39.3.2.2 Powered Implants With Integrated Camera
A few designs have been proposed that deliver only power through inductive coupling and transmit visual information through the
natural optics of the eye (Loudin et al., 2007; Zrenner et al., 2011; Ha et al., 2016; IridiumMedical Technologies). The best known of
these systems was the Alpha IMS/AMS (Retina Implant AG, Reutlingen, Germany), shown in Fig. 6. Their subretinal implant was
a camera with an active circuitry and stimulating electrode in each pixel that converts incident images into electrical stimulation
patterns on the electrode array. It included a subdermal power receiving coil placed behind the ear, similarly to cochlear implants.
Power was then routed to the subretinal implant via a trans-scleral cable (Stingl et al., 2017). This company has been dissolved in
2019.

Implants with integrated photosensitive pixels efficiently receive visual information, and they naturally couple eye movement to
the stimulation pattern on the implant. However, the cable connecting the retinal implant to the extraocular power supply makes
the implantation procedure difficult, long, and prone to complications. In the case of the Alpha IMS/AMS implant, developing a flex-
ible and robust trans-scleral cable and feed-through that withstands the effects of eye movements over the long term remains a chal-
lenging engineering problem (Daschner et al., 2017).

1.39.3.2.3 Photovoltaic Systems
The third category of retinal implants receives both data and power by light, via the natural optics of the eyes (Mathieson et al.,
2012; Ghezzi et al., 2013). These implants directly convert incident light into electric current to stimulate the nearby neurons. Using
an array of photodiodes as a subretinal implant was first proposed in the 90s (Chow et al., 2004). In that design, the photovoltaic
pixels in the implant were expected to convert ambient illumination into stimulating currents. However, ambient light on the retina
is much too dim for photovoltaic stimulation (Palanker et al., 2005). In addition, photovoltaic conversion of continuous illumi-
nation cannot provide charge-balanced current pulses, which are required to avoid hydrolysis and electrode erosion.

A revised concept of a photovoltaic subretinal implant powered by intense pulsed light projected from video glasses was
proposed in 2005 (Palanker et al., 2005), first implemented in 2007 (Loudin et al., 2007), and has been actively developed since
then (Mathieson et al., 2012; Lorach et al., 2015b). Intense illumination can be provided by a near-the-eye display (Goetz et al.,
2013), similar to augmented-reality glasses, apart from its significantly higher irradiance. A pocket computer provides a convenient
means of processing images prior to displaying them onto the implant (Fig. 7). In order to avoid photophobic and phototoxic
effects of bright illumination, photodiode-based systems can use near-infrared (850–915 nm) wavelengths, invisible to the remain-
ing photoreceptors.

The photocurrent created by the implant increases linearly with light intensity, until saturation is reached at a level defined by the
ratio of the maximum photo voltage to the tissue impedance. Adding photodiodes in series helps increasing this maximum voltage,
but pixels then require more light since the incident illumination is divided between the photodiodes in each pixel

Figure 5 The Argus II Epiretinal Implant. (A) Photograph of the external portion of the Argus II prosthesis system, including glasses-mounted
video camera, radio-frequency (RF) coil, and video processing unit (VPU) with rechargeable battery. (B) Photograph of the implantable portion of
Argus II prosthesis system including the 6 � 10 electrode array, electronics case, and the implant RF coil. (C) Fundus photograph of an Argus II
array implanted in the macular region. A retinal tack secures the electrode array to the sclera. The surgeon uses the white handle to position the
device in the eye. Reprinted, with permission, from Humayun et al. (2012).
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(Boinagrov et al., 2016). Instead of a crystalline silicon, photovoltaic elements based on light-sensitive polymer films have also been
proposed (Ghezzi et al., 2013).

An attractive feature of photovoltaic systems is that they do not require any wires (Mathieson et al., 2012; Lorach et al., 2015b).
Therefore, an implant can consist of a large number of independent modules that tile the visual field. These modules can be inserted
into the subretinal space via a small incision and follow the curvature of the eye, making the surgery minimally-traumatic (Lee et al.,
2016).

1.39.3.3 Safety Considerations

1.39.3.3.1 Thermal Limits
For both RF- and optically-powered implants, tissue heating resulting from absorption of electromagnetic radiation and energy
dissipation in the implanted electronics must be kept within acceptable safety limits. The ISO norm 14708-1 article 17.2 specifies
that temperature rise in chronic operation should not exceed 2 �C, since this is within the natural range of body temperature vari-
ation. The heating induced by the implant is governed by the following equation (Sramek et al., 2009), which can be solved numer-
ically using finite element models:

rcp
vT
vt

¼VðkVTÞþ Q ðx; tÞ � ApðxÞrbcbðT �T0Þ (6)

Figure 6 The Alpha IMS Subretinal Implant. (A) The cable from the implanted chip in the eye leads through the sclera, under the temporal muscle
to RF receiver behind the ear. (B) Implant under the transparent retina, with the power cable exiting the eye 3 mm behind the limbus. (C) Subretinal
camera with photodiodes, amplifiers and electrodes in relation to retinal neurons and pigment epithelium. (D) View of the tip of subretinal implant at
the posterior pole through a patient’s pupil. Scale bar: 3 mm, corresponding to 10� visual angle. Reprinted, with permission, from Zrenner et al.
(2011).
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where r and cp are the density and heat capacity of the medium, k is the thermal conductivity, Q is the volumetric heat source term,
Ap is the local blood perfusion rate, rb and cb are the density and heat capacity of the blood, and T0 is the arterial temperature, often
assumed to be the same as the baseline body temperature, 37 �C.

For optical implants, the use of bright illumination is a safety concern. Visible and near-infrared (below�900 nm) illumination
is absorbed primarily by pigmented tissues, such as the retinal pigment epithelium, with a practically negligible absorption
(<0.06 cm�1) in transparent ocular layers such as the cornea, lens, and neural retina. Ocular safety standards (Delori et al.,
2007) provide some guidelines as to the maximum permissible radiant power (MP4) that may be chronically delivered to the
retina:

MP4¼ 6:93$10�5LXP�1 (7)

where L ¼ 100.002(l - 700) in the 700–1050 nm range, with L ¼ 2:5 at l¼ 905 nm. The parameter X depends on the angular spread
of the incident beam, and for retinal spot sizes greater than 1.7 mm in diameter is 29.3 W/mm2. Parameter P is the pupil factor
which accounts for pupil constriction or dilation, and is exactly 1 for infrared wavelengths in the absence of dilating drugs. For
a 905 nm wavelength, the average irradiance limit is therefore 5.2 mW/mm2. It is important to emphasize that temperature
increases with increasing spot size, which this standard does not take it into account.

For single-pulse exposure, the peak irradiance limit in the 0.05–70 ms duration range is described by (Delori et al., 2007)

MP4¼ 6:93$10�4LCTXCEt�0:25 (8)

At 905 nm,MP4 ¼ 285t�0:25, where t is in ms and the result is in mW/mm2. For example, the peak irradiance limits are 285, 202
and 160 mW/mm2 for 1, 4 and 10 ms pulses, respectively.

Figure 7 Subretinal Photovoltaic Implant (PRIMA). (A) Camera in augmented-reality glasses captures visual scenes, which are processed by
a mobile computer. Images are then projected into the eye using pulsed near infrared (880 nm) light. (B) The 30 mm thick subretinal implant is
composed of photovoltaic pixels which convert incoming light into electric current to stimulate the nearby inner retinal neurons. (C) Close-up of
a 55 mm-wide pixel, which includes two diodes (1 and 2) connected in series between the active (3) and return (4) electrodes. Scale bar: 10 mm.
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Detailed studies of retinal heating with and without the implants under various illumination settings have shown that under
typical use conditions, the temperature increase associated with activation of a subretinal photovoltaic implant is not expected
to exceed 0.5 �C, well within the safety limits for chronic use (Lorach et al., 2016).

1.39.3.3.2 Electroporation
Electrical stimulation of neural tissue has the potential to cause irreversible cellular damage (Mccreery et al., 1990). One process by
which damage occurs is called electroporation. Strong electric field can produce sufficiently high trans-membrane voltage (�1 V) to
make penetration of water into the hydrophobic lipid bilayer energetically favorable, which leads to formation of nanometer-scale
pores in the cell membrane (Neumann, 1992). The damage threshold current density j scales inversely with the square root of pulse
duration ðj� t�0:5Þ (Fig. 8A) (Butterwick et al., 2007). Since on the short end of the pulse durations, stimulation threshold scales as
1/t, and on the long end it is flat (rheobase), the ratio of the electroporation threshold to stimulation threshold reaches its
maximum at pulse duration approximately equal to chronaxie. On both sides of this peak, the ratio decreases toward shorter
and longer pulses as t0:5 or t�0:5, respectively (Fig. 8B).

With large electrodes, retinal stimulation thresholds (Jensen et al., 2003) are approximately two orders of magnitude below the
electroporation thresholds (Butterwick et al., 2007), leaving a sufficiently wide window for safe stimulation of the retina. Within
two orders of magnitude of pulse duration above and below the chronaxie ð0:01tch; 100tchÞ, this ratio decreases to one order of
magnitude (Fig. 8B).
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Figure 8 Retinal Electroporation and Stimulation Thresholds Measured with Large Electrodes. (A) Retinal electroporation threshold and stimulation
threshold as a function of pulse duration, measured with large (0.5–1 mm) electrodes. (B) Ratio of the damage threshold to the stimulation
threshold. Adapted from Butterwick et al. (2007).
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1.39.3.3.3 Electrochemical Limits
In addition to cellular hyperthermia and electroporation, cellular damage can also be caused by the leaching of toxic electrode mate-
rials into the medium, or by local changes in pH. Neural stimulation electrodes have been extensively studied in recent years, and
a large body of literature is available on the topic (Merrill et al., 2005; Robblee and Rose, 1990; Cogan, 2008). Electrochemical safety
limits vary with the electrode material and with mechanisms of charge injection, which are either capacitive or faradaic (Cogan,
2008). For both mechanisms, stimulation pulses need to be charge-balanced and within the safe limits of the electrode potential
to avoid irreversible oxidation or reduction of the electrode material as well as other irreversible electrochemical reactions in the
medium (Merrill et al., 2005; Robblee and Rose, 1990). Briefly, the most common harmful processes include electrolysis of water,
with consequent gas formation and changes in pH, and metal dissolution due to the formation of soluble metal complexes (espe-
cially with Pt electrodes) (Cogan, 2008).

Capacitive electrodes are usually porous to provide a large surface area, and/or employ high dielectric constant materials, such as
Titanium Nitride (Weiland et al., 2002). Faradaic charge-injection materials rely on reversible oxidation and reduction reactions to
inject the current. These electrodes typically provide higher charge injection than capacitive interfaces, but care should be taken in
selection of the stimulation waveforms to avoid irreversible processes. The most commonmaterials for such electrodes include Plat-
inum and Platinum Iridium alloys, as well as activated and sputtered Iridium oxide films. Table 1 summarizes the charge injection
limits of various electrode materials used in retinal prosthetics. Charge injection limits typically increase with pulse duration, espe-
cially for porous materials (not shown in Table 1).

1.39.3.3.4 Implant Encapsulation
Exposure of an implant to body fluids can lead to its erosion and eventual failure (Daschner et al., 2017). Implants can also trigger
strong tissue reaction if they are not properly encapsulated in biocompatible materials. This tissue reactionmay lead to formation of
a glial or fibrotic seal around the implant, which will increase both the distance between the electrodes and target neurons and
impedance of the stimulating electrodes (Butterwick et al., 2009). For these reasons, electronics in the majority of neural implants
is enclosed in metallic or ceramic containers, with feed-through connectors to the power source and electrode array. The resulting
implant hermetically isolated from the corrosive body fluids is stable, but bulky. Surgical procedures then involve placing different
modules (coil, power and data-processing electronics as well as the electrode array) and routing interconnecting cables in the patient
(Humayun et al., 2012; Zrenner et al., 2011).

While crystalline silicon implants are well tolerated over the short term (Pardue et al., 2001), detectable degradation occurs over
a year (Lei et al., 2016). Such implants require a stable and biocompatible layer to provide protection against water and ion ingress.
Dielectric materials deposited by low-pressure chemical vapor deposition at high temperatures (800–900 �C) have exhibited good
stability in-vivo (Anderson et al., 1989; Weiland and Anderson, 2000), however the deposition temperatures are incompatible with
the integrated circuits manufacturing processes. Polymers, such as Parylene, are used in the medical industry for encapsulation of
neural implants (Loeb et al., 1977; Hsu et al., 2009), but Parylene absorbs water and develops cracks (Kane et al., 2013), and there-
fore cannot be used for encapsulation of unprotected integrated electronic circuits. Atomic layer deposited Al2O3 is conformal and
hermetic, and as such can provide decent encapsulation. However, it slowly dissolves in water (Potts et al., 2011). Diamond-based
coatings (Hadjinicolaou et al., 2012; Roy and Lee, 2007; Chen et al., 2014) and amorphous Silicon Carbide (Bolz et al., 1996)
deposited at low temperatures are being explored as other possible encapsulating materials for neural implants. Recent studies
have provided promising results regarding biocompatibility of diamond interfaces (Bendali et al., 2014). It remains to be seen,
however, whether the limited charge injection capability of these interfaces is sufficient for safe and efficient retinal stimulation.
Plasma-enhanced chemical vapor deposited amorphous silicon carbide (SiC) is a promising material for encapsulating neural
implants, as SiC films do not dissolve in accelerated aging tests. Care should nonetheless be taken with SiC films deposited over
steps and rough surfaces, as defect density then increases significantly. A combination of thermal Silicon Oxide coated with SiC
could provide adequate protection of retinal implants (Lei et al., 2016).

1.39.4 Pre-clinical Evaluation of Prosthetic Vision

1.39.4.1 Retinal Response to Electrical Stimulation Ex Vivo

Epiretinal and subretinal implants share the common goal of encoding visual information in a degenerate retina. However, they rely
on activation of distinct neural layers to elicit visual percepts. While the epiretinal approach focuses on stimulating the output cells

Table 1 Safe charge-injection limits of the electrode materials

Material Mechanism Max. Qinj (mC/cm
2) Potential limits vs. AgjAgCl (V)

Pt, PtIr alloys F, C 0.05–0.15 �0.6–0.8
AIROF F 1–5 �0.6–0.8
SIROF F 1–10 �0.6–0.8
TiN C �1 �0.9–0.9
PEDOT F 15 �0.9–0.6

AIROF, Activated Iridium Oxide Film; SIROF, Sputtered Iridium Oxide Film; F, Faradaic; C, Capacitive.
Adapted from Cogan (2008).
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of the retina - ganglion cells, the subretinal approach aims at eliciting activity in the inner nuclear layer (primarily bipolar cells) and
relies on transmission of their responses to the ganglion cells via retinal neural network. As such, retinal response to epiretinal and
subretinal stimulation differs greatly, and the encoding strategies for both types of implants should vary accordingly.

1.39.4.1.1 Epiretinal Stimulation
1.39.4.1.1.1 Stimulation Thresholds
Retinal ganglion cells are spiking neurons that encode visual information in the form of trains of action potentials. Epiretinal
implants aim at directly eliciting the trains of action potentials in the RGCs, with each stimulation pulse encoding a single spike.
A wide body of literature has studied the response of RGCs to direct activation with electrodes of various sizes (Humayun et al.,
1994; Weiland et al., 2000; Sekirnjak et al., 2006). Typically, RGCs respond to direct activation with a single action potential eli-
cited within 3 ms of the stimulation pulse, and latency of the response decreases with increasing stimulus strength (Boinagrov
et al., 2014). When the retina is carefully pressed against epiretinal electrodes, action potentials can be elicited even within
1 ms of the stimulus (Jepson et al., 2013). The good temporal precision of direct RGC activation and short (sub-ms) stimuli
enable multiplexed activation strategies, where only a few electrodes in an implant are activated at a time. This approach reduces
cross-talk between neighboring electrodes and might be beneficial for achieving better spatial confinement of electric fields (Flores
et al., 2016).

Studies with rabbit retina demonstrated that the region of minimum threshold for direct activation corresponds to the area of
high-density sodium channels at the beginning of an axon in RGCs (Fried et al., 2009). This result is consistent with theoretical
models of extracellular electrical stimulation, which predict that the intake of sodium on depolarized side of the membrane is
responsible for triggering the action potential.

The probability of eliciting an action potential in RGCs increases with the stimulus amplitude following a sigmoidal function
(Jepson et al., 2013; Fried et al., 2009). Stimulation thresholds in the literature usually correspond to a 50% probability of eliciting
a response, although sometimes a 90% probability definition is used as well. A survey of available stimulation threshold data indi-
cates that typically the charge density thresholds are in the range 0.1–1 mC/cm2 with stimulation pulses not exceeding 1 ms (Sekirn-
jak et al., 2006).

1.39.4.1.1.2 Selective Stimulation of individual RGCs
The RGCs can generally respond to stimulation pulses at frequencies of at least 100 Hz (Sekirnjak et al., 2006; Cai et al., 2011),
which makes it possible to produce naturalistic trains of action potentials by electrical stimulation (Jepson et al., 2014). Epiretinal
implants that aim at restoring the natural visual code in each ganglion cell (Fried et al., 2006; Jepson et al., 2014) should be able to
activate individual RGCs without affecting the surrounding cells. Different ganglion cell types were found to have somewhat
different activation thresholds in the rabbit retina (Fried et al., 2009), likely due to differences in the sodium-channel bands and
other anatomical or physiological properties. Selective activation of ganglion cells is very challenging: only about 7% of the
RGCs could be activated selectively even in the peripheral primate retina (Grosberg et al., 2017), while in the central retina it is
even harder due to thicker RGC layer and denser axonal bundles. Lack of selectivity in stimulation affects not only the ability to
encode a natural retinal code, but also limits the spatial resolution.

Improving the selectivity of the RGCs activation has also been attempted by shaping of the electric field using dense arrays of
microelectrodes. Encouraging results have been reported in the peripheral primate retina, where half of the somas of midget cells,
which are thought to subtend high-acuity vision, could be activated without affecting surrounding parasol and small bistratified cell
somas (Jepson et al., 2013). It is not known, however, whether these pulses affected the �15 RGC types of the primate retina other
than midget, parasol and SBCs in this study. It also remains unclear how well spatial activation strategies will work for the more
central areas, where retinal ganglion cells stack up on top of one another, instead of forming a monolayer of cells, as in the
periphery.

A major issue with epiretinal activation of RGCs is axonal stimulation (Grosberg et al., 2017; Weitz et al., 2015). Axons from
distant cells are located in the nerve fiber layer, between the stimulating electrodes and the ganglion cells. Axonal stimulation thresh-
olds are close to somatic ones (Behrend et al., 2011), and therefore epiretinal implants often activate not only the target RGCs, but
also the axons of distant RGCs which pass close to the stimulating electrode, resulting in arcuate visual percepts (Nanduri et al.,
2012). This effect, and the associated distortion of the retinotopic map, remains a major hurdle that epiretinal implants will
need to overcome in order to provide meaningful visual percepts to blind patients. One approach for circumventing the problem
of axonal stimulation is based on application of long (>20 ms) stimulation pulses to activate the inner nuclear layer rather than the
ganglion cells (Weitz et al., 2015). Doing so significantly improves the localization of phosphenes in patients, however, it precludes
encoding the retinal output by direct stimulation of the RGCs.

Another challenge with direct encoding of the proper spiking patterns in various types of RGCs is identification of the cell types
in the degenerate retina. The RGCs are traditionally classified functionally on the basis of their light response properties (Chi-
chilnisky and Kalmar, 2002). This method cannot work in a degenerate retina that has lost its photoreceptors. Instead, cell classi-
fication methods based on electrical signatures of the RGCs, called their electrophysiological images, have been proposed (Richard
et al., 2015). However, applicability of this method to a degenerate retina, where spontaneous firing patterns become abnormal,
remains to be tested.
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1.39.4.1.2 Subretinal Stimulation
Subretinal implants aim at eliciting activity in the retinal ganglion cells by stimulating non-spiking (graded-response) neurons in
the inner nuclear layer. The hope is to leverage some of the signal processing properties of the retinal network, and thereby create
action potential patterns in the RGCs that resemble those arising under normal physiological conditions.

1.39.4.1.2.1 Stimulation thresholds
Stimulation threshold of a bipolar cell is defined by the voltage drop across it (Cho et al., 2016). It is assumed that retinal bipolar
cells respond to stimulation by opening the Ca ion channels in their axon terminals (Haim, 2002), and that the response of the
retinal ganglion cells (RGCs) is proportional to this output above a certain threshold, according to the linear-nonlinear model
of retinal circuits (Tochitsky et al., 2014; Malmivuo and Plonsey, 1995a). In terms of current density, the stimulation threshold
can be obtained from the retinal stimulation experiments with electrodes much larger than the retinal thickness, where uniform
electric field approximation can be applied – for example with 0.5 mm wide electrodes in (Malmivuo and Plonsey, 1995b). For
a 10 ms pulse, the threshold current density was j ¼ 1.3 mA/cm2, which corresponds to 13 mC/cm2 charge density.

1.39.4.1.2.2 Dependence on Pulse Duration
Stimulation threshold varies with pulse duration according to the strength-duration curve, shown in Fig. 3C. Since the Na ion chan-
nels responsible for the RGC stimulation are much faster than Ca channels responsible for BPC stimulation, RGCs reach the rheo-
base much earlier than BPCs, whose stimulation threshold continues to decrease at least to 20 ms. Stimulation of BPCs with longer
pulses enable higher selectivity of the network-mediated stimulation, i.e., eliciting response of BPCs without direct activation of
RGCs. The fact that the number of action potentials in bursts that arise from the network-mediated electrical activation increases
with stronger and longer stimuli (Mathieson et al., 2012; Tsai et al., 2009), makes it possible to encode the strength of the retinal
response by controlling either the pulse amplitude or duration (Fig. 9).
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Figure 9 Modulation of Retinal and Cortical Responses by Pulse Width and Irradiance. The number of elicited spikes (within 65 ms post-
stimulus) increases with irradiance (A) and with pulse width (B). At the cortical level, (C) devices with 70 mm pixels (blue) elicit a VEP response at
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1.39.4.1.2.3 Frequency Response
As with natural vision, retinal response to network-mediated stimulation greatly diminishes with increasing activation frequency,
dropping close to zero (<10%) at 20 Hz ex-vivo (Lorach et al., 2015b; Jensen and Rizzo, 2007); and at about 40 Hz in-vivo (Mandel
et al., 2013; Ho et al., 2019) (Fig. 10). This decrease in retinal response has been initially described as “desensitization” (Freeman
and Fried, 2011) of the retina, but was later identified as flicker fusion or “adaptation” to constant stimulation (Lorach et al.,
2015b). With natural vision, such adaptation to high frequency stimulation is responsible for a continuous perception under
fast stroboscopic illumination, such as in CRT or DLP displays. The extent of adaptation to repeated electrical stimulation varies
greatly between cells: some stop responding to individual pulses at frequencies as low as 4 Hz, while other neurons do not adapt
even at 40 Hz (Ho et al., 2018a).

1.39.4.1.2.4 Electric Receptive Fields
RGC receptive fields provide a description of the spatial extent of the visual field sampled by individual ganglion cells. Measuring
them with prosthetic stimulation characterizes the combined point spread function of the implant and the retinal network (Lorach
et al., 2015b; Sim et al., 2014). Using a multielectrode array to record from RGCs in the healthy and degenerate rat retina ex-vivo,
their spatiotemporal properties were assessed from the spike-triggered average responses to a binary white noise stimulus at 20 Hz
frame rate (Ho et al., 2018b). The average photovoltaic receptive field size with 70 mm pixels was 194 � 3 mm, similar to that of
natural visual responses - 221 � 4 mm. Both visual and photovoltaic receptive fields in healthy retina had an opposing center-
surround structure (Ho et al., 2018b). In the healthy retina, ON RGCs had photovoltaic OFF responses, and vice versa. This reversal
is consistent with depolarization of photoreceptors by electrical pulses, as opposed to their hyperpolarization under increasing light,
although alternative mechanisms cannot be excluded. In the degenerate rat retina, both ON and OFF photovoltaic responses were
observed, ON – primarily in RGCs with low spontaneous firing rate and OFF – in cells with high spontaneous firing (Ho et al.,
2018a). Interestingly, this seems to correspond to the natural ON and OFF RGCs since the ON cells in the degenerated rat retina
exhibit low spontaneous firing, while OFF RGCs have high spontaneous firing rate (Sekirnjak et al., 2011). Degenerate retina main-
tained the antagonistic center-surround organization of receptive fields, most likely due to inhibitory response of the amacrine cells,
as in normal retina.

1.39.4.1.2.5 Spatial Resolution
One of the most important characteristics of vision in general, and in prosthetic restoration of sight, in particular, is visual acuity. In
normally-sighted rats, visual acuity evaluated through behavioral measurements is approximately 0.5–1 cycle per degree (Harnois
et al., 1984), which corresponds to a much higher spatial resolution (15–30 mm on the retina) than the average size of receptive
fields ð� 200mmÞ (Lorach et al., 2015b). A possible explanation for this discrepancy is that RGCs also respond to movements of
fine structures over their receptive fields (Thibos and Levick, 1983; Passaglia et al., 2002; Brown et al., 2000) thanks to nonlinear
spatial integration of bipolar cell sub-units that connect to the same ganglion cell (Caldwell and Daw, 1978; Demb et al., 1999;
Petrusca et al., 2007; Schwartz et al., 2012; Heine and Passaglia, 2011).

The hallmark of nonlinear spatial integration in a receptive field is a frequency doubling in the RGC response to alternating grat-
ings presented over the extent of the receptive field (Heine and Passaglia, 2011; Victor and Shapley, 1979). Linear summation of the
bipolar cells output in RGCs should lead to a constant ganglion cell output as a fine grating is alternated over the extent of the recep-
tive field. However, a number of mechanisms can lead to nonlinear interactions between bipolar subunits (Borghuis et al., 2013),
which, in turn, causes modulation of the RGC output when a fine texture moves over its receptive field. Extracting spatial location
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information from non-linear subunit interactions in the receptive fields of RGCs would require a population-level decoding of the
retinal signal by the brain.

Such nonlinear interactions have been measured in rats using alternating gratings projected over a subretinal photovoltaic array
with a pixel pitch of 65 mm (Lorach et al., 2015b), and the results were compared to the response of the healthy retina to similar
stimuli. The experiments were conducted with 20 Hz stimulus repetition rate and 1 Hz grating alternation. In healthy retina, very
little, if any response to individual pulses of visible light were observed at 20 Hz, while RGCs responded strongly to the grating
contrast reversal. Electrical stimulation resulted in a continuum of responses, ranging from a combination of very weak responses
to individual pulses at 20 Hz and strong transient responses to the alternating grating, to more robust responses to every stimulation
pulse. Neurons responded to electrical grating alternation with stripes down to 68 mm, and with visible light to 28 mm. RGC
responses to the alternation of gratings smaller than their receptive fields showed evidence of frequency doubling, which indicates
nonlinear subunit interactions (Lorach et al., 2015b). It also demonstrates that electrical stimulation can be spatially localized to
subunits of the RGC receptive fields, and the width of the subunits matches the pixel pitch, indicating that smaller pixels might
enable higher resolution.

1.39.4.1.2.6 Contrast Sensitivity
A similar MEA setup to that described above was used to compare the temporal contrast sensitivity of the natural and prosthetic
vision. Degenerate rat retinas responded to photovoltaic stimulation with the contrast threshold of 12%, as opposed to 2.3%
contrast steps with visible light stimulation of healthy retinas (Ho et al., 2018a). RGCs exhibited millisecond-scale variations in
spike timing, even when the average firing rate did not change significantly. Response to the last pulse in the stimulation burst per-
sisted longer than the steady-state response during the burst, which may be interpreted as an excitatory OFF response to prosthetic
stimulation. Contrast enhancement of images prior to delivery to subretinal prosthesis is likely to be required to partially compen-
sate for reduced contrast sensitivity of prosthetic vision.

1.39.4.2 Prosthetic Vision In Vivo

Vision is commonly quantified by resolution, contrast sensitivity and dynamic range, and these properties have been studied exten-
sively with retinal implants (Lorach et al., 2015b; Ho et al., 2018a, 2018b, 2019; Behrend et al., 2011). Another important feature is
the perception of motion, which is thought to be transmitted to the brain by the magnocellular-projecting parasol cells in the
primate visual system (Merigan and Maunsell, 1993; Newsome et al., 1985). Accuracy of representation of motion signals with
retinal prostheses has, so far, been explored only with epiretinal implants, for which promising results were reported with the elic-
itation of naturalistic motion stimuli in the peripheral primate retina (Jepson et al., 2014), even though this study did not address
the possibility of unwanted axonal stimulation.

For in-vivo characterization, studies begin with implantation of the prosthesis in an adequate animal model. For example, a sub-
retinal photovoltaic prosthesis can be implanted in a rat (Mandel et al., 2013) (Fig. 11). Surgery begins with a trans-scleral incision,
followed by the creation of a retinal detachment using saline solution. The implant is then slid into the opening, which is subse-
quently sutured. Integration of the device into the subretinal space can be evaluated by Fluorescein angiography and optical coher-
ence tomography (OCT) (Fig. 10B and C).

For evaluation of prosthetic vision, cortical signals, called Visually Evoked Potentials (VEP), can be measured via chronically
implanted trans-cranial electrodes placed over the visual cortex (Fig. 12A). Corneal measurements of the waveforms produced
by the implant can help evaluate charge injection by individual pixels and follow them over the lifetime of the animal (Lorach
et al., 2015b). In addition, behavioral measurements have been used in assessment of the stimulation thresholds and contrast sensi-
tivity (Ho et al., 2018a; Prevot et al., 2017).

1.39.4.2.1 Spatial Resolution
Visual acuity of prosthetic and natural vision was studied in rats using alternating grating patterns and recording the correspond-
ing VEPs. With normal vision, this method matches well the visual acuity measured in behavioral tests (Silveira et al., 1987; Dean,
1981). For prosthetic vision in RCS rats implanted with photovoltaic arrays having 65 mm pixel pitch, the spatial resolution
measured from visually evoked potentials was 64 � 11 mm per stripe, as compared to 27 � 9 mm per stripe in WT animals stim-
ulated with visible light (Lorach et al., 2015b). These values correspond to 0.47 and 1.1 cycles per degree (cpd) respectively, in
close agreement with the visual acuity of pigmented rats reported in the literature (Harnois et al., 1984). More recent measure-
ments with 55 mm photovoltaic subretinal pixels demonstrated grating acuity of 48 � 11 mm, which also matches the linear pixel
pitch of the hexagonal array (Ho et al., 2019) (Fig. 12B). This geometrically corresponds to a visual acuity of 20/192 in a human
eye – barely exceeding the threshold of legal blindness in the US (20/200). In these measurements natural acuity limit was 17 mm
on the retina.

Behavioral tests of prosthetic vision in non-human primates using subretinal photovoltaic implants (PRIMA) with 100 mm
pixels (Pixium Vision, Paris, France) demonstrated perceptual thresholds of 0.2 mW/mm2 with 10 ms pulses (Prevot et al.,
2017) - similar to the previous observations in rats (Ho et al., 2018a). These measurements, based on saccadic response to stimu-
lation, demonstrated perception with a spot size down to a single pixel.
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Figure 11 Subretinal Implant In a Rat Eye. (A) Fundus image of a subretinally implanted photovoltaic prosthesis with 70 mm pixels. (B) Fluores-
cein angiography of the RCS rat retina one week after implantation demonstrates normal retinal blood perfusion above the implant with no leakage.
The implant is opaque to visible light and masks the choroidal fluorescence in the implanted area. Scale bar, 200 mm. (C) OCT shows good
preservation of the inner retina, with the inner nuclear layer (INL, dark stipe) located �20 mm above the upper surface of the implant (white line). The
yellow dashed line illustrates the actual position of the back side of the implant, on top of the retinal pigment epithelium. Adapted from Lorach et al.
(2015a).
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Figure 12 Gratings Acuity Measurements In Vivo. (A) Diagram of the experimental setup. Grating patterns are projected on the retina from DMD
display using either visible or NIR light, and VEP response to grating alternation is measured. (B) Normalized VEP amplitude for visible gratings
(black) and photovoltaic (prosthetic) stimulation (blue) as a function of the grating stripe width. The acuity limit, estimated as the crossing point of
the parabolic fits with the noise level (dashed lines), corresponds to 17 � 5 mm/stripe for visible light and 48 � 11 mm/stripe for prosthetic
stimulation. Adapted from Ho et al. (2019).
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1.39.4.2.2 Contrast Sensitivity
To measure contrast sensitivity of prosthetic vision, blind rats (RCS) with photovoltaic subretinal prostheses were placed into cages
surrounded by NIR LED displays. Two seconds long bursts at 20 Hz frequency were applied at various irradiance levels and pulse
durations. Rats exhibited startling response to changes in brightness, with an average contrast threshold of 12%, as compared to
2.3% with visible light stimulation in healthy animals, matching the retinal response in MEAmeasurements ex-vivo described above
(Ho et al., 2018a).

1.39.5 Clinical Results

The ultimate assessment of prosthetic vision is conducted by careful psychophysical evaluation of the visual percepts elicited in
patients. A number of groups have reached this stage, thereby providing invaluable evidence that implants can elicit meaningful
percepts in patients suffering from severe retinal degenerations. In this section, we review the current status and results of the clinical
studies of various prosthetic devices.

1.39.5.1 Standards for Evaluating Prosthetic Vision

The FDA has issued non-binding recommendations on how to perform assessment of the visual function in their Investigational
Device Exemption (IDE) Guidance for Retinal Prostheses (Cohen and Lepri, 2013). A set of low vision tests, called FLORA (Func-
tional Low-vision Observer Rated Assessment), was introduced through the trial conducted by Second Sight Medical Implants (Syl-
mar, CA) of their Argus II retinal prosthesis (Ho et al., 2015). The tests suggested by the FDA include the following: (1) low vision
letter acuity with limited response time; (2) grating acuity using a forced-choice paradigm and fixed presentation time; (3) mapping
of stimulated visual phosphene fields, including two-point discrimination tests; (4) assessment of form vision and functional vision
in real-world situations, including orientation and mobility.

Other clinical trials (Ayton et al., 2014; Stingl et al., 2015) have reported on static light perception, and often describe the
perceived brightness, shape and color of those phosphenes. In addition to measurements of grating visual acuity, some patients
could distinguish Landolt C-rings and read letters. Temporal characteristics of prosthetic vision and detection of motion are also
frequently assessed.

1.39.5.2 The Argus II Epiretinal Implant

The only retinal prosthesis currently approved for commercial use by the FDA (as a humanitarian use device) is the Argus II epi-
retinal prosthetic system (Second Sight Medical Products, Sylmar, CA, United States). It consists of a head-mounted unit, which
includes a camera and an RF antenna that transmits the processed data to the intraocular implant by serial telemetry (Fig. 5).
The inductively-delivered signals are decoded and processed inside the implant, before being distributed over 60 stimulating elec-
trodes via a trans-scleral cable. Electrodes are 200 mm in diameter, spaced by a 575 mm pitch (da Cruz et al., 2016), floating above
the retina, on average, at 180 mm (Ahuja et al., 2013). The Argus II has been implanted in over 200 RP patients, with the best re-
ported grating visual acuity of 20/1260 (Ho et al., 2015). A number of serious adverse events (SAEs) affecting approximately 30% of
the patients were reported over the course of the clinical trial, the majority (82%) of which occurred within the first 6 months.
Conjunctival erosion and dehiscence over the extraocular implant, were the most common occurrences (Ho et al., 2015). No device
failures were reported within 3 years after implantation (Ho et al., 2015).

All subjects in the Argus II clinical trial were able to perceive light with the implant turned on, and almost all but one
subjects performed better at square localization with the implant than without it. Only 57% of subjects performing better
at detecting the direction of motion with the system ON than OFF. The clinical trial also reported improved orientation
and mobility with the system, but other studies have reported the opposite, with a statistically significantly worsened perfor-
mance at spatial orientation tasks with the implant on (Garcia et al., 2014). One reason for this discrepancy could be that the
low-resolution visual percepts interfere with patient’s natural orientation habits, including sounds and touch. Alternatively,
Argus II could degrade spatial orientation since visual percepts it delivers are unrelated to the direction of gaze. Addition of
the eye tracking and the corresponding image translation to the system indeed improves the object localization (Caspi
et al., 2018).

A significant limitation of the Argus II implant is the stimulation of axons passing between the stimulating electrodes and the
ganglion cells. As a result, percepts have arcuate rather than punctate shapes (Behrend et al., 2011; Nanduri et al., 2012), which
severely distorts retinotopic mapping of the visual field. The most promising solution to this problem currently is based on appli-
cation of much longer pulses (>25 ms instead of the typical 0.5–1 ms) to stimulate bipolar rather than ganglion cells, thereby
invoking network-mediated retinal responses without axonal activation (Weitz et al., 2015).

None of the RP patients with ARGUS II regained vision to the extent that would allow ambulation without a white cane or
a guide dog. In March 2019, Second Sight closed the ARGUS II project, and turned its focus to development and clinical evaluation
of the cortical visual prosthesis, called Orion.
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1.39.5.3 The Alpha IMS/AMS Subretinal Implant

The subretinal approach has been spearheaded in Germany by the Retina Implant AG (Reutlingen, Germany) with their Alpha-IMS
system (Zrenner et al., 2011), which received CE mark in 2013. In this device, a subretinal camera (a CMOS chip consisting of
photodiodes and amplifiers) converts images naturally projected onto the retina with ambient illumination into electrical currents
that stimulate neurons in the inner nuclear layer (Fig. 6).

The implant consists of 1600 (40 � 40) pixels of 70 � 70 mm2 in size, which include a photodiode, an amplifier and a 30 mm
diameter SIROF electrode. Electrode array is 2.8� 2.8 mm2, corresponding to a visual field of 9.3�. Biphasic current pulses (cathodic
phase first) with durations of 0.1–2.0 ms and frequency range of 0.5–500 Hz are applied to all electrodes synchronously. The sensi-
tivity of the photodiode and the maximum stimulation current of the chip can be adjusted by the patient according to the ambient
light intensity and individual retinal response (Stingl et al., 2017; Daschner et al., 2018). The return electrode is common to all the
pixels in the implant and is located far from the stimulating electrodes. Power is delivered to the implant via a cable that runs under-
neath the retina through the sclera, and then under the skin, to a place behind the ear, where it is transferred inductively to the
receiver with an RF transmitter (Fig. 6), like in cochlear implants.

Functional outcomes with foveal placement of the implant in RP patients (n ¼ 8) were significantly better than with parafoveal
placement (n ¼ 12). No patients with nonfoveal placement could distinguish direction of motion, while 75% of the patients with
foveal placement managed to accomplish this task (Stingl et al., 2013). Thirteen patients out of 15 participants in a trial had
implant-mediated vision. Two patients were able to distinguish Landolt C of 20/546 acuity, which is about twice worse than the
sampling density limit for the 70 mm pixel array (20/280). Twelve patients could achieve a basic grating acuity between 0.1 and
3.3 cpd. Detection, localization, and counting of objects was significantly better with the implant “ON” than with the implant
“OFF” over the whole observation period. On average, 4.6 � 0.8 gray levels could be distinguished.

Without stimulation, the eye movements of RP patients are large and scanning. With the implant ON, patients fixated well and
exhibited classic fixational eye movement patterns, including ocular tremor, drift and microsaccades. After the stimuli disappeared,
eye movements became large and scanning again (Hafed et al., 2016).

Majority of the Alpha IMS implants failed within a year post-implantation, while half of the Alpha AMS devices failed within
30 months (Daschner et al., 2018). In March 2019, Retina Implant AG was closed.

1.39.5.4 PRIMA: Photovoltaic Subretinal Implant

The wireless PRIMA implant (Pixium Vision, Paris) is designed for restoration of central vision in patients blinded by advanced
AMD. Photovoltaic pixels directly convert projected light patterns into biphasic pulses of electric current (anodic phase first) (Lorach
et al., 2015b). Array used in the first feasibility trial was 2 � 2 mm in size (corresponding to about 7 degrees of the visual angle in
a human eye), 30 mm in thickness, with 378 pixels of 100 mm in width (Palanker, 2019). Images captured by the camera are pro-
cessed and projected onto the retina from video glasses using NIR (880 nm) light to avoid photophobic and phototoxic effects of
bright illumination (Fig. 7) (Goetz et al., 2013). For continuous perception under pulsed illumination, sufficiently high frequencies
are applied (up to 30 Hz) to enable flicker fusion. Perceptual brightness is adjusted by modulating the pulse duration in the image
from about 0.8 to 10 ms.

The feasibility study was conducted in five patients with geographic atrophy and a visual acuity 20/400–20/1000 in the worse-
seeing “study” eye. Due to the surgical learning curve, in the first patient it was mistakenly implanted into the choroid, and in
another it slipped under the retina by 2 mm toward the arcade. In the other 3 patients, sub-macular implant was placed centrally,
as intended. All five patients perceived white-yellow patterns with adjustable brightness in retinotopically correct locations within
the previous scotomata. All 4 patients with subretinal placement of the chip had Landolt C acuity, and the 3 patients with optimal
placement of the implant demonstrated prosthetic acuity in the range of 20/460–20/550, which is 10%–30% below the theoretical
sampling limit for the 100 mm pixel size (20/420) (Palanker, 2019). Residual natural acuity did not decrease after implantation in
any of the patients, demonstrating the safety and stability of the sub-macular implantation of the wireless chip, with the follow-up
now exceeding 12 months. The fact that prosthetic acuity closely matches the pixel pitch indicates that implants with smaller pixels
might provide even higher acuity and hence more functional restoration of sight.

1.39.5.5 Other Clinical Systems

A suprachoroidal approach to restoration of sight has been pursued by Bionic Vision Australia (3 patients) (Ayton et al., 2014), and
Osaka University (2 patients) (Fujikado et al., 2011). Phosphene perception remained over the 12-months Bionic Vision trial, but
the equivalent visual acuity ranged from 20/4000 to 20/20,000 – well into the realm of ultra-low vision. Clinical trials of the IRIS II
epiretinal implant with 150 electrodes have been conducted by Pixium Vision (Muqit et al., 2019) but discontinued since 2017.
Optobionics conducted a clinical trial of their Artificial Silicon Retina (ASR) implant, which was a passive subretinal array of photo-
diodes. They reported improvements of central vision following implantation of the ASR in the periphery, possibly due to neuro-
trophic effects (Chow et al., 2004). The company closed in 2007, and trials did not continue. The EPIRET3 implant (Klauke et al.,
2011) was implanted in 6 patients for a period of 4 weeks and successfully elicited visual percepts; however, no long-term study of
the implant has been conducted to date.
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1.39.6 Outlook

I conclude this review by suggesting some perspectives for future advancements in the field.

1.39.6.1 Improving Proximity to the Target Neurons in Subretinal Space

Distance between the implant and the target cells becomes a limiting factor when electrode size becomes comparable to, or smaller
than the cell size, or when separation between the active and return electrode is similar to the distance to the target cells (Palanker
et al., 2005; Loudin et al., 2007; Flores et al., 2019). Since INL is about 30–40 mm thick, planar subretinal implants with local return
electrodes and pixel pitch smaller than 40 mm (20 mm radius) are unlikely to stimulate all the neurons in the INL within the safe
charge injection limits (Flores et al., 2019). In addition, cross-talk between neighboring electrodes increases with the decreasing
pixel size.

One way to improve proximity between the stimulating electrodes and the target neurons, is to use pillar electrodes on subretinal
implants (Fig. 4B), which penetrate into the retina due to migration of the retinal cells into the voids between the pillars (Loudin
et al., 2007; Butterwick et al., 2009). Recent measurements with 40 and 55 mm pixels in rats demonstrated that 10 mm tall pillar
electrodes reduce stimulation threshold by half (Ho et al., 2019). However, this approach does not solve the fundamental problem
limiting the electrode size - the shape of electric field, which expands radially from a small electrode and returns to another electrode
under the target cells. Therefore, further decrease in the pixel size with pillar electrodes is unlikely.

Amore fundamental solution to these limitations, whichmay enable scaling the pixels down to cellular dimensions is another 3-
D geometry - the honeycomb configuration. In this approach, return electrodes are elevated on vertical insulating walls surrounding
each pixel (Fig. 4C), which align the electric field vertically, matching the orientation of bipolar cells in the retina, and thereby
reducing the stimulation threshold (Flores et al., 2019). These walls also decouple the field penetration depth from the pixel width,
enabling a decrease of the pixel size down to cellular dimensions while maintaining the same stimulation threshold. Like with pillar
electrodes, this approach leverages migration of retinal cells into voids larger than about 10 mm in subretinal space.

One caveat with 3-dimensional implants is that they will be more difficult to explant, since the retina integrates into them, and
careful biocompatibility and long-term stability studies will be required before they can be implanted into patients.

1.39.6.2 Epiretinal Implant With Bi-directional Telemetry

A new group recently formed to develop “artificial retina” – a device capable of closely mimicking normal retinal function and inter-
facing with the retinal ganglion cells for proper restoration of sight to the blind. This system aims at reproducing the precise retinal
code at cellular resolution with cell-type specificity, enabling high-fidelity artificial vision (Shah et al., 2019). This approach is based
on two-step process: an initial calibration, followed by real-time activation of the implant. For calibration, the implanted electrode
array will record and identify the many distinct ganglion cell types based on characteristics of their spontaneous firing. This should
result in a map of which electrodes can efficiently stimulate particular ganglion cells under the array. To reproduce a desired artificial
visual stimulus, the implant will use the dictionary of achievable electrical stimulation patterns from the memory and activate the
appropriate ganglion cells at the appropriate times, effectively transforming any incoming visual scene into properly timed activity
of the various types of RGCs.

For this system to work, it has to overcomemany challenges: (a) selective activation of RGCs in a multilayered ganglion cell layer
while avoiding axonal stimulation; (b) cell type identification based on spontaneous firing, which is altered by retinal degeneration;
(c) micrometer-scale stability of the implant relative to the retina in order to maintain the stable calibration map; (d) knowledge of
the “retinal code” for natural scenes.

1.39.6.3 Image Processing

Significant opportunities for improving prosthetic vision might come from more advanced image processing. Virtual and
augmented reality devices are becoming more common, and computers are getting better at understanding the features of the visual
world. Obvious steps would include optical or electronic zoom, contrast enhancement and autofocus of the camera. Simplification
of the visual scenes prior to its display to the eye may help better match its resolution and contrast sensitivity limits and make visual
percepts easier to understand. Several groups have already demonstrated promising results by segregating the visual content of
a scene by distance, and displaying only the closer objects (Jung et al., 2015), or by encoding depth instead of luminance informa-
tion to facilitate navigation (Hicks et al., 2014). Other improvements may include symbolic representation of the objects, such as
banknotes, as well as integration of the assistive technologies unrelated to prosthetic vision, such as the face recognition, text-to-
voice conversion, etc.

1.39.6.4 Brain Plasticity and the Retinal Code: How Much Fidelity Do We Need?

The need for a complete and accurate restoration of the visual code in retinal stimulation is being actively debated. Based on preclin-
ical data and the recent results with PRIMA implant in AMD patients, proponents of the subretinal implants argue that a device
providing retinotopically correct stimulation of bipolar cells with high resolution should be able to deliver meaningful visual
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percepts to patients. They hope that the brain will be able to interpret or learn a new “prosthetic language”, as long as the stimu-
lation utilizes the retinal neural network, retinotopic map is preserved, contrast modulation is monotonic, and the signals are repro-
ducible. Others, in favor of an epiretinal approach (Jepson et al., 2014), argue that functional restoration of sight will be attained
only if the proper visual code is delivered directly to, at least, the most prevalent types of ganglion cells. This debate is likely to
continue until each type of the implants is extensively tested in patients, its limitations established, and behavioral performance
is carefully assessed.

1.39.7 Summary and Conclusions

The first two companies which attempted restoration of sight in patients blinded by inherited retinal degeneration (RP) using epi-
retinal (ARGUS II by Second Sight) and subretinal (Alpha IMS/AMS by Retina Implant AG) implants have proven the principle, but
failed to reach the acceptable performance and discontinued their products in 2019, after about 20 years of development. The next
generation of implants is designed to address their shortcomings. For example, the photovoltaic subretinal implant PRIMA is
completely wireless, and hence can be used in AMD patients, where retinal network is much better preserved than in the end-
stage RP. In addition, local return electrodes provide much better confinement of electric field around each pixel, thereby improving
selectivity, resolution and contrast of the stimulation patterns. As a result, patients with PRIMA demonstrate shaped prosthetic
vision with acuity levels close to the current pixel size. The next challenge is to scale the pixels down to, ideally, below 25 mm,
in order to restore central vision with acuity better than 20/100, which would provide real benefit for patients blinded by AMD.
An alternative approach under development is the epiretinal implant (Artificial Retina) for selective activation of the many classes
of RGCs with the appropriate retinal code in order to restore sight in the end-stage RP patients despite strong rewiring of the retinal
network. This project faces many technical challenges, but if successful, it has the potential to properly restore many features of
natural vision. Commercialization of such complex technology is another challenge, and therefore these developments are usually
undertaken by consortiums of the academic groups and commercial entities.
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