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Retinal disease and its associated retinal degeneration can lead to the loss of photoreceptors
and therefore, profound blindness. While retinal degeneration destroys the photoreceptors,
the neural circuits that convey information from the eye to the brain are sufﬁciently preserved
to make it possible to restore sight using prosthetic devices. Typically, these devices consist of a
digital camera and an implantable neurostimulator. The image sensor in a digital camera has
the same spatiotopic arrangement as the photoreceptors of the retina. Therefore, it is possible
to extract meaningful spatial information from an image and deliver it via an array of stimulating electrodes directly to the surviving retinal circuits. Here, we review the structure and function of normal and degenerate retina. The different approaches to prosthetic implant design
are described in the context of human and preclinical trials. In the last section, we review studies of electrical properties of the retina and its response to electrical stimulation. These types of
investigation are currently assessing a number of key challenges identiﬁed in human trials, including stimulation efﬁcacy, spatial localisation, desensitisation to repetitive stimulation and selective activation of retinal cell populations.
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Visual perception involves the translation of
light from the outside world into meaningful
information about the visual scene. The loss
of this sense is associated with restricted mobility and independence, which can have a
signiﬁcant impact on health and emotional
wellbeing. Visual impairment represents a signiﬁcant health problem with more than 285
million people experiencing visual impairment, of which 39 million are blind.1 Readily
treatable ocular conditions involve refractive
error, where the optics of the eye do not focus
light onto the retina. Placing spectacles or
contact lenses in front of the eyes can usually
solve these problems. Ocular conditions such
as macular degeneration and retinitis
pigmentosa (RP) are more serious because
they destroy the photoreceptors of the retina
that detect light, thus removing the essential
ﬁrst step in vision.
The function of damaged neural systems
can be restored with neural prostheses - medical devices that electrically, chemically or otherwise stimulate excitable neural tissue.2 A
well-known example is the cochlear implant,
which bypasses damaged hair cells of the inner
ear and stimulates the auditory nerve inside

the cochlea to provide a sense of hearing to
the deaf. Similarly, the elements of the visual
system that are left intact after degenerative
retinal disease can be stimulated to restore visual perception in patients with loss of vision.
This is referred to as prosthetic vision.
Prosthetic vision received attention from as
early as 1929, when Foerster investigated the
effects of electrical stimulation on the human
visual cortex,3 which led to a subject perceiving
a spot of light. Brindley and Lewin3 referred to
this sensation as a ‘phosphene’ and conﬁrmed
the phenomenon by implanting an electrode
array in another blind patient (for a qualitative
description of a blind patient drawing a phosphene evoked by electrical stimulation of the
retina) (Figure 1). The development of visual
prostheses is being pursued by several groups
worldwide. The question of where to stimulate
the visual system has led to different approaches. In addition to visual cortical stimulation, research groups have stimulated the
retina, optic nerve and lateral geniculate nucleus.4–6 Visual prostheses that target higher
stages of the visual system, such as the lateral
geniculate nucleus or the visual cortex, do
not need surviving retinal cells to function.
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Nonetheless, the brain surgery required for
such prostheses is more invasive than the ocular surgery required for devices that target
the retina. The focus of this review is microelectronic retinal prostheses that aim to restore visual perception through electrical
stimulation of the surviving retina.
More than 95 per cent of photoreceptors
are lost in cases of severe retinitis pigmentosa
but 30 per cent of retinal ganglion cells
(RGCs), forming the output of the retina,
are preserved.7 Similarly promising ﬁndings
have been reported for disciform age-related
macular degeneration, that is, a 70 per cent
reduction in photoreceptors but no signiﬁcant changes to retinal ganglion cell counts.8
These ﬁndings suggest that for patients with
these two ocular diseases and their variants,
the restoration of sight through replacement
of photoreceptor function is feasible.
OVERVIEW OF THE RETINA
The retina is a layer of tissue lining the inner
wall at the back of the eye (Figure 2A) and
contains three broad classes of neurons9
organised into three nuclear layers separated
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Figure 1. Patient implanted with a device developed by Bionic Vision Australia pointing in
the direction and drawing the shape of a perceived phosphene. The implanted device is
shown in Figure 4C. Reproduced with permission from the patient and Bionic Vision
Australia.
by two synaptic (plexiform) layers (Figure 2B).
Photoreceptors are located in the outer nuclear layer (ONL) and serve to detect light.
Horizontal, bipolar and amacrine cells, situated in the inner nuclear layer (INL), comprise the interneurons of the retina and are
responsible for maintaining the visual system’s sensitivity to visual contrast, among
other things. The ganglion cell layer contains
the retinal ganglion cells that form the output
of the retina, transmitting information from
the retina to the brain via the optic nerve.
The primate retina contains multiple subtypes of each class of these neurons: at least
two types of horizontal cell, 12 bipolar cell
types, 29 amacrine cell types and 10 to 15 retinal ganglion cell types.10,11 The retinae of
human and non-human primates share
much in common, including the morphology
and organisation of retinal circuitry and the
same parallel pathways.10–12

Photoreceptors
In normal vision, incident light enters the eye
via the cornea, traversing the aqueous humour, lens, vitreous humour and the full
thickness of the neural retina before being
absorbed by the photoreceptors (rods and
cones) in the outermost retinal later
(Figure 2A and 2B).9 Rods are highly sensitive
to light intensity and mediate vision in dim
light but saturate at regular daylight intensities. Cones are responsible for colour vision
and operate over a wide range of light intensities, functioning poorly in dim light.
At higher light levels, cones respond
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preferentially to light of either long (red),
medium (green) or short (blue) wavelength,
with the difference between signals from each
of these three cone types permitting the perception of colours in the visual spectrum.
The density of cones is highest in the fovea,
the central region of the macula (a small
pigmented area around the centre of the retina). The fovea has a densely-packed cone arrangement and few rods. Only cones
populate the very centre of the fovea (the
foveola). There, the centre-to-centre spacing
of cones is smallest. Together with the focal
length of the eye, the cone spacing determines the anatomical limit of acuity.13,14 Outside of the fovea cone photoreceptor density
falls sharply, from ~200,000 cones/mm2 in
the fovea to less than 16,000 cones/mm2 in
the periphery.13

Midget and parasol pathways
Within the outer plexiform layer (OPL),
photoreceptors synapse with bipolar cells
and receive inhibitory input from horizontal
cells. Bipolar cells are classiﬁed as either rod
or cone bipolar cells corresponding to the
type of photoreceptor that supplies their input. Most cone bipolar cells of the primate
retina receive input from between two and
ten cones.11 Bipolar cells synapse with retinal
ganglion cells and are laterally inhibited by
amacrine cells within the inner plexiform
layer (IPL). Signals generated by a given
photoreceptor can traverse the neural network and reach the retinal ganglion cells in
many ways.

Retinal ganglion cells outside the fovea synapse with large numbers of cells in the INL,
which receive input from many photoreceptors. Such cells are said to have large ‘receptive ﬁelds’.15 Towards the fovea, cell density
increases and receptive ﬁeld size decreases.
One particular type of foveal retinal ganglion
cells, the midget ganglion cells, each receive
input from a single (midget) bipolar cell,
which receives its input from a single cone.
Since the receptive ﬁeld size of midget cells
is particularly dependent on eccentricity,
their density too varies signiﬁcantly, from 45
per cent in the periphery to 95 per cent in
the central retina.12 The midget pathway enables the transmission of ﬁne spatial detail
and is thought to underlie high acuity vision.12,16 Eight per cent of retinal ganglion
cells are parasol cells in primate10 and convey
achromatic information concerning movement and luminance.16 The midget and parasol retinal ganglion cells of the primate
together account for most visual information
leaving the retina. Certain neural properties
allow each class to handle different aspects
of visual processing.17–19 Parasol retinal ganglion cells have extensive dendritic ﬁelds integrating input over large areas of the retina
and therefore, have large receptive ﬁelds. In
contrast, midget retinal ganglion cells have
relatively small dendritic ﬁelds leading to
small receptive ﬁelds well suited for discrimination of ﬁne spatial detail.12,20,21

ON and OFF pathways
Generally, retinal ganglion cells can be
grouped into two categories according to
their functional and morphological properties.22 Kufﬂer23 discovered that receptive
ﬁelds of ganglion cells have a central region
that responds to either luminance increments
(ON cells) or decrements (OFF cells) and an
antagonistic surround that suppresses their
response, when stimulated by the centre’s preferred luminance polarity (Figure 2C). These
properties are associated with different stratiﬁcation patterns in the IPL: OFF and ON retinal ganglion cells synapse with OFF and ON
bipolar cells in sublaminas a and b of the
IPL, respectively.21,24 The ﬂow of neural activity through the ON and OFF pathways underlies feature detection by extracting the
boundaries between objects formed by the
contrast between neighbouring bright and
dark regions in visual scenes.25 The centresurround receptive ﬁeld structure of bipolar
and ganglion cells arises from lateral interactions with horizontal cells. These cells
© 2015 The Authors
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cells. This current generates rebound excitation, a feature attributed to post-inhibitory
synaptic input that generates a high frequency burst of spikes.31 Margolis and
Detwiler29 demonstrated that only OFF cells
can generate rebound excitation, suggesting
that the low voltage activated Ca2+ current
might only be present in OFF cells. Additionally, differences in passive and active intrinsic
properties have been found between different retinal ganglion cells in cat32 and rat33
and are well preserved after the loss of photoreceptors.34,35 Intrinsic properties may contribute to the differential RGC responses to
extracellular electrical stimulation36–39 and
might be exploited to optimise prosthetic
stimulation strategies for speciﬁc cell types.

The degenerate retina

Figure 2. (A) Schematic illustration showing the gross anatomy of the human eye in crosssection. (B) Laminar organisation of the retina showing the possible sites of implantation
for different retinal prostheses. Hereafter, the different approaches to retinal prostheses
are referred to by the site of implantation of their stimulating electrode array, either
epiretinal, subretinal, suprachoroidal or transscleral. Histological image from Histology
and Virtual Microscopy Learning Resources, University of Michigan Medical School. Copyright © 2010 Regents of the University of Michigan under the Creative Commons Attribution-Non-commercial-Share Alike 3.0 License (http://creativecommons.org/licenses/bync-sa/3.0/ ). (C) Functional classiﬁcation of retinal ganglion cells according to the polarity
of the local luminance change that evokes an increase in ﬁring rate. The centre-surround
structure of retinal ganglion cell receptive ﬁelds is shown on the left. ON-centre retinal ganglion cells increase their ﬁring rate in response to a local increase in luminance within the
centre of their receptive ﬁeld but are inhibited by local increases in luminance in the receptive ﬁeld surround. OFF-centre retinal ganglion cells respond in a complementary fashion,
increasing their ﬁring rate in response to a local decrease in luminance within the centre of
their receptive ﬁeld and silencing their output to local luminance decrements in the receptive ﬁeld surround. NFL: nerve ﬁbre layer, GCL: ganglion cell layer, IPL: inner plexiform
layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, IS:
photoreceptor inner segment, OS: photoreceptor outer segment, RPE: retinal pigment
epithelium.
integrate input from multiple photoreceptors
and respond to excitation of a central photoreceptor by inhibiting neural activity in all
photoreceptors that synapse with the horizontal cell. The functional coupling of an excitatory photoreceptor response with this
concentric, inhibitory horizontal cell network
grants centre-surround antagonism to the bipolar cells.26,27 The function of horizontal
cells is to measure ambient light intensity
and subtract it from localised neural activity,
thus contributing to contrast coding.

Intrinsic properties of RGCs
Responses in retinal ganglion cells are partly
modulated by intrinsic differences in the electrical properties of ON and OFF cells.28,29
OFF cells generate spontaneous activity without synaptic input, have a resting potential
closer to their activation threshold and show
differences in voltage dependent Ca2+ and
Na+ conductances, compared to ON cells.
Henderson and Miller30 demonstrated that
the low voltage activated Ca2+ current was
present in 70 per cent of retinal ganglion

© 2015 The Authors
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The retina undergoes extensive reorganisation
during the progression of degenerative disorders, such as retinitis pigmentosa (RP).40
Therefore, the structure and function of the
RP-afﬂicted retina is different from the healthy
retina (Figure 3). Retinal degeneration commonly begins when rods stop regenerating
their outer segments. As the rods deteriorate,
their neurites sprout and enter the inner layer.
The loss of rod outer segments collapses the
subretinal space and cones begin a similar deterioration of their outer segments. A dense
layer of Müller cell processes forms over a substantial area of the retina, forming a ‘glial seal’.
At this point, the rate of rod death has signiﬁcantly increased, many cells have died and
the reorganisation of neural circuitry has begun. Rod and cone bipolar cells retract their
dendrites, while cone-synapsing horizontal cell
bodies expand and extend neurites into the
IPL. After the complete loss of photoreceptors,
the glial seal becomes compacted and Müller
cell hypertrophy results in the formation of columnar structures that segment the retina.
Neurons of the IPL produce dendrites, the foci
of which form in the residual OPL. Neuronal
cell death is now indiscriminate. A number of
physiological processes take place alongside
neuronal death during the advanced stages of
neural remodelling, including cell migration,
excessive neurite growth and formation of
microneuromas, with horizontal and amacrine
neurites forming abnormal connections within
the neural network.41
Since they are no longer driven by the photoreceptors, surviving cells extend their
neurites to derive input from residual visual
pathways.40 The formation of microneuromas
demonstrates that retinal neurons are not
Clinical and Experimental Optometry 98.5 September 2015
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Figure 3. (A) The degenerate P23H rat retina is markedly different to its healthy counterpart (B). Abbreviations are as deﬁned in Figure 2. Recoverin was used to label photoreceptors (red) and alpha-PCK stained rod bipolar cells (green). Images made by Nicolás
Cuenca, www.retinalmicroscopy.com, University of Alicante, reproduced here with
permission.
programmed to restore their original circuitry
– the degenerate retina exhibits many different abnormal synaptic structures, which disrupt visual processing and introduce sporadic
spiking behaviour. Some evidence for this
stems from the intermittent perception of
ﬂashes of light known as photopsias commonly reported by patients with retinitis
pigmentosa. Photopsias are thought to originate in the retina because not only do they
eventually disappear (suggestive of retinal ganglion cell death) but they have also been temporarily
induced
through
electrical
stimulation of the retina in long-term RP
patients.40,42The signiﬁcant changes in retinal
structure and function suggests that generating visual percepts through electrical stimulation may be more difﬁcult in the degenerate
retina than in the healthy retina.
Animals with degenerative retinal diseases
that are pathologically equivalent to those
found in humans provide a means for investigating human retinopathy and potential treatment.43–47 One of the earliest animal models
studied is the retinal degenerate (rd) mouse.
Originally discovered in 1923 by Keeler (Hafezi
et al.48), the rd mouse has a genetic mutation
resulting in the rapid degeneration of the
outer retina after the ﬁrst postnatal week. The
photoreceptor population is eliminated by
one to three months. This mutation has been
observed in human sufferers of the autosomal
recessive form of retinitis pigmentosa,49 which
accounts for around 20 per cent of retinitis
pigmentosa patients.50 Autosomal dominant
retinitis pigmentosa is another major type with
30 per cent prevalence among sufferers. An
Clinical and Experimental Optometry 98.5 September 2015
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alternative animal model, the transgenically
engineered P23H rat, is a model of the most
prevalent genotype for this type of retinitis
pigmentosa.51,52 The identiﬁcation of genetic
sequences, which give rise to retinitis
pigmentosa has clearly demonstrated that it is
a group of diseases characterised by varying
point mutations within the human genome.
As the nature of disease varies across different
animal models, their selection for study warrants careful consideration. For example, the
slow progression of degeneration in the P23H
rat leads to a comparatively late onset of retinal
remodelling.40 This may limit the animal’s use
in studying forms of human retinitis
pigmentosa, where patients have lost their photoreceptors decades earlier. Alternatively, the
Royal College of Surgeons (RCS) rat may prove
to be a more useful model as degeneration in
this model progresses quickly and retinal
rewiring takes place sooner.40
RETINAL PROSTHESES
Retinal prostheses operate by injecting
charge into excitable tissue to stimulate retinal neurons, such as retinal ganglion cells.
An electrode array placed close to the retina
forms an electrochemical system, in which
the physiological medium is the electrolyte.
At least two electrodes are needed to complete the circuit and permit stimulation: one
to inject current into the electrolyte, the
other to provide the current’s return path.
Electrical stimulation can potentially cause
damage, which may be electrical, chemical
or mechanical. A current waveform with

non-zero direct current (DC) leads to a net
charge transfer into the electrolyte and results in the increased production of chemical
species at the electrode-tissue interface that
may harm the retina or damage the electrode.53 The use of short duration biphasic
waveforms of the order of tens of microseconds in duration mitigate the production of
such species with the second phase acting to
reverse the offending electrochemical reactions.53 Chemical and physiological damage
can also result, if the electrode material is
not biocompatible, in which case a toxic, necrotic or otherwise adverse response occurs.
Other sources of tissue damage result from
overstimulation: for example, oxygen and
glucose depletion, changes in concentrations
of extracellular potassium and release of
neurotransmitters.53
A fundamental consideration for a retinal
prosthesis is the selection of suitable electrode materials. Charge injection can take
place through either capacitive reactions
(that is, charging and discharging of the electrode-tissue interface) or faradaic reactions,
where chemical species close to the electrode
undergo oxidation or reduction through
electron transfer.53,54 Any faradaic reactions
should be reversible to avoid corrosion of
the electrode. The underlying mechanism is
determined by the choice of electrode material, which should exhibit biocompatibility,
be able to deliver sufﬁcient charge to evoke
responses within safe limits and be electrochemically stable. Platinum (Pt) and platinum-iridium (PtIr) alloys are widely
employed for stimulation and support both
capacitive and faradaic charge injection.
However, the long-term usage of platinum
has been associated with electrode dissolution.55 Electrodes coated with iridium oxide
have greater charge injection capabilities
than Pt and PtIr alloys,54 although some
forms of the material have been shown to degrade and/or delaminate with repetitive stimulation.56 Diamond is an alternative
electrode material that does not exhibit the
aforementioned problems but its hardness
and lack of ductility have limited its use. Recent techniques have been developed that allow the fabrication of retinal prostheses from
electrically insulating polycrystalline diamond and electrically conducting nitrogendoped ultra-nanocrystalline diamond (NUNCD).57 Electrical stimulation via diamond
electrodes has been shown to excite retinal
ganglion cells in rat retina,58 thus demonstrating their viability as a material for retinal
prostheses.
© 2015 The Authors
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Electrical stimulation has been associated
with retinal damage in a number of in vivo
animal studies. Butterwick et al.59 investigated the dependence of damage thresholds on electrode size, pulse duration and
number of pulses for a charge-balanced biphasic waveform. They found damage
thresholds decreased with the number of
pulses and observed the threshold current
density to be independent of electrode surface area for diameters greater than 300 μm
(scaling by 1/d2 for diameters less than
200 μm). The relationship between threshold current density, J, and pulse width, t,
was deduced roughly as J/t0.5. This scaling
suggests that charge per phase and charge
density are not the only factors that determine the tissue damage threshold. Another
study investigated the pathology of electrically induced retinal damage in the rat60:
damage was greatest when retinal contact
and electrical stimulation were coupled.
Having discussed the general properties
and problems associated with retinal prostheses, the following sections outline speciﬁc details of electrode placement.

Epiretinal prostheses
Epiretinal prostheses stimulate surviving retinal ganglion cells by injecting charge
through an array of electrodes implanted
at the boundary between the retina and
the vitreous cavity (Figures 2B and 4A).
One such device, the Argus I4 consists of a
miniature head-mounted camera that captures an image of the visual scene and converts it into a command sequence, which is

then transmitted wirelessly to an implanted
unit used to drive the electrode array. Notably, eye movements are not coupled to image motion, as they are in the healthy eye.
With the exception of the electrode array,
all of the device electronics are kept away
from the retinal surface. The architecture
of these devices allows visual processing adjustments and hardware upgrades by interfacing with the external components of the
device, with no need for additional surgery.
Some epiretinal prototypes (for example,
Liu et al.61) position the electronics within
the vitreous cavity, which acts as a heatsink
and allows the device to dissipate a signiﬁcant amount of power.62,63
In epiretinal prostheses, electrical stimulation likely activates not only the retinal ganglion cell somas but also their axons in the
nerve ﬁbre layer in direct contact with
the electrode array. Schiefer and Grill64 identiﬁed this problem using computational
models of retinal ganglion cells and it was experimentally conﬁrmed by Fried et al.,65 who
found that the region resulting in the lowest
stimulation threshold was the axonal high
density sodium-channel band. This is
hypothesised to be the cause of distorted
and/or displaced phosphenes observed in
clinical trials of epiretinal prostheses.66,67

Subretinal prostheses
Zrenner et al.68 developed a subretinal prosthesis (the Alpha IMS) that aims to replace
photoreceptor function using an array of
photodiodes implanted between the outer
retina and the retinal pigment epithelium

(Figure 2B). The bipolar cells, rather than
the ganglion cells, are the targets of this
prosthesis. In this approach, the retinal network in the INL is potentially better used
to process electrical signals and elicit visual
percepts. The device works by detecting incident light using a photodiode array and
generating electrical pulses on a corresponding array of electrodes. Recent advances in the technology have lead to a
wireless device that is powered by radio frequency69 or via an inductive coil.70 An advantage of this approach over epiretinal
placement relates to device implantation.
Long-term electrode attachment to the
epiretinal surface gives rise to an assortment
of complications including retinal detachment,71,72 vitreous haemorrhaging73 and cataract development.74 Electrodes placed
subretinally are supported by the strong natural adherence between the retinal pigment
epithelium and sensory retina leading to
fewer surgical problems. Lorach et al.75 recently reported the successful use of passive
photodiodes implanted in the subretinal
space of healthy and RCS-degenerate rats,
with no need for an extraocular power supply. The illumination of a few photovoltaic
pixels in this prosthesis was able to elicit a
detectable cortical response in vivo.
In contrast to epiretinal devices, the Alpha
IMS device electronics are in direct contact
with the retina, increasing the likelihood of
thermal injury and placing further constraints on the output power of the device.
The limited space available for device electronics represents an additional challenge.
The subretinal study of Lorach et al.,75

Figure 4. (A) The Argus II epiretinal implant with 60 stimulating electrodes of 200 μm diameter arranged in a rectangular grid. Image
reproduced with permission. Copyright © 2015 Second Sight Medical Products, Inc. (B) A subretinal implant consisting of a
microphotodiode array with 1,500 electrodes. Each electrode is driven by a photodiode with an ampliﬁer circuit (inset). Figure adapted
from Zrenner et al.91 under the Creative Commons Attribution Licence (http://creativecommons.org/licenses/by/4.0/). (C) A
suprachoroidal electrode array developed by Bionic Vision Australia. The 20 stimulating electrodes are 400 μm or 600 μm in diameter, arranged in a hexagonal grid bordered by a ring of electrodes that are ganged together. Figure adapted from Ayton et al.95 under the Creative
Commons Attribution Licence (http://creativecommons.org/licenses/by/4.0/).
© 2015 The Authors
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discussed above, also found that the presence
of an implant in the subretinal space resulted
in the further loss of photoreceptors. This was
attributed to the separation of the retina from
the retinal pigment epithelium.75 This may
have implications for the efﬁcacy of electrical
stimulation, as the presence of photoreceptors is thought to lower thresholds for synaptic activation of retinal ganglion cells.76 The
state of degeneration in human patients will
further complicate efforts to leverage the processing capabilities of the surviving INL, as
the function of interneural circuitry may be
compromised by neural remodelling.40

Suprachoroidal prostheses
Suprachoroidal electrode placement is between the choroid and sclera (Figure 2B).77–80
As the electrodes are not in direct contact
with the retina, suprachoroidal placement
reduces the risks of incurring retinal damage by surgical implantation and device
operation. Yamauchi et al.81 compared
suprachoroidal and subretinal implantation in the rabbit and observed histological evidence of ONL retinal damage
following subretinal array placement.
No such damage was found after
suprachoroidal implantation. Heat on
the choroidal surface also drives increases
in choroidal blood ﬂow in monkeys and
humans,82 which should act to dissipate
heat and minimise the incidence of thermal trauma. Additional beneﬁts include a
relatively simple surgical procedure, reduced risk of choroidal haemorrhaging
and good long-term implant stability83;
however, the distance between the
electrode array and the retina is of concern, as is the disadvantage of having
to stimulate through the high-resistance
retinal pigment epithelium.84 Also,
suprachoroidal electrical stimulation will
likely activate a broader area of the retina,
limiting spatial resolution.

Suprachoroidal-transretinal
prostheses
A suprachoroidal-transretinal (or transscleral) implant refers to a retinal prosthesis that
is placed in a scleral pocket behind the retina
(Figure 2B), with return electrodes in the vitreous body to generate focal stimulation of
retinal ganglion cells. In contrast to the
suprachoroidal device, the transsceleral implant stimulates through an additional scleral
layer. The surgical procedure is simple and
less invasive than epiretinal and subretinal
Clinical and Experimental Optometry 98.5 September 2015
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implants. The feasibility of the technique
has been shown in rat,85 rabbit,86 cat87 and
dog88 and has shown that activation can be
achieved within safe limits. The main disadvantage of this device is the distance between
the electrodes and target neurons, which
limits the spatial resolution and requires
higher current levels.
HUMAN TRIALS
Since their inception, clinical trials of the
aforementioned retinal implants have revealed a range of issues that are directing further research in animal models. We now
broadly review the performance and clinical
outcomes of these devices, with detail of ongoing animal studies outlined later in the
review.

Perceptual results from clinical
trials
There have been ten clinical trials of retinal
implants, each with a different device and
varying in other factors, such as duration,
number of participants, implant location
and number of electrodes (Table 1). In this
review we focus on the perceptual and psychophysical outcomes of these studies.
Readers interested in the clinical outcomes
or the engineering aspects are referred to
other reviews.89,90
Under electrical stimulation with the implant, patients describe perception of phosphenes. These are often white to yellow, and
localised to a region of the visual ﬁeld4,91;
however, other colours and ‘dark’ phosphenes have been reported, as well as poorly
localised phosphenes.92 The shape and size
varies, from small and round, to oval, to lines
or more complex shapes (Figure 1). These attributes can vary over time even though the
stimulus remains unchanged. Variability of
phosphene appearance within and across patients is large and poses a signiﬁcant challenge for prosthetic vision.
Only a subset of studies has been of sufﬁcient duration to investigate patient perception in greater detail than the basic
perception of phosphenes (Table 2). These
studies have focussed on assessing participants’ performance in a number of functional tasks of daily living and characterising
the basic psychophysics of prosthetic vision.
While tests and methods have varied, it is possible to draw some general conclusions. It is
generally the case that protocols have
avoided spatio-temporal interactions between

electrodes (except in the study of Horsager,
Greenberg and Fine93).

Functional tasks and activities of
daily living
ORIENTATION AND MOBILITY

Improving the ease and safety with which patients can move about in daily life is one the
most important and perhaps most readily
achievable goals for a retinal prosthesis. Compared to other functional tasks, the acuity required is relatively low; however, a wide ﬁeld
of view is beneﬁcial.94 Assessment of mobility
has been restricted to longer duration trials,
such as the Argus II, the Alpha IMS and that
by Bionic Vision Australia (BVA; Ayton
et al.95). Generally patients report some beneﬁt in mobility from using their device. For example, many Argus II patients showed a two
to three fold improvement in their ability to
locate a door-like object or follow a white line
in a high contrast environment96; however in
some other studies subjects do not appear to
beneﬁt from their device in navigational
tasks.97
OBJECT DETECTION AND RECOGNITION

Patients using a subretinal photodiode device
(Retina Implant AG) were able to locate and
recognise objects in a standardised dining table setting, consisting of a closed set of white
objects on a black background.70,91 The best
performing patients could locate and identify
spoons, forks and cups, while the worst
performing patients could distinguish only
larger objects, such as a plate from a saucer.
Performance was signiﬁcantly better with
the system on compared to off.
LETTER READING

Twenty one Argus II patients (epiretinal)
were tested for their ability to read letters
spanning 41o of visual ﬁeld.98 The mean accuracy was 60 per cent but varied greatly between patients and also with letter
complexity. A small subset of these patients
were able to recognise letters spanning less
than 10o, which is similar to results from studies with Retina Implant AG devices.70,91
These results indicate that letter reading is
of limited functional beneﬁt to retinal prostheses patients with current devices.

Psychophysics
SPATIAL LOCALISATION AND ACUITY

The spatial resolution provided by retinal
prostheses is low. A basic test asks subjects to
© 2015 The Authors
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Device

Duration of
implantation

Group

#
Subjects

Argus I

Second Sight

ongoing in 2/
6

Argus II

Second Sight

Electrode count; Pitch
(μm)

Implant position

Ref.

6

Epiretinal

16; 720

4

ongoing

30

Epiretinal

60; 575

96

12

Subretinal

1500+16; ~72+280

91

9

Subretinal

1500; 72

70

Retina implant device

Retina Implant AG

1-5 months

Alpha IMS

Retina Implant

ongoing

EPIRET3

Epi-Ret

4 weeks

6

Epiretinal

25; ~250

160

IMI retinal implant system

IMI (GmbH)

months

20

Epiretinal

49; n.a.

161

IRIS (based on IMI retinal implant
system)

Pixium Vision

18 months

n.a.

Epiretinal

n.a.

162

Japanese STS Device

Osaka Retinal Prosthesis
Group

n.a.

2

Suprachoroidaltransscleral

9; 1000

101

Japanese STS Device

Osaka Retinal Prosthesis
Group

5-7 weeks

2

Suprachoroidaltransscleral

49 (9 active electrodes); n.
a.

100

BVA suprachoroidal implant

Bionic Vision Australia

2.5 years

3

Suprachoroidal

22; 1000

95,119

Table 1. Summary of clinical trials of retinal prostheses

Study

Phosphene
perception

Spatial localisation

Spatial acuity

Argus I

6/64

3/3163

-

Argus II

96

32/32

99

26/27

96

7/30: 20/1,260 -20/16,000, Grating

Temporal fading

Field of view (approx.)

-

10o×10o
92

8/9

17o×10o

96

27/28
Retina Implant Device

11/1191

1/391

1/3: 20/1,000, Landolt C91

3/3 direct stim.

11o×11o

0/3 photodiode91
Alpha IMS

70

8/9

100

70

7/9

100

Japanese STS Device

2/2

2/2

Bionic Vision Australia

3/395

3/395

2/9 photodiode70

11o×10o

-

-

20o×16o

1/3: 20/4,451-20/21,059, Landolt C95

-

12o×12o

70

2/9: 20/546- 20/2,000, Landolt C

Table 2. Summary for available psychophysical results from clinical trials of retinal prostheses. For Phosphene Perception and Spatial
Localisation, the entries x/y indicate the number of subjects performing better with the device on than off (x) over the total number of
subjects performing the test or participating in the study (y). For ‘spatial acuity’ the range of spatial acuities measured for subjects
performing better with device on than off is also given. The type of test used, either Grating or Landolt C, is also indicated. Where
appropriate, for ‘temporal fading’, the table notes whether stimulation occurred via the photodiode array or via direct stimulation on one
of 16 electrodes controlled externally by the experimenter. The ‘ﬁeld of view’ is an approximation based on the size of the device and the
visual angle it subtends on the retina.
locate a high contrast image on a screen, for
example, in one of four locations.70,91,99,100
Across studies, most subjects perform this
kind of task above chance with their device
on but perform more poorly or at chance
with the device off (Spatial Localisation column of Table 2). Many patients perform spatial localisation tasks using head movements
to scan the screen with the external camera,
taking many seconds or minutes. Using this
approach, objects can be localised even with
one phosphene, as ﬁne adjustments in head
position can be used to discern when the

object lies within the part of the camera’s
ﬁeld of view that activates that phosphene.
Studies using a subretinal implant with a
photodiode array allow patients to use eye
scanning and Zrenner et al.91 have suggested that this may be the reason that
one subject reported an image to ‘appear
clearly in its natural form and [be] visible
as a complete entity’.
Horsager, Greenberg and Fine93 reported
that two subjects experienced phosphenes
in response to stimulation via an epiretinal array with circular electrodes (260 μm or

© 2015 The Authors
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520 μm diameter). The phosphenes had diameters of 1° to 3° of visual angle. Concurrent stimulation of four electrodes (2 by 2)
did not generate discrete phosphenes: subjects reported only a single phosphene of 3
to 6°. In a larger study of 30 subjects
implanted with an epiretinal device
consisting of 60 electrodes (200 μm diameter,
Figure 4A), Humayun et al.96 reported that all
subjects reported visual percepts, when the
device was active and 96 per cent of subjects
were able to perform signiﬁcantly better in
spatial localisation tasks. Seven subjects
Clinical and Experimental Optometry 98.5 September 2015
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scored reliably on visual acuity tests using
gratings of oriented light and dark stripes,
with the best subject scoring 6/378 (Table 2).
The Alpha IMS device was implanted in
three subjects (Figure 4B).91 Each electrode
on the device included a light-sensitive diode
connected to a differential ampliﬁer, the output of which was connected to a square 50 by
50 μm electrode. All three subjects were able
to perceive light mediated by the photodiodes. Spatial resolution was investigated in
the best performing subject using a Landolt
C test (best visual acuity, 6/300).
In a human study using a trans-scleral array
with nine electrodes arranged in a grid, subjects reported seeing localised phosphenes.101
The electrodes were 200 μm in diameter and
were separated by 1.0 mm. Although visual
acuity was not tested, subjects reported seeing
phosphenes the size of small coins at arms
length. Dumbbell-shaped phosphenes were
reported when two adjacent electrodes were
activated. Fujikado et al.100 further showed
that subjects implanted with a similar device
with 500 μm electrodes performed signiﬁcantly better than chance in an object discrimination task where two bars spanning 1.4° by
37° and 4.3° by 37° of visual angle were
presented.
Most recently, a suprachoroidal device
consisting of 20 stimulating electrodes
600 μm and 400 μm in diameter arranged in
a hexagonal mosaic (Figure 4C) was trialled
in three human subjects.95 All three subjects
reliably reported phosphenes, which were
found to be variable but controllable in terms
of their perceived brightness and complexity.
Visual acuity using the Landolt C test was only
reported in one subject, whose performance
ranged from 6/1,335 to 6/6,312 (average 6/
2,519)(Table 2).

increase in brightness at stimulus offset and
changes in colour and size during the latter
stage of stimulation.
BRIGHTNESS AND CONTRAST SENSITIVITY

The subjective brightness of phosphenes
tends to change with both amplitude and frequency of pulsed stimulation but this varies
between electrodes and across subjects. Increasing amplitude tends to increase brightness,91,100,102 but the effect of stimulus
frequency is less consistent across patients.
Fujikado et al.100 reported that a frequency
of 20 Hz produced brighter phosphenes than
either 10 Hz or 50 Hz in one suprachoroidal
patient. Nanduri et al.103 reported that in
one epiretinial patient, increasing the frequency of stimulation increased phosphene
brightness. Further frequency increases affected brightness far more than the size of
phosphenes in this patient, whereas larger
amplitudes tend to increase both equally.
The ability to discriminate brightness between image regions (contrast) is important
for the recognition of objects and form.
While there are reports of subjects being able
to distinguish up to 10 different brightness
levels sequentially,4 we are not aware of any
studies examining spatial contrast.
FIELD OF VIEW

The ﬁeld of view is important for carrying out
a number of functional tasks such as locating
an object, orientation and mobility and reading. For retinal implants the ﬁeld of view is
largely determined by the angle subtended
by the electrode array. The size of the electrode array is limited by the surgical location
of the implant and is currently greatest for
suprachoroidal placement, intermediate
for epiretinal placement and smallest for
subretinal placement (Table 2).

TEMPORAL FIDELITY

Many subjects report that phosphene brightness fades over time with stimulation at constant pulse rates.70,91,92 The time course
varies from an almost immediate fading, to
up to 15 seconds. This leads to the perception
of a ‘blinking’ phosphene. Anecdotally, this
effect is more common with epiretinal compared to subretinal stimulation (Table 2).
The only studies that have quantiﬁed the
time course of brightness have used
epiretinal implants92 and have shown that
the time course of fading varies greatly between subjects and changes with pulse rate
and stimulation duration. Lower pulse rates
cause less fading. They also found persistence
of the phosphene after stimulation, an
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THE RESPONSE OF THE RETINA TO
ELECTRICAL STIMULATION
Ultimately, it is hoped that retinal prostheses
will use electrical stimulation to replicate
light-evoked activity. There are 10 to 15 different retinal ganglion cell types and 12 bipolar
cell types in the primate.10,11 Given the multiple types of bipolar and retinal ganglion cells,
with each type exhibiting its own characteristic spatiotemporal response pattern,104 replicating light responses is a challenging task.
High-resolution vision requires a high degree
of spatial speciﬁcity. This is a challenge for
existing retinal prostheses due in part to the
large number of retinal cells activated by

electrical stimulation. It follows that electrical
stimulation likely recruits multiple populations of neurons, resulting in responses bearing little resemblance to natural vision.
The responses of retinal ganglion cells to
epiretinal electrical stimulation consist of
two components:
1. A short-latency component with a single,
time-locked action potential evoked less
than 5 ms after stimulation and
2. Several bursts of action potentials appearing
more than 9 ms after stimulation.105
These long-latency responses are abolished
by pharmacologically blocking synaptic input
to the retinal ganglion cells, suggesting that
these responses arise from ‘indirect’ activation of retinal ganglion cells by way of photoreceptors and retinal interneurons. In
contrast, the short-latency responses may be
attributed to ‘direct’ activation of retinal ganglion cells. These temporally distinct responses to electrical stimulation (Figure 5A)
have since been observed in several species,
namely, mouse,76 rabbit106,107 and monkey108
and have likewise appeared in evoked potential recordings from visual cortex, where direct retinal ganglion cell activation is largely
represented by short latency cortical activity
and indirect retinal ganglion cells activation
by long latency cortical activity.109,110

Stimulation efﬁcacy
WAVEFORM AND STIMULATION SITE

In the case of electrodes located on the inner
surface of the retina, cathodic-leading biphasic pulses have lower charge thresholds
than anodic-ﬁrst pulses in rat,108,111 guinea
pig and monkey108 and rabbit.107 Conversely,
anodic-leading pulses are more effective for
subretinal stimulation in chicken112 and rabbit.107 The duration of the stimulus is a particularly important factor as it can also be used
to determine the mode of retinal ganglion
cell activation. Brief electrical pulses (less
than 200 μs) are known to activate retinal ganglion cells directly, whereas longer pulses are
more likely to engage neurons of the inner
retina.113 Boinagrov et al.114 used intracellular recordings in healthy rat retina to highlight the interplay between electrode
location, polarity and stimulus duration,
showing that the lowest thresholds for direct
retinal ganglion cell activation were elicited
by short-duration (500 μs) cathodic stimuli
delivered on the epiretinal surface. Synaptically mediated retinal ganglion cell activity
was preferentially elicited by long-duration
(4 ms) anodic stimuli delivered within the
© 2015 The Authors
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Figure 5. (A) Retinal ganglion cells are activated both directly and indirectly, via retinal interneurons, by electrical stimulation (control
trace). The synaptic blocker L-AP4 blocks transmission between photoreceptors (light grey) and ON bipolar cells (dark grey), inhibiting
long-latency ganglion cell responses. The glutamate receptor blocker CNQX blocks transmission between ON bipolar cells and ON ganglion cells (white), inhibiting medium-latency responses and leaving only short-latency responses arising from direct activation of retinal
ganglion cells. Adapted from Eickenscheidt et al.,107 with permission. (B) Retinal ganglion cell desensitisation is a function of both time
and stimulus frequency (data from Hadjinicolaou et al.111). Here, the normalised response (ratio of spikes evoked by a given stimulus
pulse, over the number of spikes evoked by the ﬁrst pulse) is seen to plateau to a level dependent on stimulus frequency (indicated on
the right). (C) Spontaneous hyperactivity is a notable physiological feature of the degenerate retina. Spontaneous ﬁring rate of retinal ganglion cells in degenerate retina (rd10) is increased compared to that in normal retina (in darkness) (adapted from Menzler, Channappa and
Zeck140 under the Creative Commons Attribution Licence http://creativecommons.org/licenses/by/4.0/).
OPL. The same study demonstrated that with
shallow (~30 μm) penetration of stimulating
electrodes into the INL, activation thresholds
for direct retinal ganglion cell activation were
two-times lower than those obtained using
electrodes placed on the epiretinal surface.
As it happens, cathodic-leading biphasic
pulses are typically used in human clinical trials of epiretinal devices.115–117 While
Humayun et al.118 reported that subjects did
not experience notable differences between
anodic or cathodic-leading monopolar stimulation, Horsager et al.116 reported that cathodic-leading pulses resulted in lower
thresholds in pilot studies. Anodic-leading
pulses were also found to result in lower
thresholds in clinical trials of a suprachoroidal
implant.119
EXCITABILITY

To understand how stimulus duration can be
manipulated to engage different retinal neurons, it is useful to consider the relationship
between pulse duration and stimulus current
threshold.120 This relationship is quantiﬁed
by two parameters that relate to cell excitability: the ‘rheobase current’ (the minimum current required to excite a cell, irrespective of
pulse duration) and the ‘chronaxie’ (the minimum pulse duration required for activation
using a current amplitude of twice the
rheobase current). Compared with retinal
ganglion cells, retinal interneurons have
higher chronaxies121,122 and require longer
duration stimuli to reach threshold. The
resulting synaptic activity is sustained by the
relatively slow transmission of glutamate from

bipolar cell to retinal ganglion cell, which takes
place over the course of hundreds of milliseconds and likely contributes to the extended
time-course of the indirect response.113,123
Cell excitability varies within individual
neurons. Nowak and Bullier124 recorded
from cortical gray matter neurons and found
that the chronaxie corresponding to axonal
activation (~0.4 ms) was two orders of magnitude lower than that for direct, somatic activation (~15 ms). The chronaxie associated with
post-synaptic responses to extracellular electrical stimulation was similar to that for axonal activation – suggesting that the axons
are being activated. In the retina, it is presumed that the activation of passing retinal
ganglion cell axons gives rise to the short latency retinal response.110,122 The long latency
response, on the other hand, has a more focal
origin that corresponds well with the location
of the stimulating electrode.110
The axons of neurons within the mammalian central nervous system feature a
specialised membrane region, the axon initial segment (AIS), containing high-density
clusters of voltage-gated ion channels. The
AIS is the site of action potential initiation
and supports many physiological roles.125
Fried et al.65 demonstrated in rabbit retina
that the AIS is the site most sensitive to electrical stimulation. As well as ﬁnding differential
sensitivity across different functional retinal
ganglion cell types, the sodium channel
bands in the AIS associated with brisk-transient and direction-selective cells were found
to be distinct in length and proximity to the
soma, suggesting that the bands are
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optimised to process information in
specialised cell types. As the AISs of retinal
ganglion cells have several different voltagegated ion channel subtypes,126,127 it seems
likely that the collective expression of multiple subtypes will inﬂuence the response of
retinal ganglion cells to electrical stimulation.

DESENSITISATION

The ability of retinal ganglion cells to respond to repetitive electrical stimulation
progressively decreases with successive
stimuli, and is dependent on the stimulus
interval (Figure 5B).111,128–130 This
desensitisation of retinal ganglion cells has
been observed in intracellular retinal ganglion cell recordings111 and in extracellular
recordings of retinal ganglion cell activity.128,129,131 Freeman and Fried132 found that
desensitisation in rabbit retinal ganglion cells
consists of two components: a fast-acting component (hundreds of milliseconds) associated
with direct cell activation and a slow-acting,
presynaptic component. While thresholds
for direct retinal ganglion cell activation were
resilient during repetitive stimulation, the
synaptically-mediated response was suppressed after only a few successive pulses, indicating that desensitisation is largely
mediated by retinal circuitry presynaptic to
retinal ganglion cells. The time courses of
these two desensitisation components
matches reports from clinical trials of retinal
prostheses, in which subjects report percepts
that fade with two distinct phases of
brightness.92
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Is it possible to design a stimulation strategy
that avoids retinal ganglion cell desensitization? If the fading of percepts observed in
clinical trials arises from fatigue of retinal interneurons,92,133 it may be possible to mitigate this effect using direct activation of
retinal ganglion cells. Freeman and Fried132
proposed a stimulation strategy that uses
bursts of pulses to encode luminance and a
train of pulses, the temporal characteristics
of which match the spontaneous ﬁring of a
typical retinal ganglion cell. It is probable that
discrete bursts of activity are used to encode
the visual information leaving the retina.134
The second component may desensitise the
synaptically-mediated response, so as to elicit
a robust direct retinal ganglion cell response
to the ﬁrst component. Tsai et al.130 directly
compensated for retinal ganglion cell
desensitisation in rabbit retina by modulating
the amplitude of delivered stimuli as a function of time and stimulus frequency. The fall
in efﬁcacy with successive pulses in response
to high frequency (50 to 200 Hz) subretinal
stimulation was attributed to a frequency-dependent decline in voltage-gated sodium current (INa), which plateaued in much the same
way as retinal ganglion cell responsiveness in
other studies111 (Figure 5B). Accordingly,
stimulus pulses were delivered at progressively larger amplitudes to increase the
evoked INa and thus maintain the spike rate.
The efﬁcacy of constant-frequency stimuli
can also be improved by varying the pulse
waveform. The efﬁcacy of random pulse
trains has also been compared for epiretinal
stimulation by recording in rat superior
colliculus.135 The stimulus consisted of a
20 Hz pulse train (phase duration randomly
selected: 0.1 to 20 ms), with corresponding
pulse amplitudes set to elicit identical neural
activity, compared to a constant frequency
(20 Hz) pulse train. The early response component (latency of 3 to 12 ms) was more resilient when evoked by the time-varying
stimulus. It is difﬁcult to determine whether
the improvement in early-phase signal
strength was due to increased recruitment
of presynaptic neurons, which would have
the effect of desensitising the retinal network,
to improve the efﬁcacy of direct stimulation
(for example, Freeman and Fried132).
DEGENERATION

A signiﬁcant factor inﬂuencing stimulation efﬁcacy is the state of degeneration in the diseased retina. The substantial anatomical
reorganisation that takes place over the course
of degeneration is accompanied by extensive
Clinical and Experimental Optometry 98.5 September 2015
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physiological changes, which have been investigated in several different animal
models.34,136–138 Compared with the healthy
retina, ganglion cells of the rd1 and rd10
mouse retina exhibit an elevated level of spontaneous activity that increases with photoreceptor degeneration (Figure 5C).34,136,139,140
A particularly striking feature of the degenerate retina in these animals is the presence of
oscillatory ‘waves’ of ganglion cell activity that
ﬁre at either ~5 Hz (rd10) or ~10 Hz
(rd1).136,137,139,140 Spontaneous oscillations
have also been observed in neurons of the inner nuclear layer in degenerate mouse retina.141 These waves of rhythmic activity may
give rise to the photopsia observed by patients
with retinitis pigmentosa, who report the perception of random ﬂashes of light despite the
absence of visual stimulation.34
The physiology of the degenerate retina
depends on the particular type of disease.
In degenerate mouse models, the characteristic physiological response properties
of ON and OFF ganglion cells have been
found to persist in at least a subset of cells
in rd10 mice34,137 but were absent beyond
early-stage degeneration in the rd1
mouse.136 The rd1 mouse also suffers a
disproportionate loss of ON responses,136
while ON and OFF responses in the rd10
mouse are similarly affected.137 It seems
likely that the response of the retina to
electrical stimulation will also depend on
the nature of disease and the choice of animal model for studying the degenerate
condition requires careful consideration.
In the case of rd10 mice, photoreceptor
degeneration does not coincide with early
development of the retina, while these
two processes occur simultaneously in the
rd1 mouse.142,143 Further, light responses
in the rd10 mouse last for several weeks
more than those of the rd1 mouse.136,137
As the pathology of the rd10 mouse more
closely follows that of human retinitis
pigmentosa, it may prove to be a more suitable animal model.140,142,143
Despite severe photoreceptor degeneration and a complete absence of any light response, the responses of RGCs in P23H rats
to electrical stimulation were similar to normal rat retina.144 Others have shown that
the diseased retina requires more charge to
activate85,145 and that functional thresholds
appear to increase as the degeneration
progresses.43,145,146
Encouragingly, responses in visual brain
areas to electrical stimulation of the diseased
retina are readily achieved. Kanda et al.87

evoked localised activity in the superior
colliculus of visually deprived rats through
transscleral stimulation, ﬁnding stimulation
thresholds in the degenerate retina to be
higher (mean: 12.9 nC versus 7.2 nC) and
more variable (standard deviation: 7.7 nC versus 2.8 nC) than those of the healthy retina.
Another study found that cortical responses
could be evoked from stimulation of the degenerate retina in the mouse, dog and
human.109

Encoding visual information
SELECTIVE ACTIVATION OF RETINAL CELL
TYPES

It is unclear whether electrical stimulation
can selectively activate particular retinal ganglion cell types. Retinal ganglion cells favour
short duration pulses, while inner retinal neurons prefer longer pulse durations.113 Freeman et al.147 showed that retinal ganglion
cells were best activated by high frequency
(100 Hz) stimulation, with lower frequencies
activating bipolar cells (25 Hz) and photoreceptors (5 Hz). Fried et al.65 found that lowest
thresholds for activation occurred when the
stimulating electrode was placed directly
above the proximal axon. They also showed
that the spatial properties of the sodium
channel bands differed among cell types,
leading to the possibility of selective
activation.
Sekirnjak et al.108 demonstrated that focal
activation of retinal ganglion cells could be
achieved using high density electrodes with
diameters comparable to that of single cells.
Retinal ganglion cell activation was conﬁned
to small regions and short-latency responses
achieved in single cells. Sekirnjak et al.148
showed that single ON or OFF parasol cells
could be selectively activated by short-duration biphasic pulses with little or no activation
of neighbouring cells. Using a similar array,
Jepson et al.37 attempted to selectively stimulate ON and OFF midget, ON and OFF parasol and small bistratiﬁed retinal ganglion
cells. They reported that selective activation
of target cells was possible in some cases but
not in others, with activation of axons accounting for approximately half the cases,
where activation of non-target cells was
observed.
Studies using large diameter electrodes to
stimulate retinal ganglion cells have not been
successful in demonstrating selective activation. When stimulating from an epiretinal location, retinal ganglion cells favour cathodic
ﬁrst biphasic pulses108,149; however, Sekirnjak
© 2015 The Authors
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et al.148 found that ON and OFF parasol cells
had comparable thresholds, when using cathodic ﬁrst stimulation. A similar ﬁnding was
seen when comparing thresholds among
other retinal ganglion cell types,37 suggesting
that stimulus amplitude alone cannot be used
to selectively activate cell types; however, it is
possible that variation in the relative position
of the stimulating electrodes and the target
cells in the study by Jepson et al.37 resulted
in increased variability of the estimated
thresholds, obscuring small differences between cell types. Alternatively, it is possible
that stimulus polarity and the site of stimulation play a crucial role. Using subretinal stimulation, Jensen and Rizzo36 found that
thresholds for OFF retinal ganglion cells were
lower for anodic ﬁrst current pulses, whereas
for ON cells, thresholds for anodic and cathodic ﬁrst stimuli were similar.
Twyford, Cai and Fried39 is the only study
to show a differential response between two
retinal ganglion cell types in response to the
same stimulus. Stimulus trains of biphasic
pulses were applied at high frequency
(2000 Hz) with a conical electrode placed directly above the AIS. When the amplitude of
the pulses was ramped from 40 μA to 60 μA,
ON ‘brisk transient’ cells exhibited an increase in activity, while OFF brisk ‘transient
cells’ exhibited a decrease. For a stimulus
where the pulses were ramped from 60 μA
to 40 μA, the opposite was true. The mechanism for the differential response is unclear
but it might be linked to differences in ionic
channel expression among the cell types.
The indiscriminate activation of multiple
retinal pathways by means of electrical stimuli
represents a profound issue that will hinder
the creation of meaningful prosthetic vision.
A stimulation strategy that is able to selectively activate ON and OFF pathways may allow the perception of fundamental spatial
patterns in patients. Selective activation of
neural populations remains a key challenge
to be addressed by all vision prostheses.
TEMPORAL RESOLUTION

A natural approach to prosthetic vision is to
elicit spiking patterns in retinal ganglion cells
that match those of their corresponding light
responses. For epiretinal stimulation (that is,
where the target neuron is the retinal ganglion cell), this can be done most easily
through direct ganglion cell activation. Fried,
Hsueh and Werblin106 reported that electrical stimulation was able to evoke spike trains
from retinal ganglion cells that precisely
match those evoked by presentation of a

simple visual stimulus. More recently, Wong
et al.150 recorded the spiking responses of single retinal ganglion cells in cat retina presented with short sequences of natural
images. They then showed that among the
functional class of retinal ganglion cells they
recorded, cells responded reliably and robustly to epiretinal electrical stimulation with
pulse trains that had similar temporal statistics to the responses evoked by the visual stimuli. A similar approach was taken by Jepson
et al.,38 who recorded spiking responses from
small populations of retinal ganglion cells in
macaque retina evoked by a simple moving visual stimulus. They showed that the evoked
spatio-temporal pattern of retinal activity
could be replicated with high spatial and temporal precision using appropriate patterns of
electrical stimulation.
Although ganglion cells can be engaged in
this way to reproduce naturalistic spike trains,
it is difﬁcult to activate the retinal network at
high stimulation frequencies. While the
threshold for direct ganglion cell activation
changes little in response to high-frequency
(16 Hz or more) stimulation, the synaptically-mediated retinal ganglion cell response
is signiﬁcantly suppressed.132 This implies
that a different stimulation strategy is required for prostheses that operate by engaging the retinal network. An interesting
hypothesis proposed by Lorach et al.151 is that
the retina adapts to constant patterns of
subretinal electrical stimulation in much the
same way that the normal retina adapts to
constant patterns of visual stimulation, that
is, the retina is better suited to detecting
‘changes’ in subretinal stimulation, as opposed to responding to each consecutive
pulse. It follows that a subretinal stimulation
strategy that elicits naturalistic spike trains will
be fundamentally different to its epiretinal
counterpart.
SPATIAL RESOLUTION

There is considerable variation in the devices
used in human studies and in the measurement and reporting of the achieved spatial
resolution. Based on in vitro and in vivo studies, several factors are likely to play a role in
determining the resolution of vision afforded
by retinal prostheses. For example, electrode
size, implant placement and electrode arrangement all potentially inﬂuence achievable spatial resolution. An epiretinal
prosthesis with small enough electrodes
should be able to activate single retinal ganglion cells,37,108,148 whereas the achievable
resolution of subretinal stimulation will be
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limited by the inherent lateral spread of neuronal activation within the retinal network.129
Importantly, measures of spatial resolution
obtained from animal studies will depend
on the particular animal model used, each
with their own complement of retinal
ganglion cells and their respective dendritic
ﬁeld sizes.
Activation of single retinal ganglion cells
has been reported using stimuli within safe
charge limits delivered via high density
epiretinal arrays of small (10 to 15 μm diameter) electrodes.37,108,148 In contrast, Behrend
et al.152 found no beneﬁt in using electrodes
with diameters smaller than 60 μm – the
smallest response area produced was around
150 μm, suggesting that this is the maximum
resolution achievable. This apparent discrepancy might be attributable to the stimulus
used. Stett et al.153 reported that subretinal
stimulation using electrodes of only 10 μm diameter evoked activity localised to an area
within 100 to 200 μm of the electrode. Moreover, while direct activation of retinal ganglion cells is possible using subretinal
stimulation, Tsai et al.129 found that it is generally accompanied by activity arising from activation of the retinal network.
The inﬂuence of electrode size is likely also
dependent on electrode placement. Shyu
et al.154 found that for stimuli delivered
subretinaly, small electrodes (25 μm diameter) required signiﬁcantly more current to
generate a response in retinal ganglion cells
than large electrodes (125 μm diameter);
however, thresholds for activation using either small or large diameter epiretinal electrodes were similar and comparable to the
lower thresholds for the large diameter
subretinal electrodes.
Conﬁning the extent of spatial activation
with a view towards improving spatial resolution, has also been investigated in vitro. Habib
et al.155 investigated so-called ‘hexapolar stimulation’ in which electrodes were arranged in
a hexagonal grid. Stimuli were delivered via
the central electrode, while using the surrounding six electrodes as the return or
‘guard’. Activation thresholds of cells located
outside the guard were more than two-fold
higher than cells inside the guard, with many
cells outside the guard not activated even at
maximal stimulus amplitude. Although these
results demonstrate that electrode layout can
improve spatial localisation of evoked activity
and presumably improve spatial resolution,
this improvement comes at the price of increased threshold current amplitudes compared to monopolar stimulation.155
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Figure 6. Spatial resolution depends on the mode (that is, direct or indirect) of retinal ganglion cell activation. Contour plots show the
strength and extent of local ﬁeld potentials recorded in primary visual cortex for early (direct activation; left) and late (indirect activation;
right) LFP components. Adapted from Elfar et al.,110 with permission.
Spatial resolution has also been investigated using acute in vivo recordings in cat visual cortex to measure the retino-cortical
spread of activation during electrical stimulation of the retina.78,110,156–158 Eckhorn
et al.156 investigated the role of electrode
placement, comparing epi- and subretinal
stimulation using 100 μm thin-ﬁlm electrodes. The retino-cortical point spread function was converted into degrees of visual
angle to determine the achievable resolution.
They estimated the achievable spatial resolution to be comparable for epi- and subretinal
stimulation (1.2° of visual angle for epiretinal
stimulation and 0.9 to 1.3° for subretinal stimulation). They also estimated spatial resolution for epiretinal stimulation via smaller
20 μm diameter ﬁbre electrodes. They found
that the smaller electrodes resulted in higher
estimated spatial resolution (0.68° of visual
angle as opposed to 1.2° for the larger thinﬁlm electrodes).
Stimulation in cat retina with suprachoroidal platinum electrodes has proven effective
in evoking focal activation in primary visual
cortex.78 For suprachoroidal stimulation, the
effect of electrode size has been assessed in
chronic implantation studies in cats using arrays with 125 μm, 160 μm and 395 μm diameter electrodes.157 Reliable responses could
only be obtained with the larger electrodes.
In a subsequent study using 400 μm diameter
suprachoroidal electrodes, cortical response
proﬁles were reportedly consistent with the
electrical stimulation patterns, suggesting
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retinotopy was maintained.158 Although the
degree of localisation was not quantiﬁed,
the authors report that cortical threshold increased 3 to 5 dB when stimulating the electrode immediately adjacent to the best (that
is, lowest threshold) electrode.
Kanda et al.85 demonstrated that transsceleral stimulation could produce localised
responses in the rat superior colliculus and
estimated the achievable spatial resolution.
They reported that two-point discrimination
was possible for stimulation sites separated
by 700 μm, comparable to 2.4° of visual angle
in humans.
There is some evidence to suggest that the
mechanism of retinal ganglion cell activation,
either direct or indirect, may also inﬂuence
achievable spatial resolution: speciﬁcally, that
indirect activation is more spatially localised.
Elfar et al.110 recorded responses in cat cortex
evoked by epiretinal stimulation. They reported that long latency responses, nominally
attributed to indirect activation of retinal ganglion cells, were well localised and followed
the retinotopic location of the electrical stimulus, while the cortical loci of short latency responses (attributed to direct activation of
retinal ganglion cells) were diffuse and often
shifted towards the area centralis - possibly indicative of activation of overlying retinal ganglion cell axons (Figure 6). These observations
suggest that stimulating retinal ganglion cells
indirectly via the retinal network, avoiding activation of passing axons, may offer better spatial resolution.

Sim et al.159 explored this idea using the
concept of an electrical receptive ﬁeld
(ERF), deﬁned as the retinal region, over
which electrical stimuli can evoke a response in an retinal ganglion cells. Mouse
retinae were stimulated using a 3,200-element multi-electrode array developed for
the Naval Research Laboratory retinal prosthesis and extracellular ganglion cell responses were measured using a 16electrode recording array to construct the
electrical receptive ﬁelds. It was found that
the electrical receptive ﬁelds for subretinal
stimulation were smaller than those of
epiretinal stimulation and that charge
thresholds were positively correlated with
electrical receptive ﬁeld area for both
modes of stimulation. Further, in cells that
expressed both direct and indirect retinal
ganglion cell response components, the
electrical receptive ﬁelds corresponding to
each component differed in shape and size,
consistent with the notion that direct and
indirect retinal ganglion cellsresponses are
governed by different retinal circuitry.132
Using their subretinal photovoltaic implant consisting of a 512-element multielectrode array, Lorach et al.151 measured
electrical receptive ﬁelds in RCS-degenerate rats and found that they were similar
in size to the visual receptive ﬁelds of normal rats. The degenerate retina was stimulated using patterns of alternating
gratings of various spatial frequencies. Visual evoked potentials, measured in
© 2015 The Authors
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primary visual cortex, were assessed together with their corresponding retinal
responses to determine that the degenerate system could extract features smaller
than the ganglion cell receptive ﬁelds, as
in the healthy visual system. The authors
conclude that such stimulation should be
able to achieve a visual acuity of 6/75 in
the human (approximately 0.2° of visual
angle) and that further improvements to
spatial resolution may be achieved with
smaller photovoltaic electrodes.
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CONCLUSION
11.

The restoration of sight to those suffering
from degenerative visual loss is challenging.
Through the work of those pursuing the development of microelectronic retinal prostheses, prosthetic vision has progressed well
beyond the rudimentary stages fathered by
Brindley and Lewin3 in the late 1960s. Clinical evaluation in blind human subjects has
demonstrated improvements in spatial
localisation, object or character recognition,
motion detection and mobility. Even so, the
vision afforded by those devices available today is rudimentary at best and there is much
that needs to be done. With the continuing
increase in our knowledge and understanding of the retina, its diseases and its response
to electrical stimulation, improvements in the
quality of prosthetic vision and thus, the quality of life of implant recipients, looks set to
continue.
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