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worldwide suffering from total blindness in 2010. Potential treatment options include

bionic devices employing electrical stimulation of the visual pathways. Retinal stimulation

can restore limited visual perception to patients with retinitis pigmentosa, however loss of

retinal ganglion cells precludes this approach. The optic nerve, lateral geniculate nucleus

and visual cortex provide alternative stimulation targets, with several research groups

actively pursuing a cortically-based device capable of driving several hundred stimulating

electrodes. While great progress has been made since the earliest works of Brindley and

Dobelle in the 1960s and 1970s, significant clinical, surgical, psychophysical, neurophysio-

logical, and engineering challenges remain to be overcome before a commercially-available

cortical implant will be realized. Selection of candidate implant recipients will require

assessment of their general, psychological and mental health, and likely responses to

visual cortex stimulation. Implant functionality, longevity and safety may be enhanced by

careful electrode insertion, optimization of electrical stimulation parameters and mod-

ification of immune responses to minimize or prevent the host response to the implanted

electrodes. Psychophysical assessment will include mapping the positions of potentially

several hundred phosphenes, which may require repetition if electrode performance

deteriorates over time. Therefore, techniques for rapid psychophysical assessment are

required, as are methods for objectively assessing the quality of life improvements
0
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obtained from the implant. These measures must take into account individual differences

in image processing, phosphene distribution and rehabilitation programs that may be

required to optimize implant functionality. In this review, we detail these and other

challenges facing developers of cortical visual prostheses in addition to briefly outlining

the epidemiology of blindness, and the history of cortical electrical stimulation in the

context of visual prosthetics.

& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Neurobionics is the direct interfacing of electronic devices with
the nervous system. This interface may be exploited to facilitate
exogenous stimulation of the nervous system or for single and
multi-unit recording of neural activity. The significant therapeu-
tic potential offered by neural recording is evident in recent
reports of multi-electrode prostheses implanted in the motor
cortex of humans and non-human primates, enabling the
dextrous operation of a robotic arm and hands (Collinger et al.,
2013; Hochberg et al., 2012). This dexterity will undoubtedly be
greatly enhanced by the integration of sensory feedback (e.g.
mechanosensation), which has already been demonstrated in
macaques via microstimulation of somatosensory cortex (Berg
et al., 2013; O’Doherty et al., 2011; Tabot et al., 2013). Beyond the
experimental domain, electrical stimulation of the brain, spinal
cord and peripheral nerves via implanted electrodes is in use
clinically for the treatment of movement disorders (Williams and
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Okun, 2013), psychiatric disorders (Williams and Okun, 2013),
chronic pain (Plow et al., 2012), epilepsy (Bergey, 2013), neuro-
genic bladder (Lay and Das, 2012) and for the restoration of lost
sensory functions such as hearing (Carlson et al., 2012; Shepherd
et al., 2013). Currently, themost commercially successful sensory
prosthesis is the cochlear implant for treatment of neural deaf-
ness, of which the US National Institutes of Health reports there
were 324,200 recipients worldwide in December 2012 (National
Institute on Deafness and Other Communication Disorders,
2013). Restoration of visual perception to the blind or severely
vision impaired is another area of intense research effort and
two retinal bionic vision devices are now commercially available
(Weiland and Humayun, 2014). We briefly review these and other
devices being developed for the restoration of functional vision
in blind individuals, before focusing on cortical visual prostheses
and the challenges facing developers of these devices. We
describe an implant currently being developed by the Monash
Vision Group which is currently in the preclinical testing phase.
2. Epidemiology of blindness

Recent meta-analyses examining the global burden of blind-
ness and vision impairment highlight the scale of these
ongoing public health concerns. In two separate studies, the
total number of people with vision impairment in 2010 was
estimated at 191 million (Stevens et al., 2013) and 285 million
(Pascolini and Mariotti, 2012) globally, with the number of
those legally blind estimated at 32 and 39 million respec-
tively. The most recent of these studies found the most
common causes of blindness to be cataract (33%), uncorrected
refractive error (21%) and macular degeneration (7%) across
all regions studied (Stevens et al., 2013). As would be
expected, there is significant regional variation in these
figures; in high-income regions including Western Europe,
Australasia (Australia and New Zealand), Asia-Pacific and
North America, the most common causes are macular degen-
eration (16.1–19.5%), uncorrected refractive errors (14–14.1%)
and cataract (12.7–14.5%), with glaucoma and diabetic retino-
pathy comprising a further 14.5–16% combined (Bourne et al.,
2013). In Australia specifically, a 2005 study found age-related
macular degeneration (48%), glaucoma (14%), cataract (12%)
and diabetic retinopathy (11%) to be the most common
causes of blindness, with neuro-ophthalmic conditions
accounting for an additional 3% of cases (Taylor et al., 2005).

There were an estimated 530,000 vision impaired people in
Australia as of 2004, including 50,600 who were categorized as
legally blind (visual acuity of r6/60). This figure is predicted
to rise as a result of population ageing; Taylor et al. (2005,
2006) estimated that approximately 70,000 Australians would
be legally blind by 2014, and almost 90,000 by 2024 (Taylor
et al., 2005, 2006). Moreover, increasing rates of obesity-
related Type II diabetes (Shaw et al., 2010) will undoubtedly
contribute further to these figures.
3. Economic impact

The direct health system costs in Australia for age-related
macular degeneration, glaucoma and cataract alone were
A$490 million in 2004. Indirect financial costs relating to lost
income and carer costs for all visual impairment were
estimated at A$3.2 billion, exclusive of transfer costs includ-
ing lost tax revenue and the expenditure related to carer and
welfare payments, which were estimated at A$850 million
(Taylor et al., 2006). Visual impairment has been associated
with a 2.3 fold increase in mortality (McCarty et al., 2001) and
the costs specific to loss of well-being due to the impact of
disease and premature mortality have been estimated using
daily adjusted life years (DALY) at A$4.8 billion (Taylor et al.,
2006).
4. Treatment options for blindness

4.1. Biological therapies

While not a major focus of this review, biological therapies
represent a promising suite of existing and emerging ther-
apeutic options for blindness caused by retinal disease. Gene
replacement therapy (McClements and MacLaren, 2013; Petrs-
Silva and Linden, 2014), modulation of ocular autoimmune
responses (Ambati et al., 2013; Buschini et al., 2011; Rieck,
2013), transplantation of stem cells, photoreceptor precursor
cells or bioengineered sheets of retinal tissue (Barber et al.,
2013; Fernandez-Robredo et al., 2014; Pearson, 2014) plus
intraocular administration of neurotrophic, anti-angiogenic,
intraocular pressure-lowering and antioxidant agents (Zarbin
et al., 2013) are all techniques that are either currently in use,
at clinical trial stage or being investigated in the laboratory.

4.2. Sensory substitution

Among the rehabilitative options available to the blind,
sensory substitution is a concept that has been explored
extensively. Sensory substitution operates on the principle of
replacing input from a lost sensory organ with an artificial
sensor, with the output of that sensor redirected to the input
of one or more remaining senses. A simple example of
sensory substitution is the mobility cane, wherein a repre-
sentation of the blind user's physical environment is
obtained via a tactile method (Bach-y-Rita and Kercel, 2003).
The representation of visual information by a tactile system
was suggested in the late 19th century by Noiszewski,
(Collins, 1971) with practical implementations of vibro- or
electrotactile stimulation of the back, abdomen, fingertips
and tongue demonstrated by Bach-y-Rita and others over the
last 50 years (Bach-y-Rita et al., 1969, 1998; Collins, 1971;
Deroy and Auvray, 2012; Loomis, 2010). Alternatives to the
tactile approach include encoding visual information into
audible signals (Capelle et al., 1998; Hanneton et al., 2010;
Loomis, 2010; Meijer, 1992). Such devices have shown great
promise, however their uptake has been limited and devel-
opment is ongoing (Loomis, 2010; Reich et al., 2012).

4.3. Visual prostheses

Another approach to vision rehabilitation involves the gen-
eration of functionally useful visual perception by direct
electrical stimulation of the visual pathway (Fig. 1).



Fig. 1 – Graphical depiction of the visual pathways and
electrical stimulation targets for developing a visual
prosthesis. Small arrays of electrodes can be implanted
epiretinally, subretinally or suprachoroidally to stimulate
retinal ganglion cells and generate phosphenes. Similarly,
the axons of these cells can be stimulated as they pass along
the optic nerve, using “cuff-style” electrodes. The lateral
geniculate nucleus can be accessed using conventional
deep-brain stimulation electrodes, or newer-generation
devices incorporating a “tuft” of microelectrodes. Lastly, the
visual cortex may be stimulated directly using surface (not
shown) or penetrating microelectrodes.
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The application of such stimulation relies on three phy-
siologic principles (Maynard, 2001):
1.
 Light can be replaced by electric current to stimulate the
perception of vision.
2.
 Blindness due to retinal degeneration does not affect
signal transmission from the retinal ganglion cells
through the visual pathways.
3.
 Electrical stimulation of the visual pathways and visual
cortex can elicit visual percepts in blind subjects.

Volta (1800) was among the first to describe the visual
percepts, or phosphenes resulting from electrical stimulation
of the eye. In the two centuries since this observation,
countless experiments on both animals and humans have
confirmed that electrical stimulation of the major anatomical
landmarks in the human visual pathway produces phos-
phenes of varying character.
4.3.1. Retinal
Retinal stimulation has been covered extensively in the recent
literature, and the reader is directed to reviews by Shepherd
et al. (2013), Guenther et al. (2012), Ong and da Cruz (2012),
Fernandes et al. (2012), Theogarajan (2012) and Merabet (2011)
for additional details. Briefly, visual prostheses based on
electrical stimulation of surviving populations of retinal gang-
lion cells have progressed substantially in recent years. Retinal
stimulation takes advantage of the significant visual informa-
tion processing that occurs not only in the retina itself (Freeman
et al., 2011), but also the lateral geniculate nucleus (Cudeiro and
Sillito, 2006; Wiesel and Hubel, 1966).

Electrical stimulation of the retina may be achieved via
placement of epiretinal, subretinal, or suprachoroidal stimu-
lating electrode arrays. One such device, the Argus II epir-
etinal implant developed by Second Sight (Sylmar, California,
USA), has recently obtained regulatory approval for market-
ing in Europe and the United States. The Argus II is based on a
60-electrode array and a spectacles-mounted digital camera.
Clinical trials of the device have shown improved reading (da
Cruz et al., 2013) and motion detection (Dorn et al., 2013)
abilities in many recipients.

A variety of other implant designs are in development
worldwide. Stingl et al. (2013) recently described the clinical
trial results of a subretinal array (Alpha IMS) incorporating 1500
embedded photodiodes and matching stimulating electrodes.
In this device, incoming light is received by photodiodes, the
signals from which are then processed and amplified before
being sent to matching electrodes. The combination of photo-
diodes and electrodes therefore provides point-to-point stimu-
lus of retinal bipolar cells, eliminating the need for an external
camera and permitting object tracking via saccadic eye move-
ments. The device was trialed on 9 patients with retinitis
pigmentosa (n¼8) and cone-rod dystrophy (n¼1), resulting in
light perception by 8 patients with one excluded due to
complications during the implantation procedure (Stingl
et al., 2013). Functionally, the results were variable, with 7/8
patients able to localize a light source, 5/8 able to detect motion
and grating acuity testing able to be performed in 6/8 recipi-
ents. The device was recently approved for marketing in the
European Union (Retina Implant AG, 2014).

Whilst Alpha IMS is wirelessly powered via a subdermal
coil behind the ear that is tethered to the implant (Stingl
et al., 2013), Chow et al. (2004) recently described an alter-
native photodiode-based array with 5000 stimulating ele-
ments that is powered by incident light. This device,
referred to by its developers as the “Artificial Silicon Retina”
(ASR), has undergone limited clinical trials (Chow et al., 2010).

Bionic Vision Australia is also developing a suprachoroidal
retinal implant. In the popular press, the group recently
reported on the first human implantation of a 24-electrode
prototype device (Bionic Vision Australia, 2012), with devel-
opment and testing of improved devices ongoing (Villalobos
et al., 2013).

4.3.2. Optic nerve
Veraart et al. (1998) were the first to attempt electrical
stimulation of the optic nerve as a basis upon which to
develop a visual prosthesis. The method can be applied in
blind patients with surviving retinal ganglion cells and/or an
intact optic nerve, and was initially trialed on a 59-year old
female with retinitis pigmentosa (Veraart et al., 1998). After
demonstrating that phosphenes could be reproducibly eli-
cited at safe stimulation currents, the group developed a
computational model that could predict the location and size
of percepts as a function of stimulus parameters (Delbeke
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et al., 2003). With sufficient training, recipients could recog-
nize and orient complex shapes (Brelen et al., 2005; Veraart
et al., 2003) and perform object localization, discrimination
and grasping (Duret et al., 2006). Phosphenes could be elicited
in all four visual field quadrants, although they were irregu-
larly distributed and subtended a relatively narrow portion of
the horizontal field (Delbeke et al., 2003). The surgical tech-
nique was relatively simple, with the first patient receiving an
implant consisting of a four-electrode, non-penetrating sili-
con cuff implanted around the optic nerve, accessed via a
pterional craniotomy and a trans-Sylvian approach (Veraart
et al., 1998). The second recipient received an intraorbital
implant, which also produced phosphenes although it was
noted that higher stimulation currents were required, most
likely due to the impedance of the dural sheath that lay
between the electrodes and the nerve itself (Brelen et al.,
2006). Veraart's group are continuing testing of their device
(Brelen et al., 2010), and have since been joined by two others
developing optic nerve prostheses using electrodes stimulat-
ing either the optic nerve or the optic disk (Lu et al., 2013;
Sakaguchi et al., 2009; Wu et al., 2010).

4.3.3. Lateral geniculate nucleus
The lateral geniculate nucleus (LGN) is considered a favorable
stimulation target due to its compact dimensions, retinotopic
organization and the physical separation of pathways specific
to color and motion (Mullen et al., 2008; Wiesel and Hubel,
1966). The proximity of the LGN to structures targeted
surgically for pain control and movement disorders resulted
in reports of visual phenomena experienced during thalamic
Table 1 – List of institutions known to us, who report plans to

L

Monash University University of Illinois

Selected
relevant
publications

Brunton et al. (2012),
Lowery (2013), and
Wang et al. (2013)

Lane et al. (2012), Rush et a
(2011), Srivastava et al. (200
and Troyk et al. (2005)

Web Address http://www.monash.
edu.au/bioniceye/

http://neural.iit.edu/researc
icvp/

Proposed
implantation
site

Occipital pole Occipital pole

Proposed
total # of
electrodes

300–500 600–650

Electrode
array size
(mm)

9� 9� 2.9 3� 3� ?d

# of
electrodes
per array

43 16

a The address was shortened to minimize the table size. The link provid
http://www.polymtl.ca/polystim/en/navigation/Prothesevisuelleintra-co

b To our knowledge the group's publications do not specifically state the
been described as supporting implantation of electrodes on flexible su

c The group have not explicitly stated plans to implant 960 electrodes, h
described simulated phosphene vision using 960 phosphenes, and the g
up to 992 stimulation channels.

d The depth of the electrode array was not stated.
e Estimated from the microphotograph in (Coulombe et al., 2007), no dep
stimulation procedures over three decades ago. Some of
these reports were published by Marg and Driessen (1965),
with their patients describing highly complex visual phenom-
ena during deep brain stimulation. In a recent macaque study
however, it was shown that simple, discrete visual percepts
could be elicited by microstimulation of LGN (Pezaris and
Reid, 2007). While in that study Pezaris et al. analyzed visual
saccades in response to LGN stimulation, Panetsos et al.
(2011) recently analyzed rat and rabbit cortical responses to
LGN stimulation, concluding that such stimulation could
generate visual cortical responses resembling those elicited
by natural vision. While much work remains to be done, both
groups report plans for further studies in support of devel-
oping a functionally useful visual prosthesis based on LGN
stimulation (Panetsos et al., 2011; Pezaris and Eskandar,
2009).

4.3.4. Geniculo-calcarine tract (optic radiations)
Reports exist of complex visual percepts elicited by stimula-
tion of the optic radiations during neurosurgical procedures
(Chapanis et al., 1973; Marg and Driessen, 1965), however to
date there are no groups known to us for whom this site is a
stimulation target for developing a visual prosthesis.

4.3.5. Visual cortex and the case for a cortical implant
Primary visual cortex, or V1, is an area of the occipital lobe
that encompasses the buried portions of cortex in the
calcarine sulcus and its upper and lower banks, extending
posterolaterally to the occipital pole. The reported surface
area of V1 varies between 1400 and 6300 mm2, depending on
develop a cortical visual prosthesis at the time of writing.
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the method of estimation (Andrews et al., 1997; Genc et al.,
2014; Stensaas et al., 1974), with approximately 67% of that
area buried inside the calcarine fissure (Stensaas et al., 1974).
Most efferent fibers from the LGN synapse with layer 4 of V1,
from which numerous connections to other layers within V1
and those of higher visual centers are made (Troncoso et al.,
2011). Human trials of visual cortex electrical stimulation
with both surface and penetrating electrodes have demon-
strated the viability of this brain region as a target for a visual
prosthesis (Dobelle, 2000; Schmidt et al., 1996). While no
cortical visual implant has obtained regulatory approval to
date, Dobelle did achieve limited commercial and functional
success with his system prior to his death in 2003 (Anon.,
2005; Dobelle, 2000).

The attractiveness of visual cortex as the stimulation site
for a visual prosthesis is based on several factors. Firstly the
large surface area of visual cortex and the cortical magnifica-
tion factor combine to render it more amenable to implanting
large numbers of electrodes in cortical areas subserving
central vision (Daniel and Whitteridge, 1961; Harvey and
Dumoulin, 2011), potentially offering a higher-resolution visual
experience than either LGN or retinal implants. Secondly, the
stereotactic implantation of small occipital cortical electrode
arrays is a relatively straightforward procedure compared to
implanting deep LGN electrodes or microarrays onto, or under
the retina. Lastly, the utility of direct cortical stimulation
extends to all causes of visual impairment in patients with
late blindness due to retinal or optic nerve disease or injury.
Cortical visual prosthesis research therefore has enormous
potential for future treatment of visual impairment, and three
research groups known to us report ongoing plans, either in
the scientific literature or via their institutional websites, to
develop a cortical visual prosthesis (Table 1). Many other
research groups are conducting research within the general
domain of neural prosthetics, much of which may translate to
a cortical visual prosthesis. A number of these studies are
covered throughout this review.
5. A brief history of cortical electrical
stimulation and cortical visual prosthesis
development

Visual cortex electrical stimulation has a rich history span-
ning almost a century, beginning with the early 20th century
observations of Löwenstein and Borchardt (1918), who stimu-
lated the occipital cortex of soldiers with occipital bullet
wounds. Research involving such patients provided a wealth
of data, with Krause and Förster subsequently demonstrating
that stable, punctate phosphenes could be elicited by elec-
trical stimulation of occipital cortex (Förster, 1929; Krause,
1924; Krause and Schum, 1931). These studies also confirmed
that the retinotopic map of visual cortex was roughly equiva-
lent to that proposed by Inouye and Holmes, who examined
visual field defects of soldiers with occipital bullet wounds
and concluded that the occipital pole subserved central vision
(Glickstein and Whitteridge, 1987; Holmes and Lister, 1916).

After Penfield's extensive mapping studies (Penfield, 1947)
and Button and Putnam's rudimentary but groundbreaking
attempts to provide visual perception to four blind volunteers
(Button and Putnam, 1962; Button, 1958), the first attempt to
produce a genuinely functional visual prosthesis was made
by Brindley and Lewin (1968). Their implant was a significant
advance on Button and Putnam's four stainless steel wires,
consisting of an array of eighty 1 mm2 platinum electrodes
embedded in a silicon substrate and molded to the recipient's
occipital cortex. These were tethered to a subcutaneously-
implanted set of radio receivers containing basic circuitry
that permitted wireless stimulation of individual electrodes
in the array. The recipient was able to perceive phosphenes
from stimulation of 39/80 electrodes, with the nature of
elicited percepts varying from discrete, clustered, diffuse
and elongated points of light. While the system was ulti-
mately of no practical use to the recipient, it demonstrated
that stimulation of visual cortex with a fully-implanted,
multi-electrode implant was feasible and could produce
visuotopically organized percepts. Moreover, it suggested that
with an increased number of electrodes and phosphenes,
providing the blind with useful visual perception via cortical
stimulation may be possible.

Brindley's success was followed by a significant increase
in research effort towards the development of a cortical
visual prosthesis, with a number of other groups publishing
the results of experiments directed at visual prosthesis
development in subsequent years (Dobelle and Mladejovsky,
1974; Pollen, 1975; Talalla et al., 1974). Both Brindley and
Dobelle's groups separately progressed their implants, even-
tually demonstrating that phosphenes could be assembled
into simple patterns for the purpose of reading Braille
characters (Brindley and Rushton, 1974; Dobelle, 1974).

The goals of visual prosthesis designers at the time were
generally centered on providing the blind with the ability
to read text or to improve their level of independent mobility.
Brindley had previously determined that 50 favorably placed
phosphenes would be required to permit the reading of
idealized letterforms, however up to 600 would be required
for the reading of handwriting (Brindley, 1965). Dobelle was
less focused on reading and more so on mobility (Dobelle
et al., 1979a) and his group reported plans to implant 512
electrodes towards that goal (Dobelle et al., 1979a). Brindley
made no further reports on his visual prosthesis develop-
ment program after 1982 (Brindley, 1982), however Dobelle
continued development, incorporating a camera and minia-
turizing the system to the point of portability. With ongoing
improvements in the sophistication of computing hardware,
Dobelle's (2000) system was ultimately capable of providing
limited object recognition and mobility to one of its recipients
with only 21 phosphenes. Despite this, it was similar to
Brindley's device, based on an array of surface electrodes
that required currents up to several milliamperes to elicit
phosphenes (Brindley and Lewin, 1968). Aside from limiting
the minimum spacing between electrodes and therefore any
resultant phosphenes, these large currents also increased the
risk of seizures for implant recipients (Naumann, 2012), a
problem that had previously plagued other researchers in the
field (Pudenz, 1993). A further disadvantage was the bulk of
the cabling that connected to the electrodes via a transcuta-
neous connector fixed to the skull.

An alternative, intracortical microstimulation (ICMS) with
miniature penetrating electrodes had already been established
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as a potentially safer alternative to surface stimulation. A
number of studies provided clear evidence that primates could
detect ICMS of visual cortex at much lower current levels, also
using electrodes more closely-spaced than those of Brindley
and Dobelle (Bartlett et al., 1977; Bartlett and Doty, 1980; Doty,
1965). Intracortical microelectrodes were not benign however;
chronic implantations revealed astrocytic proliferation around
the electrode shank (Schmidt et al., 1976), and unbalanced or
excess charge delivery could damage both the electrodes and
neuronal tissue (Bartlett et al., 1977; Brummer et al., 1983).

A preliminary human study examining ICMS of visual
cortex was published in 1990, the results of which added
significant impetus to the effort to develop a cortical visual
prosthesis (Bak et al., 1990). Bak et al. reported that three
sighted volunteers were able to perceive phosphenes from
ICMS at currents up to 100 times lower than those required by
surface stimulation. Moreover, the phosphenes were discri-
minable when stimulated by electrodes 700 mm apart (Bak
et al., 1990). Further work identifying thresholds of total
charge delivered and charge density, beyond which neuronal
damage could be expected to occur (McCreery et al., 1994),
supported the progression to a more systematic evaluation of
ICMS of visual cortex in a blind volunteer in 1996 (Schmidt
et al., 1996). A key finding from this study was that the
chronically blind subject, who was unable to perceive phos-
phenes from surface stimulation, perceived phosphenes from
ICMS in a similar manner to sighted volunteers in the
previous report (Schmidt et al., 1996).

While this study represents a milestone in the develop-
ment of a cortical visual prosthesis, significant engineering,
surgical, biological and psychophysiological issues still
remained to be addressed before an implant fit for human
use could be realized. In the period since, significant work
has been undertaken in understanding and addressing
these problems, with the goal of developing a functional,
wirelessly-operated cortical visual prosthesis with stable
long-term performance and an acceptable safety profile.
6. Current challenges and potential solutions

6.1. Selection of potential recipients

The recent approval of Second Sight's Argus II retinal implant
in both the US and Europe, and Retina Implant AG's European
approval of the Alpha IMS implant represents a significant
step forwards in the regulatory environment for visual
prostheses. Cortical devices remain experimental, however
one group recently reported plans to apply for US FDA
approval to proceed with human clinical trials (Lane et al.,
2012). Given the relatively uncertain outlook for the balance
of risk versus benefit for cortical visual prostheses, great rigor
must be exercised in the preclinical testing and the recipient
selection process.

6.1.1. Suitability for a retinal implant
The choice of a cortical approach to prosthetic visual rehabi-
litation should only be made after careful screening for
residual retinal functioning, to determine possible suitability
for a retinal implant (Merabet et al., 2007). Screening
techniques may include tests of residual vision and the
measurement of thresholds for light perception in response
to retinal electrical stimulation (Yanai et al., 2003); the
majority of potential cortical implant recipients will likely
be those with complete failure of both retinae or optic nerves,
in whom no responses to light will be observed.

Potential recipients of a cortical visual prosthesis will need
further assessment to determine the likelihood of success-
fully eliciting visuotopically ordered phosphenes via ICMS of
visual cortex.

6.1.2. Responses to electrical stimulation of visual cortex
In the normally-sighted, the functional development of visual
cortex is guided by the presence of both spontaneous (prior to
eye opening) and stimulated (after eye opening) retinal and
cortical activity (Espinosa and Stryker, 2012). In the absence
of visual input, the connectivity and architecture of visual
cortex are altered. While magnetic resonance imaging (MRI)
studies of the congenitally blind (CB) have shown preserva-
tion of geniculocalcarine tract fiber integrity (Schoth et al.,
2006; Zhang et al., 2012), reductions in the volume of the LGN,
geniculocalcarine tract and visual cortex (Ptito et al., 2008b;
Qin et al., 2013), increased thickness of primary visual cortex
(Anurova et al., 2014; Qin et al., 2013), and increased func-
tional connectivity between visual and non-visual cortices
(Collignon et al., 2013; Qin et al., 2013) are seen in this subject
group. From a functional perspective, this reorganization of
visual cortex is believed to reflect the process of sensory
cross-modal adaptation, in which visual cortex is recruited
for non-visual tasks, including Braille reading and auditory
processing (Burton et al., 2002; Collignon et al., 2013). Such
changes clearly have significant implications for the selection
of potential visual prosthesis recipients, and the preoperative
evaluation of responses to visual cortical stimulation will be
an important component of the process.

Direct electrical stimulation of visual cortex in the pre-
operative setting is not feasible, however transcranial mag-
netic stimulation (TMS) is a tool that may offer a method for
noninvasively assessing potential cortical visual prosthesis
implant recipients prior to surgery. Previous studies of occi-
pital TMS in normally-sighted subjects have demonstrated
that it can elicit simple phosphenes (Marg, 1991; Merabet
et al., 2003), while in blind subjects the responses to TMS
differ between the early (EB) and late blind (LB). Gothe et al.
(2002) used TMS to stimulate the occipital cortex of blind
individuals subgrouped by the presence or absence of resi-
dual vision. Notably, no EB study participants without mem-
ory of vision reported phosphenes from occipital TMS. In the
remaining subjects, 60% (6/10) of those with residual vision
perceived phosphenes compared to 20% (2/10) of those with
no residual vision, and the lack of phosphene perception was
significantly correlated to the time since blindness onset. In
another study, Kupers et al. (2006) stimulated the occipital
cortex of a group of blind subjects trained in the use of a
tongue-based tactile sensory substitution device. Impor-
tantly, no EB study participants experienced phosphenes in
response to occipital TMS, whereas 2/5 LB participants
reported phosphenes.

It remains unclear as to whether those who are unrespon-
sive to occipital TMS would also be unresponsive to ICMS of
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visual cortex. Previous studies have shown that EB subjects
may experience phosphenes in response to either surface
(Brindley and Rushton, 1974) or intracortical (Button and
Putnam, 1962) stimulation of visual cortex, however the
diffuse nature of the percepts may severely limit their
application in a visual prosthesis. Moreover, the absence of
residual vision may also not be predictive of a poor response
to ICMS of visual cortex; a subject with a 22-year history of
blindness and no residual vision reported no phosphenes
from surface stimulation (Schmidt et al., 1996), whereas ICMS
elicited stable, punctate percepts consistent with those
described by sighted volunteers (Bak et al., 1990). TMS is
itself a fairly blunt instrument with relatively poor focality,
and it may be that the diffuse nature of TMS emulates that
derived from stimulation with cortical surface electrodes.
Further work is necessary to address these questions.

Further complicating the question of implant recipient
selection is the potential for occipital stimulation to disrupt
any cross-modal sensory adaptations upon which a potential
recipient's activities of daily living depend (Fernandez et al.,
2005). For example, previous work has demonstrated that
TMS over the occipital cortex of CB and EB subjects proficient
in Braille can significantly impair their reading accuracy
(Kupers et al., 2007). Other groups have reported that this
phenomenon may be specific to these groups only, with LB
subjects not experiencing the same degree of disruption
(Cohen et al., 1999). There is little data on whether repeated
stimulus to the visual cortex of a blind subject, demonstrat-
ing sensory cross-modal adaptation, may produce a more
permanent impairment of their adaptations. Such changes
would be of particular concern if a cortical implant were to
eventually fail, after which a return to the pre-implant
functional state would be required. Recent work showing
that normally-sighted individuals deprived of visual input
show rapid functional recruitment of visual cortex after 5
days of Braille training suggests that even in adulthood,
neuroplasticity is preserved to a level that supports relatively
rapid shifts in the functional organization of visual cortical
networks (Merabet et al., 2008). If such plasticity is preserved
in adult LB subjects, this may suggest that a return to pre-
study levels of cross-modal sensory adaptation may be
possible in the event of a persistent impairment resulting
from long-term visual cortical stimulation.

From another perspective, an established state of cross-
modal sensory adaptation may in fact impair the ability of an
implant to elicit simple phosphenes at all, in favor of phantom
perceptions related to extra-visual sensory cortices, e.g. touch
(Kupers et al., 2006; Merabet et al., 2007; Ptito et al., 2008a). More
research needs to be done to determine the impact of neuro-
plasticity on the likely performance of an implant in the long
term, or conversely any negative influence of the implant on
the recipients' adaptations to blindness.

6.1.3. General and psychological health
The implantation of penetrating cortical electrode arrays is a
major neurosurgical procedure. As with any surgery involving
the opening of the skull and intradural space, there is a
demonstrable risk of acute and longer-term complications
resulting in a poor surgical and clinical outcome. These risks
include but are not limited to postoperative hemorrhage,
swelling, tissue infarction, infection, seizures and neurologi-
cal deficits, each of which may delay or preclude progressing
to the implant testing stage (discussed in more detail in
Section 6.2).

A key component to minimizing these risks will be the
selection of candidate recipients in whom the burden of
comorbidities known to negatively impact on neurosurgical
outcomes is acceptably low. For example, the risk of post-
operative bleeding is increased by hypertension, diabetes and
coagulopathy (Seifman et al., 2011). Poor nutritional status
due to advanced age, malignancy or obesity may increase the
risk of infection (Walcott et al., 2012), and preoperative
screening for MRSA colonization may be helpful in avoiding
a complicated postoperative course in the event of infection
(Harrop et al., 2012). Patients with a history of epilepsy are
innately at greater risk of suffering postoperative seizures,
and should be excluded (Weiss and Post, 2011).

The complexity and experimental status of the implant
procedure and rehabilitation process dictates that obtaining
informed consent, for which a detailed discussion of surgical
risks is required, will need to be undertaken carefully to
ensure a thorough understanding by potential recipients. The
mental health and capacity of a potential recipient is there-
fore of paramount importance in this context, as it may
potentially impact on the treating physician's ability to
ensure that a truly informed consent can be obtained (Lane
et al., 2012; Merabet et al., 2007). Moreover, it may impact on
the perception of the soundness of potential recipients'
motivation to participate, or the likelihood of effective reha-
bilitation (Dagnelie, 2008; Merabet et al., 2007). Lane et al.
(2012) studied motivation as a core theme when surveying
potential implant recipients, noting that individual reasons
for wanting to pursue implant surgery included participation
in cutting-edge research, the more benevolent ideal of con-
tributing to the future development of visual prostheses, and
of course deriving personal benefit through improved visual
perception.

Importantly, the likely benefits of even limited visual
restoration to a blind individual are often under appreciated
by sighted individuals (Lane et al., 2012). Even rudimentary
prosthetic vision in the setting of profound blindness may
have significant positive psychological and functional rami-
fications for a blind individual, contributing to reduced feel-
ings of isolation and depression (Dagnelie, 2008). Only a few
reproducible phosphenes may be required to improve an
individual's quality of life. For example, a recipient of the
Dobelle implant was able to navigate independently and read
letters on a Snellen chart with only 21 phosphenes at his
disposal (Dobelle, 2000). In the most simple of demonstra-
tions, the reported elation felt by blind volunteers stimulated
with only 4 occipital electrodes, in addition to their ability to
independently locate a light source (Button and Putnam,
1962), suggests that questions of what constitutes “accepta-
ble” performance by both recipients and treating physicians
alike, needs to be carefully balanced.

6.2. Postoperative care

Progression to functional testing of a cortical implant is
predicated on an uneventful implantation procedure and
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postoperative recovery. As discussed in Section 6.1.3, optimal
surgical outcomes will depend partly on careful selection of
implant recipients, for whom good general health will likely
be a pre-requisite. Beyond this, there is a paucity of data on
which to base firm statements about the risk of postoperative
complications in current-generation cortical visual prosthesis
recipients per se, however inferences can be made by draw-
ing from older studies, the general neurosurgical literature
and recent reports on neuroprostheses implanted for other
CNS disorders.

The works of Brindley and Dobelle provide historical
insights into the risks of cortical implant surgery, although
miniaturization of implant hardware, and improvements in
operative technique and infection prophylaxis probably ren-
der these of little contemporary relevance. Nonetheless,
recipients of implants from both groups reportedly suffered
implant-related infections (Naumann, 2012; Rushton et al.,
1989). More recent large-series reports describe infection
rates of 3.1% following the implantation of deep brain
stimulators (DBS) (Fenoy and Simpson, 2014), 3.5% for hydro-
cephalus shunts (Parker et al., 2014) and 2.3% for subdural
recording electrodes (Arya et al., 2013). While these figures are
more informative, several factors suggest that these studies
may overestimate the likely risk for future visual cortex
implant recipients. Firstly, shunt candidates often present
with comorbidities that increase their infection risk, while
subdural recording electrodes incorporate externalized wires
that provide a pathway for the intracranial migration of
bacteria. On the other hand, while deep brain stimulators
are fully implanted, DBS patients tend to be older (Fenoy and
Simpson, 2014), and full dural closure is not possible due to
the presence of lead wires connecting the electrode to the
subcutaneous stimulator hardware. Future cortical visual
prosthesis implants will likely be universally wireless in
operation, permitting full implantation, dural closure and
therefore a lower infection risk that we estimate to be 1–2%.
Standard infection prophylaxis will nonetheless be required,
including broad-spectrum and staphylococcus-specific
antibiotics.

Where symptomatic postoperative bleeding is concerned,
a prevalence of 0.8% has previously been reported for the
general neurosurgical population (Kalfas and Little, 1988),
which is consistent with the figure of 1.1% reported by Fenoy
and Simpson (2014) for intracerebral hemorrhage resulting
from DBS lead insertion. However, comparing the likely risk
of clinically significant intracerebral hemorrhage resulting
from the insertion of DBS electrodes vs. cortical electrode
arrays is difficult. A DBS electrode penetrates both cortical
and subcortical tissue, with tissue damage localized to the
penetration trajectory. In the case of cortical electrode arrays,
a greater cortical surface area is compromised, however using
tiled electrodes will permit the avoidance of large vessels.
Moreover, the electrodes in a cortical prosthesis will only
penetrate to 1.5–3.0 mm. We therefore consider that the figure
of 1.1% reported for DBS implantation is a reasonable estimate
of the likely risk of clinically significant intracerebral hemor-
rhage resulting from cortical visual prosthesis implantation.

There is also a risk of extracerebral (extradural or sub-
dural) bleeding after neurosurgical procedures. For epileptic
patients undergoing implantation of subdural recording
electrodes, Arya et al. (2013) reported that 3.53% of patients
in their systematic review required postoperative evacuation
of intracranial hemorrhage, the most common being sub-
dural. Importantly, the size of the grids in this review varied
greatly; Wong et al. (2009) reported grid size as an indepen-
dent risk factor for postoperative complications in subdural
grid surgery, reflecting the increased risk with greater surgical
exposure.

The craniotomy required for a cortical visual prosthesis
will be smaller than that required for large subdural grid
implantations. For example, one group report plans to
implant up to 650 electrodes across the dorsolateral surface
of the occipital pole, covering an area approximately 3 cm in
radius or approximately 7 cm2 (Srivastava et al., 2007). Our
group is planning for implantation of up to 500 electrodes
over an area covering approximately 9–10 cm2 (Lowery, 2013).
Taking into account the relatively small craniotomy required
for a cortical visual prosthesis, we estimate that the risk of
symptomatic postoperative extracerebral bleeding (e.g. sub-
dural/extradural) will be consistent with that of the general
neurosurgical population.

Postoperative cerebral edema and subsequent neurologi-
cal deficit is another potential complication requiring careful
consideration. Fenoy and Simpson (2014) reported that 0.3%
(2/728) of DBS patients demonstrated evidence of postopera-
tive edema, localized to the electrode tip and causing only a
transient motor deficit. Arya et al. (2013) reported a higher
prevalence of 2.4% for patients undergoing implantation of
subdural monitoring electrodes. The risk of postoperative
edema is increased by lengthy and/or forceful brain retrac-
tion, and intraoperative tissue ischemia, for example due to
venous hypertension (Weiss and Post, 2011). Moreover, as
described previously, the complication rate for subdural grid
electrodes is higher for large grids, and the area of exposed
cortex in visual cortical implant surgery will be relatively
small. We therefore estimate the likely risk to implant
recipients to be in the order of 1–2%, based on the existing
literature and the relative simplicity of the implant proce-
dure. Nonetheless, the risk of postoperative swelling after
visual cortical electrode array implantation will minimized by
the sparing use of brain retraction and unilateral implanta-
tion of electrodes. In the unlikely event of clinically relevant
postoperative cerebral edema, standard medical manage-
ment may include pharmacologic interventions such as
osmotic agents and steroids where required.

In summary, the risk of clinically significant adverse
events following visual cortical implant surgery is likely to
be low. This statement is supported by the existing neuro-
surgical literature, as well as the growing number of reports
describing uneventful temporary (House et al., 2006; Waziri
et al., 2009) and longer-term (Collinger et al., 2013; Hochberg
et al., 2012) implantations of high-density electrode arrays
into human cerebral cortex.

A key non-surgical element to the postoperative care of
visual cortical implant recipients will be the provision of
ongoing, subject-specific psychological support. This
approach has been taken by other groups following implan-
tation of a cortical motor neuroprosthesis (Collinger et al.,
2014) and retinal visual prostheses (Peters et al., 2013). Both
groups describe the involvement of psychologists throughout



Fig. 2 – (a, b) Possible distribution of phosphenes from
cortical microstimulation of V1 alone (a) or in combination
with V2 and V3 (b).
Figure reproduced from (Srivastava et al., 2007) with
permission.
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the life-cycle of their respective studies, helping study parti-
cipants adjust to the ongoing demands of participating in a
high-profile research project, along with ensuring outcome
expectations and wellbeing were carefully monitored
throughout. We anticipate this will become a standard ele-
ment in the postoperative management of cortical visual
prosthesis recipients also.

6.3. Implant assessment

6.3.1. Psychophysical testing
After implantation and recovery, a significant amount of
testing will be required to establish the most effective
stimulation parameters for each individual electrode. Given
the large numbers of electrodes likely to be implanted, this
represents a formidable task; reports of lengthy phosphene
threshold testing procedures in implants with approximately
150 electrodes suggest that it has the potential to be an
arduous process (Naumann, 2012; Rushton and Brindley,
1977). Moreover, alterations in phosphene thresholds over
time (Davis et al., 2012) may require this process to be
repeated to ensure a consistent visual experience. Improved
tools to speed up the establishment of appropriate stimulus
parameters across large numbers of electrodes are required,
and these will support the long-term efficacy of cortical visual
prostheses.

Beyond the establishment of appropriate stimulus para-
meters for reliable phosphene generation, the elicited per-
cepts also need to be integrated into a visuotopic map linking
cortical electrodes to phosphenes in visual space. The inher-
ent inter-individual variability in anatomical and visuotopical
arrangement of visual cortex, in addition to the potential for
long-term blindness to influence visual cortical functional
organization dictates that this process must be undertaken
on a per-recipient basis (Stronks and Dagnelie, 2011). More-
over, some mapping techniques, for example tracking eye
saccades to the location of remembered phosphenes (Bradley
et al., 2005; Dagnelie et al., 2003), may not be applicable in
blind individuals where the eye muscles do not function
normally. Pointing methods (Brelen et al., 2005; Brindley and
Lewin, 1968) have proven useful in the past for mapping of
phosphenes elicited by visual cortical and optic nerve stimu-
lation, although a relatively wide area of visual field was
covered by phosphenes in both cases with an approximately
411 vertical�141 horizontal distribution for the optic nerve
device (Brelen et al., 2005), and a similar distribution, albeit in
a single hemifield in Brindley's first patient (Brindley and
Lewin, 1968).

The distribution of phosphenes elicited by intracortical
microstimulation will also depend on the extent of electrode
implantation across visual cortex. Whilst implantation of
penetrating electrodes within the anterior zone of medial
V1 may not be feasible due to the difficulty of access,
stimulation of peristriate cortices (V2/V3) can also elicit
phosphenes (Dobelle et al., 1979b). Moreover, these phos-
phenes may conform to alternate visuotopic maps, poten-
tially filling in gaps in the visual field that would otherwise
exist when stimulating V1 only (Srivastava et al., 2007 [Fig. 2]).
Nonetheless, most phosphenes will likely be clustered near
the center of the visual field, given that the occipital pole
represents the most likely implantation site (Lowery, 2013;
Srivastava et al., 2007). Precisely mapping such large numbers
of small, closely-spaced phosphenes will undoubtedly require
rapid, potentially automated techniques in order to generate
consistent maps.

The problem of phosphene maps moving proportionally
with eye saccades is well known (Brindley and Lewin, 1968;
Dobelle and Mladejovsky, 1974). Not only does this compli-
cate the generation of consistent phosphene maps, but it also
introduces a requirement for central gaze fixation during
head turning, or sophisticated eye tracking technology to
ensure image stability during changes in eye position. Retinal
implants incorporating a light-sensitive electrode array may
circumvent this problem (Chow et al., 2004), as would an
intraocular camera (Hauer, 2009), which may possibly be
adapted for a cortical prosthesis. Importantly, such techni-
ques may only be useful in those subjects not demonstrating
significant gaze instability or suffering from nystagmus
(Schneider et al., 2013).

6.3.2. Image processing
The work of Dobelle (2000) provided clear evidence that
preserved neuroplasticity in visual cortex can permit a blind
individual, who had an initially poor response to patterned
stimulation, to gradually recognize shapes, letters and features
in a relatively complex physical environment. According to
Dobelle (2000), a key factor in achieving this goal was increased
computing power, which permitted the use of more sophisti-
cated image processing algorithms providing enhanced edge
detection, whilst keeping frame rates at acceptable levels.
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Future cortical visual prostheses will likely elicit several
hundred or more phosphenes (Lowery, 2013; Normann et al.,
2009; Srivastava et al., 2007), many more than were reported
by any previous cortical implant recipient (Brindley and
Lewin, 1968; Brindley et al., 1972; Brindley, 1982; Dobelle,
2000; Naumann, 2012). The manner in which visual imagery
is preprocessed prior to reconstruction with phosphenes is
therefore of great importance, and is a subject of ongoing
research.

Early studies of simulated phosphene vision used simple
perforated masks of varying density and “pixel” count, which
provide a crude estimate of the likely pattern of percepts
experienced by a cortical prosthesis recipient (Cha et al.,
1992a). This technique provides a model for many subse-
quent reports of simulated phosphene imagery, namely that
the phosphenated image is a grayscale, “downsampled”
version of the original, with multiple levels of brightness
allowable per pixel. Some more recent studies have added
irregularities in the distribution and character of percepts
including variable size, brightness, density, overlap and a
restricted spread of phosphenes across the visual field to
more accurately estimate the perceptual experience (Chen
et al., 2009b; Srivastava et al., 2009). Nonetheless, the same
approach is essentially employed, wherein the resultant
image remains a downsampled version of the original, albeit
with phosphenes conforming to a more realistic electrode/
phosphene coordinate system.

Chen et al. (2009b) discussed in detail the likely implica-
tions of phosphene maps with poor resolution and contrast,
restricted fields of view, high eccentricity in the main phos-
phene field, geometric distortions in images and other such
limitations for the rehabilitation of visual prosthesis recipi-
ents. While well-designed training programs may permit
recipients to work around or adapt to these limitations,
modifications or extensions to the basic idea of representing
imagery in an “intensity-based” (McCarthy et al., 2011) fash-
ion have been described that may minimize the functional
impact of the relatively poor quality of prosthetic vision. For
example, Parikh et al. (2013) used feature extraction algo-
rithms to identify the most relevant parts of an image, with a
blinking phosphene guiding prosthesis recipient's attention
to a particular part of the visual field. The authors reported
improvements in object avoidance, reductions in head scan-
ning and more rapid object location with the use of cues. In a
similar fashion, Mohammadi et al. (2012) propose the use of a
range-finding algorithm to estimate the distance to objects,
which would be relayed to the prosthesis wearer using a
group of phosphenes reserved for this purpose.

The use of more advanced image processing techniques
derived from the field of robotics may provide further
improvements in the way in which phosphenes are utilized
to represent the physical environment. For example, recogni-
tion of the ground plane to clearly identify unobstructed
areas when walking may permit better obstacle avoidance
(Lui et al., 2012; McCarthy et al., 2011). Object recognition and
location, particularly in complex environments, may be
improved by using symbolic or iconographic techniques akin
to those used in computer graphics (Lui et al., 2012). Facial
recognition in particular may benefit from these techniques,
whereby simplistic representations of faces (Lui et al., 2012)
could be assembled using far fewer phosphenes than would
be possible using an intensity-based method (Bradley et al.,
2005). Such techniques may be particularly useful in the case
of long-term phosphene dropout and map degradation,
allowing the available phosphenes to be used to maximal
effect. The choice by Brindley and Dobelle to present Braille
characters instead of conventional lettering could be consid-
ered a conceptually similar “repurposing” of a poor quality
phosphene map to maximize its utility (Brindley and
Rushton, 1974; Dobelle, 1974).

As demonstrated by the success of Dobelle's (2000) last
reported patient (in the scientific literature), the ongoing
development of image processing techniques applicable to
prosthetic vision should continue to provide improvements
in the likely outcomes of visual prosthesis recipients, both
cortical and retinal. Even further improvements will undoubt-
edly come from an improved understanding of the encoding
of the more complex features of imagery, such as color, form
and motion in visual cortex neurons, possibly offering a
richer visual experience (Normann et al., 2009). Moreover,
with reductions in the size of the stimulated neuron pool,
possibly via increases in the density of electrode arrays (e.g.
Wark et al., 2013), and a “bioinspired” approach to encoding
information into neuronal spike trains, continued improve-
ments in the quality and functional utility of prosthetic vision
may be realized in the future.

6.3.3. Outcome measures
Once visuotopic mapping of phosphenes is complete, the
ability of the implant to provide the recipient with function-
ally useful visual perception must be tested.

As discussed in detail by Dagnelie (2008) and others (Chen
et al., 2009a), tools for prosthetic vision assessment should
permit the quantification of implant performance across a
variety of domains, ranging from simple light, direction and
motion perception, to improvements in the ability of recipi-
ents to complete routine daily tasks such as obstacle avoid-
ance, self-grooming and food preparation. As recently
highlighted by Rizzo and Ayton (2014), a key concern in this
context is the lack of standard tests and scoring systems,
limiting the ability of researchers to compare results.

Recipients of the early Brindley (Brindley and Rushton,
1974) and Dobelle (Dobelle et al., 1976) cortical implants were
assessed in terms of their ability to read Braille characters
and conventional letters. Later iterations of the Dobelle
system were tested using more conventional tools such as
Landolt rings and Snellen charts, with which the visual acuity
of one implant recipient was estimated at 20/1200, achieved
via head scanning (Dobelle, 2000). Since Dobelle's last pub-
lication in the scientific literature, there have been no further
reports of visual acuity or functional performance testing in
cortical visual prosthesis recipients.

Conversely, the development and subsequent implanta-
tion in humans of retinal devices has enabled the application
of newer testing paradigms to patients experiencing real-
world prosthetic vision. For example, recipients of the Alpha
IMS (Stingl et al., 2013) and Argus II (da Cruz et al., 2013; Dorn
et al., 2013) retinal implants have been assessed using a
variety of visual acuity tests including the Basic Assessment
of Light and Motion (BALM) (Bach et al., 2010; Wilke et al.,
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2007) and Basic Grating Acuity (BaGA) (Wilke et al., 2007)
tests, Landolt rings, individual letters and words of 2–4 letters
in length or motion of high-contrast rectangles on computer
screens. Stingl et al. (2013) also reported on the recipients'
experiences with activities of daily living (ADL), such as
recognition and location of objects, and navigating the
environment, with one recipient achieving poor ADL results,
despite satisfactory tests of visual acuity. Notably, the
authors report that recipients for whom positive results were
obtained on the ADL tasks described the ADL improvements
as the most rewarding benefit provided by the implant (Stingl
et al., 2013).

Direct translation of the applicability of these vision
scoring techniques to cortical implant recipients may be
complicated by differences in the nature of cortical vs. retinal
prosthetic vision. While such considerations remain specu-
lative in the context of large-scale patterned ICMS, it is
known that the cortical magnification factor theoretically
allows for significantly larger numbers of small phosphenes
in the central visual field, with expected increases in visual
acuity (Dagnelie, 2008). Moreover, we expect phosphenes to
be largely limited to this area unless electrode implantation
extends to the medial primary and secondary visual cortices
(Srivastava et al., 2007). Techniques such as head scanning
will likely be necessary to optimize the functionality of future
cortical prosthesis implants, and will therefore need to be
incorporated into prosthesis assessment procedures (Cha
et al., 1992b, 1992c; Chen et al., 2006).

The types of vision assessment tasks most appropriate for
cortical prosthetic vision may also depend on the method of
image processing employed in the system design. For exam-
ple, system designs utilizing the aforementioned intensity-
based image processing techniques vs. those employing a
machine vision type of symbolic image representation may
dictate a radically different approach to prosthetic vision
assessment.

In summary, functional measures will form a central
component of any post-implant assessment regimen, how-
ever regulatory authorities focus more on tests of visual
acuity as measures of functional success (Dagnelie, 2008).
This may only change with a concerted effort by visual
prosthesis researchers to develop a framework for standard
testing paradigms appropriate to prosthetic vision (Rizzo and
Ayton, 2014).

6.4. Stability of the electrode–brain interface

One of the key obstacles to developing a cortical visual
prosthesis is the observed deterioration of the interface
between the electrode and brain tissue. Studies of implanted
electrodes for both neural recording and cortical stimulation
show highly variable patterns of stability over time (Polikov
et al., 2005). In some cases electrodes may simply fail to
function after implantation (Torab et al., 2011), or failure
manifests gradually over a period of months to years as a loss
of recording capability (Hochberg et al., 2012; Rousche and
Normann, 1998) or increases in stimulation threshold cur-
rents to excessive levels (Davis et al., 2012). The implications
of this loss of electrode performance may depend on the
application. For example, in the case of a motor
neuroprosthesis, loss of signals from some electrodes may
not grossly impair system functioning as demonstrated by
the successful operation of a robotic arm and hand by a
tetraplegic volunteer with a neural recording array implanted
5 years prior (Hochberg et al., 2012). As described previously, a
loss of the ability to elicit phosphenes from some electrodes
may require advanced image processing algorithms to max-
imize the utility of remaining phosphenes. However, there
will undoubtedly be a threshold below which implant func-
tionality deteriorates to the point that neither software nor
behavioral changes can compensate. Thus regardless of the
application, long-term efficacy of a neural prosthesis is
predicated largely on the electrode/tissue interface remaining
viable.

There are a variety of proposed mechanisms underlying
the gradual loss of electrode functionality, which largely
center on the reactive tissue response to the insertion,
continued presence of, and adverse effects of electrical
stimulation with intracortical electrodes (Polikov et al., 2005).

6.4.1. Electrode encapsulation, chronic inflammation and
neurodegeneration
The cortical tissue response to passive (i.e. unstimulated)
electrode insertion and chronic presence has been examined
in a variety of experimental conditions involving both ani-
mals and humans. Immunohistochemical studies at varying
time points after implantation reveal acute and chronic
astrocytic and microglial encapsulation of electrodes (Biran
et al., 2005; Edell et al., 1992; Kozai et al., 2012; Szarowski
et al., 2003), and chronic inflammation with localized neuro-
degeneration (Azemi et al., 2011; Biran et al., 2005; McConnell
et al., 2009) that combine to increase the separation of viable
neurons from the electrode surface. Importantly, this
response may be highly variable, even within an individual
electrode array. The factors mediating the extent of tissue
response are still being characterized, however a number of
mechanisms have been examined or proposed. These include
the extent of vascular injury occurring during electrode
insertion (Bjornsson et al., 2006; House et al., 2006; Kozai
et al., 2010), the amount of strain experienced by cortical
tissue during penetration of the pia mater (Bjornsson et al.,
2006; Rennaker et al., 2005; Rousche and Normann, 1992), the
geometry of electrodes (Seymour and Kipke, 2007; Skousen
et al., 2011) and micromotion-induced injury due to a stiff-
ness mismatch between electrodes and cortical tissue, or by
electrode tethering (Biran et al., 2007; Freire et al., 2011; Lind
et al., 2010).

A variety of approaches are being explored to minimize
the extent of glial encapsulation and chronic neuroinflamma-
tion. A reduction in vascular injury may be achieved by
careful placement of electrodes deliberately avoiding surface
vessels (Kozai et al., 2010), implanting flexible electrodes that
can deflect off vascular structures (Bjornsson et al., 2006), or
by customizing electrode arrays to account for the distribu-
tion of vessels at the cortical surface of the recipient
(Ortmann and Baziyan, 2007).

Some disagreement exists about the optimal combination
of insertion speed and electrode tip sharpness required to
penetrate the pia with minimal tissue compression; Nicolelis
et al. (2003) advocate for the ultra-slow insertion (100 mm/min)
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of arrays containing blunt-tipped electrodes, while Rousche
and Normann (1992) suggest that to minimize cortical
compression and achieve uniform insertion depth of the
100-electrode Utah Electrode Array (UEA), very high speed
(48.3 m/s) insertions of electrodes with sharp tips are
required in cats. Notably, the same group suggest that even
higher speeds may be required for implantation of arrays into
the larger human brain, with its differing biomechanical
properties and thicker pial layer (House et al., 2006). Weak-
ening of the pia by pretreating with collagenase prior to
electrode insertion has also been shown to reduce insertion
forces (Paralikar and Clement, 2008).

Reductions in glial encapsulation and neuronal loss may
also be achieved by using electrodes with very low surface
areas (Skousen et al., 2011), or greater flexibility (Harris et al.,
2011).

Alternative approaches to controlling the tissue response
that have been suggested or are being explored include
biologically-active electrode coatings (Azemi et al., 2010,
2011; He et al., 2007; Zhong and Bellamkonda, 2007), immu-
nomodulation via drug delivery through microfluidic chan-
nels in the electrodes (Abidian et al., 2009), or systemic
administration of immunomodulatory agents (Freire et al.,
2011; Shain et al., 2003).

6.4.2. Adverse effects of stimulation
Complicating the chronic tissue response to the presence of
intracortical electrodes is the influence of chronic electrical
stimulation itself. Histologically confirmed neuronal degen-
eration can be seen following electrical stimulation of cortex,
which is unrelated to the presence of electrodes (McCreery
et al., 1988). This damage manifests acutely as edematous,
hyperchromic and shrunken neurons, progressing to vacuo-
lation, degeneration and cell death (McCreery et al., 1988).

Of the factors mediating the degree of tissue damage,
irreversible electrochemical (Faradic) reactions occurring at
the electrode/tissue interface are a well-known problem.
These reactions may lead to electrode degradation or dela-
mination of oxide layers, in addition to hydrolysis causing
gas bubble formation and injurious pH shifts within sur-
rounding tissue (Cogan, 2008). The risk of irreversible electro-
chemical reactions is lowered by using electrodes with high
charge injection capacity (CIC), enabling neuronal stimulation
while allowing electrode voltages to remain within safe levels
(Negi et al., 2010). Well-studied materials with high CIC
include iridium oxide films (Negi et al., 2010), with newer
options offering even higher CIC including electrodes coated
with poly(3,4-ethylenedioxythiophene) (PEDOT) (Wilks et al.,
2009), roughened silicon coated with platinum (Negi et al.,
2012) or silicon electrodes containing embedded carbon
nanotubes (Musa et al., 2012).

Aside from electrochemical reactions at the probe/tissue
interface, neuronal stimulation at levels required for elicita-
tion of behavioral responses can be injurious to tissue. The
likelihood of damage is related to the amount of electric
charge delivered per stimulus pulse (charge per phase), acting
in combination with the surface area of the electrode stimu-
lating surface, which determines the density of charge
(McCreery et al., 2010b, 1990). Therefore, the density of charge
is also seen to be a mediating factor in determining the
likelihood of tissue damage. In a study of the effects of
chronic (7 h per day) stimulation over periods of 30 days,
McCreery et al. (2010b) noted that the duty cycle, which refers
to the ratio of time spent in the stimulus-on vs. stimulus-off
state, can also influence the degree of tissue damage. The
authors pointedly commented on the requirement for further
study to determine whether the degree of neuronal damage
due to the 50% duty cycle stimulus regimen represented a
steady-state condition.

The likelihood of damage at higher levels of charge per
pulse may be reduced by using electrodes with higher geo-
metric surface areas (GSA) (McCreery et al., 2010b), or by
increasing the real surface area (RSA) via surface roughening
while maintaining the GSA (Negi et al., 2012). While increas-
ing the GSA may be at the expense of stimulating larger
populations of cortical neurons and therefore reducing the
potential resolution of a visual prosthesis, it may result in
improved electrode stability and performance over time
(Davis et al., 2012). An electrode design with a large GSA
was tested recently by Wang et al. (2013), in which the
stimulating area was an annulus of exposed electrode distal
to the tip. These electrodes were chronically implanted into
rat motor cortex, and demonstrated stable current thresholds
for evoking whisker movement over a period of 100 days, at
charge levels beyond those previously defined for inducing
neuronal injury (Wang et al., 2013). Notably, the charge was
delivered only intermittently over a period of three months,
so longer-term trials are required to establish the validity of
these findings in the chronic setting.

The precise biological mechanisms underpinning neuro-
nal degeneration due to electrical stimulation are relatively
poorly understood. McCreery et al. (1988) observed that
neuronal loss was independent of electrode type (i.e. faradic
vs. capacitative), suggesting that the phenomenon can occur
in the absence of electrochemical reactions occurring at the
electrode/tissue interface. The authors hypothesized that the
damage may be mediated by stimulation-induced neuronal
hyperactivity, notably observing the relative preservation of
glial cells in the presence of neuronal degeneration (McCreery
et al., 1988). Support for this theory was provided by admin-
istering an N-methyl D-aspartate (NMDA) receptor antagonist
during stimulation of cats with surface electrodes, which
reduced the degree of neuronal damage compared to
untreated animals and suggested a glutamate-mediated
mechanism (Agnew et al., 1993).

A key question surrounding stimulation-induced neuro-
degeneration and chronic tissue responses is whether the
degree of damage is sufficient to cause device failure. The
functional relevance of neuronal loss may depend on the
relative excitabilities of and proximity to stimulating electro-
des of neurons mediating phosphene induction (McCreery
et al., 2010a; Tehovnik and Slocum, 2013). Examining the
ability of an electrode array to elicit phosphenes 2 years after
implantation into the visual cortex of a macaque, Davis et al.
(2012) reported that 77/96 individual electrodes failed to
consistently elicit behavioral responses at currents up to
200 mA. The authors then stimulated with groups of four
and nine contiguous electrodes, finding that 24/36 four-
electrode groups produced functional responses at approxi-
mately 200 mA per electrode, and all 8 nine-electrode groups
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produced responses at currents of approximately 90 mA (Davis
et al., 2012).

Taken together, these studies suggest that while
stimulation-induced efficacy of individual electrodes may be
preserved over a period of months, the chronic tissue
response to penetrating electrodes may require reconfigura-
tion of stimulus parameters to maintain device efficacy over
time. An obvious drawback to increasing the number of
concurrently stimulated electrodes in particular is the poten-
tial for a gradual reduction in the resolution of the resulting
phosphene map. Davis et al. (2012) reported that the precision
of saccades to percepts elicited with multiple-electrode
groups was less than those to photic stimuli, suggesting that
the percepts elicited with larger groups of electrodes were
larger. However, the same authors point out that a previous
study (Bradley et al., 2005) also showed inferior precision of
saccades to percepts elicited by stimulation with single
electrodes compared to photic stimuli. In that study Bradley
et al. (2005) suggested that this loss of precision may be the
result of differences in the way electrically-evoked percepts
are committed to short-term memory, a question that
remains unresolved.

6.5. Seizure risks

Additional considerations in the context of chronic stimula-
tion include the risk of stimulation-induced alterations in
neuronal excitability. From a safety perspective, the risks of
seizure induction cannot be understated. Parker et al. (2011)
noted that simultaneous stimulation of 72 cortical electrodes
at 25 mA induced a tonic seizure in cats. Given this observa-
tion of a seizure in an animal model, and previous reports of
seizures in human recipients of cortical surface implants
(Naumann, 2012; Pudenz, 1993), it is pertinent to discuss the
risk of cortical kindling.

Cortical kindling describes the evolution of electrical
stimulus response from the expected transient increase in
neuronal firing, to the development of after discharges and
eventually seizures with no increase in stimulus current
(Goddard et al., 1969). This phenomenon is readily observed
in the amygdale (Goddard et al., 1969), and the susceptibility
of visual cortex to kindling is of direct relevance to the long-
term safety of a cortical visual prosthesis. Previous studies
have demonstrated the development of neuronal after-
discharges or generalized seizure progression (kindling) in
the visual cortex of cats (Pollen, 1977; Wada et al., 1989),
rabbits (Jibiki et al., 1988) and primates (Goddard et al., 1969;
Poggio et al., 1956). Comparing the susceptibilities of the
amygdala and visual cortex to kindling in cats, Wada et al.
(1989) noted that visual cortex required much higher currents
to elicit afterdischarges. Moreover, the same authors noted
that once progression to a seizure response had been
achieved through repeated stimulation, there was frequently
regression to a non-convulsive response by visual cortex,
whereas the amygdala retained its kindled state (Wada et al.,
1989). Wada's observations in cats are consistent with the
earlier macaque studies of Poggio et al. (1956), in which
repeated stimulation of occipital cortex produced less fre-
quent and shorter visual cortical afterdischarges, and with
less subcortical progression than other parts of the brain.
Bartlett et al. (1977) also noted that even with high current
(5.0 mA) stimulus of macaque visual cortex, afterdischarges
did not propagate beyond 6 mm from the site of stimulation.

The influence of long-term blindness on the susceptibility
of visual cortex to the development of seizures and/or
kindling following long-term electrical stimulation is poorly
understood. Examining the susceptibility of visual cortex to
kindling in immature and adult cats, Moneta and Singer
(1986) noted that the developing visual cortex had a higher
afterdischarge threshold and was more resistant to the
kindling effect. In discussing potential mechanisms for the
observed reduction in cortical excitability in kittens, the
authors postulated that visual input may antagonize any
kindling response (Moneta and Singer, 1986). Importantly, in
the blind human subject, there would be no such visual input,
potentially increasing the risk of a kindling response. Clearly
this is an area requiring further research.

Seizure risk mitigation may be achieved with anticonvul-
sant medications such as phenytoin, which is known to
suppress both neuronal afterdischarges in cats by raising
the threshold current for their elicitation (Pollen, 1977; Wada
et al., 1990), in addition to suppressing kindled seizures
(Wada et al., 1990). Alternatives include sodium valproate,
which has been shown to elevate afterdischarge threshold
and prevent convulsions in a rat model of amygdala kindling
(Salt et al., 1980). There is little data on the prevention of
kindled occipital seizures in humans, however occipital
epilepsies generally respond equally well to a wide range of
antiepileptics, although if a photosensitive component is
present, then sodium valproate may be more effective
(Taylor et al., 2003). Whether or not photosensitive epilepsy
is a more appropriate model for kindled visual cortex seizures
is a subject that requires further investigation.

One possible seizure risk mitigation strategy proposed by
Parker et al. (2011) was the interleaving of stimuli, maximiz-
ing the distance between any two individual, or groups of
stimulated electrodes. This may have the added benefit of
reducing another undesired side-effect of chronic stimula-
tion, being the depression of neuronal excitability that is seen
following 7 h of constant stimulation and may persist for
several days (McCreery et al., 1997, 2002). Therefore by
avoiding parallel stimulation of electrodes with overlapping
current spread, reduction in the multiple deleterious effects
of prolonged, chronic and constant stimulation may be
avoided.

6.6. Electrode array design

Several considerations in the design of penetrating cortical
electrode arrays for a visual prosthesis have been discussed
throughout previous sections. Several additional major
concerns are worthy of discussion, and these are briefly
covered here.

6.6.1. Electrode penetration depth
Multiple studies report a clear depth–threshold relationship
for phosphenes elicited by electrical stimulation with pene-
trating microelectrodes (Bak et al., 1990; Bartlett and Doty,
1980; Bartlett et al., 2005; DeYoe et al., 2005; Koivuniemi et al.,
2011; Tehovnik et al., 2003). These studies consistently show
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a dramatic reduction in threshold with increasing depth from
the surface, to the extent that the ratio of maximum to
minimum thresholds may be as high as 100:1 (Bak et al.,
1990). Thus, penetration of electrodes to a depth at which the
stimulus threshold for phosphene perception is minimized
will be an important consideration in not only preventing
current spread overlap and therefore maintaining the dis-
criminability of phosphenes, but also for reducing total power
consumption by the device. This latter point may be of
critical importance in future implant designs employing
many hundreds of electrodes.

The precise cortical depth at which phosphene detection
thresholds reach a minimum remains a point of some
conjecture. The early macaque studies of Bartlett and Doty
(1980) concluded that the lowest thresholds were found in
layers V/VI of macaque visual cortex, corresponding to a
depth of 1.5 mm. More recently, DeYoe et al. (2005) reported
that layers III–IVb of macaque visual cortex consistently
demonstrated the lowest thresholds. Conversely, Tehovnik
et al. (2003) reported the lowest thresholds from the border of
layers V/VI (at a depth of 1.75 mm), later contending that the
significant variation in threshold beyond layer III reported by
DeYoe et al. (2005) may have been due to electrode damage
(Tehovnik and Slocum, 2013). Bradley et al. (2005) implanted
electrodes varying in length between 0.7 and 1.5 mm into the
visual cortex of a macaque, however they made no specific
comment on differences in stimulus current threshold at
these varying depths. Torab et al. (2011) implanted 2 arrays of
100 electrodes each into the visual cortex of a macaque,
noting that behavioral responses could only be elicited from
5/37 stimulated electrodes in one array, and 3/45 electrodes in
the other. Notably, the electrodes were 1 mm in length, and
the authors commented that the plane within which the
electrode tips were situated was likely not parallel with that
of the cortical laminae, resulting in variable penetration
depth across the array. This also correlated with differences
in the level of background neuronal activity, with those
electrodes recording the highest levels of activity tending to
be those that produced behavioral responses (Torab et al.,
2011).

The available data on visual cortex intracortical micro-
stimulation in humans addresses the question to a limited
extent only. Bak et al. (1990) recorded threshold minima at
depths of 2–3 mm, 4 mm and 4.5 mm in three sighted volun-
teers undergoing occipital craniotomy for excision of epileptic
foci. In the patient with the lowest detection thresholds, they
plotted the threshold stimulus current vs. electrode depth,
showing the lowest thresholds (20 mA) at a depth of approxi-
mately 2.25 mm. In their subsequent study on a blind volun-
teer, the same group reported thresholds varying from 1.9 mA
to 77 mA using fixed-length electrodes implanted to a depth of
2 mm (Schmidt et al., 1996).

As noted by Torab et al. (2011), the undulating nature of
the cerebral cortex renders it difficult to ensure consistent
penetration depth of all electrodes with an array based on a
rigid substrate. Moreover, the ability of electrodes to elicit
behavioral responses at current levels not damaging to the
electrodes or tissue may be predicated partly on the location
of electrode stimulating sites within laminae containing the
most excitable neuronal elements. Spatial differences in
threshold current (DeYoe et al., 2005) or depth of lowest
threshold (Bak et al., 1990) and natural variations in the
thickness of V1 (Fischl and Dale, 2000) may therefore combine
to present a significant challenge for ensuring implantation
of electrodes to the optimal depth in visual cortex. Possible
solutions to these problems include the implantation of
arrays with electrode shanks of varying length as previously
described (Bradley et al., 2005), which may require an
increase in the density of electrodes, e.g. (Wark et al., 2013)
to preserve the resolution of the phosphene map. Another
possible solution could be the incorporation of multiple
stimulating sites onto individual electrode shanks
(Changhyun and Wise, 1996) or microdrives that allow inde-
pendent adjustment of electrode penetration depth (Gray
et al., 2007; Yamamoto and Wilson, 2008; Yang et al., 2010).
For the latter, further reductions in the size of the positioning
hardware will be required before integration into high elec-
trode count arrays is a realistic possibility.

Reductions in the size of electrode arrays may also offer
some benefits; for example, the Illinois group and EIC Labora-
tories recently described a 2�2 mm, 16-electrode array (Kane
et al., 2013) that may permit improved consistency of elec-
trode tip depth relative to the curved cortical surface when
implanted over a wide area. One potential disadvantage to
this approach is the larger number of arrays to be implanted,
and its potential implications for the length of the surgical
procedure. For example, implanting 650 electrodes in groups
of 16 would require approximately 41 arrays (Srivastava et al.,
2007), while implanting 500 electrodes in groups of 43 would
require only 11 (Lowery, 2013).

6.6.2. Accessing the buried calcarine cortex
Further to the question of variable electrode penetration
depth, there remains the problem of the surgical inaccessi-
bility of the significant region of V1 buried within the
calcarine fissure, which serves a large area of the lateral
visual fields. Brindley and Lewin (1968) illustrated the dis-
tribution of phosphenes derived from stimulation of the
accessible areas of the medial calcarine cortex and occipital
pole, wherein the expected absence of phosphenes in the
nasal and temporal hemifields is evident. However, as dis-
cussed in Section 6.3.1, stimulation of parastriate visual
cortex can also elicit phosphenes, and these may in fact
map to areas of the visual field also subserved by primary
visual cortex buried inside the calcarine fissure.

Splitting the Calcarine fissure would necessarily result in a
degree of vascular trauma over and above that resulting from
the electrode insertion itself, increasing the risk of bleeding
and disruption to local cortical blood flow. Even if the cortex
buried within the fissure was surgically exposed, implanting
an array of penetrating electrodes would be a complex
procedure. Another approach may be to slide a ribbon of
surface electrodes into the fissure, although this would be
done at the expense of stimulation power requirements,
seizure risk and phosphene size. A patent for such a device
has been granted (Lauritzen et al., 2014), however no reports
of stimulation of buried calcarine cortex using ribbon electro-
des could be retrieved at the time of writing.

Another alternative may be to implant an array of pene-
trating electrodes on the medial surface of V1, wherein the
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electrodes are long enough to reach cortex buried within the
fissure. If the electrodes were fabricated with multiple stimu-
lating sites (Changhyun and Wise, 1996), stimulation of both
superficial and deeper cortical layers could be achieved from
single electrode shanks. A major challenge in this approach
would be the insertion of electrodes to the correct depth
without electrode bending or breakage, for which the use of a
stiff, removable carrier or “shuttle” may be one solution
(Kozai and Kipke, 2009).

Given the increased surgical risk associated with splitting
the calcarine fissure and the potential for stimulation of
secondary visual cortices to expand the phosphene map,
there may be minimal requirement for stimulating the buried
calcarine cortex. This uncertainty will only be addressed by
future human studies.
6.6.3. Wireless power and data transmission
Unlike earlier designs (Dobelle, 2000), current-generation
cortical (and retinal) visual prostheses are being developed
to operate wirelessly. Given the large numbers of electrodes
likely to be implanted, it is a major challenge for a wireless
interface to transmit data signals and provide enough power
to the stimulating hardware.

A common method for wirelessly operating implantable
medical devices (IMDs) is by using electromagnetic induction
(Rasouli and Phee, 2010), although novel alternatives include
using ultrasound (Sanni et al., 2012) or light (Abdo and Sahin,
2011) to transfer power or data through tissue. Using the
induction method, an alternating electric current in a wire coil
(the transmitter) induces a magnetic field which causes current
to flow in a separate coil (the receiver) that has no physical
connection with the first. The current in the receiving coil can
then be transformed into a power source for the implanted
hardware or data signals can be extracted. Several limiting
factors in this approach complicate the design of wireless
stimulating implants of any kind, neural prostheses included.
The first is that the most efficient transfer of electromagnetic
energy between the primary and secondary coils occurs when
the coils directly appose each other; physical separation and
misalignment therefore impose an efficiency penalty due to the
“uncoupling” of the transmitting and receiving coils (Rasouli
and Phee, 2010). In particular, rapid reductions in power
transfer efficiency are seen with relative angles 4201 between
the transmitting and receiving coils (Ng et al., 2011). This is
particularly problematic for retinal implants, in which eye
movement may require the use of additional coil pairs to
ensure consistent coupling (Ng et al., 2011).
Table 2 – Specifications of selected wireless inductive links for

Kiani and Ghovanloo (2014)
Stated purpose Nonspecific neural

prosthesis

Data direction (up/down/both) Both
Separate data/power coils Yes
Data/power signal frequency
(MHz)

50/13.56

Max. data rate (Mbps) 13.56
Max. # of stimulating channels NA
In a cortical prosthesis the implanted electrode arrays may
be self-contained, including inductive coils for power and
data transmit/receive (Lowery, 2013; Rush et al., 2011), or the
power/data transfer electronics and coil may be separate
from the arrays themselves (Coulombe et al., 2007). An
advantage of the self-contained array approach is the lack
of any requirement for tethering, which may reduce damage
to the cortex from relative motion of the brain and arrays in
the long term (see Section 6.3.1). However, a disadvantage of
the self-contained coils is the variation in coupling between
the individual implanted array coils and the external coil. For
example, arrays implanted on the medial surface of the
occipital pole may be at a greater angle to the transmitting
coil than those on the more lateral surface. Furthermore, if
arrays are implanted more anteriorly onto medial calcarine
cortex, these would be more distant from, and orthogonal to
the external coil than the more superficial arrays, resulting in
poor or zero coupling and energy transfer. Aside from
tethering medial arrays to a more superficially-mounted coil,
alternatives may include the aforementioned optical or ultra-
sonic approaches to power and/or data transfer.

Another consideration in the use of wireless power and
data transfer derives from the absorption of electromagnetic
energy by tissue, which increases exponentially with fre-
quency (Al-Kalbani et al., 2012); the need to transfer sufficient
power while maintaining high data transfer rates therefore
introduces competing constraints that complicate the design
process. Moreover, the separate wire coils used for data and
power transfer can interfere with each other, introducing
complexity to the design of receiving hardware (Kiani and
Ghovanloo, 2014; Rush et al., 2011).

Nonetheless, several inductive link designs have been
described or developed in recent years that may support the
power and data transfer requirements of a high electrode
count cortical visual prosthesis. The general specifications of
these systems are summarized in Table 2; these have been
included either because they were, as stated in each report,
specifically designed for use in a high electrode count cortical
visual prosthesis, retinal prosthesis, or both. A key require-
ment for inclusion was that the performance of the inductive
link must have been evaluated over a distance of Z10 mm,
which we consider as the likely minimum distance between
the external coil and the cortical electrode arrays.
6.6.4. Brain temperature
Energy dissipated as heat by the implant remains a problem of
concern. A high electrode count, continuous stimulation and
power and/or data transfer to a visual prosthesis.

Lo et al. (2013) Monge et al. (2013) Coulombe et al. (2007)
Retinal
prosthesis

Retinal prosthesis Cortical prosthesis

Down Down Both
Yes Yes No
20/2 160/10 13.56/1.5

2 20 1.5
1024 512 992
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the possibility of increasing current requirements if the elec-
trode/tissue interface becomes impaired over time, all con-
tribute to the potential for high power requirements and
therefore greater temperature increases. Studies of focal and
whole-brain heating over short periods (30 min), have shown
that temperature rises up to 43 1C can be tolerated without
damage (Coffey et al., 2014; Haveman et al., 2005). In the
context of a cortical visual prosthesis, stimulation is likely to
be continuous over a period of hours, therefore the implant
must remain at low temperatures to prevent tissue damage.
There is little data on the damage to neural tissue resulting
from chronic, focal cortical hyperthermia, although some
information is available from the literature on heating of
tissue due to ultrasound exposure. O’Brien et al. (2008)
reviewed the literature on thermal effects of ultrasound,
including several studies on cat and rabbit brain. From these
studies, a conservative temperature–time exposure boundary
was produced, which suggests that increases in temperature
of 2 1C above 37 can be safely tolerated for lengthy periods (up
to 50 h). An important consideration in this context is the
normal human brain temperature, which was found in a
recent magnetic resonance spectroscopy study to vary region-
ally between 34.9 1C and 37.1 1C, and to not differ greatly from
core body temperature (Childs et al., 2007). The authors
commented on some methodological contributions to the
measured variation, however it is also known that a tempera-
ture gradient exists between cortical and subcortical regions,
with cortical temperature typically being lower by up to 1 1C
(Mellergard, 1995). Considering the previously-mentioned 39 1C
limit (O’Brien et al., 2008), it would seem that the window of
thermal safety may vary from one individual to another.
Moreover, the stimulation itself may contribute to tempera-
ture changes via alterations in oxidative metabolism and
cerebral blood flow (Yablonskiy et al., 2000), while increased
Fig. 3 – A simplified representation of the Monash Vision Group
include a spectacles-mounted camera (a), which passes digitized
the image data prior to wireless transmission. The pocket proces
a laptop computer (c). The processed image data is transmitted
communication with the wirelessly-powered, tiled electrode arra
to layer IV of visual cortex, indicated by the light shaded area in
cerebral blood flow will itself result in greater heat dissipation
(Kim et al., 2007); therefore the accurate estimation of the
likely temperature increase due to dense, patterned visual
cortex stimulation is a complex task. Kim et al. (2007) esti-
mated temperature increases of 0.029 1C per milliwatt of
power dissipated by an electrode array with 100 electrodes,
however the power dissipation was based on the system
operating as a neural recording device only; we expect that a
stimulating array would not only influence local temperatures
via increasing metabolism, but it would also consume more
power and result in greater heat accumulation. While further
study in this area is clearly required to determine the safe
limits of operation for a multi-array cortical visual prosthesis,
a possible solution to the problem may be incorporating
temperature sensors into the implants, which was recently
demonstrated in a subretinal visual prosthesis (Liu et al., 2014).
6.6.5. Hermeticity
Preventing the ingress of bodily fluids will be essential
for maintaining the functionality and longevity of a visual
prosthesis, and will require the tight sealing of all joins
between materials comprising the electrode arrays. A
detailed treatment of the engineering, materials design and
manufacturing issues involved is beyond the scope of this
review, however it is noteworthy that in-vitro testing of an
encapsulated Utah slant array over a period of 9 months
revealed no deterioration of device performance that would
indicate a failure of hermetic sealing (Sharma et al., 2011).
Moreover, with reports of neural recording arrays functioning
in-vivo in humans (Hochberg et al., 2012) over periods of 5
years, manufacturing techniques have clearly developed to
the point that maintenance of array hermeticity over the
lifespan of the visual prosthesis will be achievable.
cortical visual prosthesis system. Components of the system
visual imagery to a pocket processor (b) that itself processes
sor can be monitored and reprogrammed via a cabled link to
wirelessly via an antenna (d), which allows bidirectional
ys implanted into visual cortex (e). The electrodes penetrate
the exploded view of (e).
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7. Conclusions

The rapidly growing field of medical bionics offers the potential
of partially restoring visual function in individuals with severe
visual impairment. We have summarized the clinical impera-
tive for a cortical visual prosthesis, the general design principles
and some of the major hurdles facing research groups who are
currently developing this technology. Our research group, based
at Monash University in Melbourne, Australia, is developing a
wireless prosthetic vision system based on cortical microsti-
mulation (Fig. 3) (Lowery, 2013). The project is nearing technical
completion, and preclinical, biocompatibility and functional
testing of an implantable device is currently underway in
normally-sighted sheep and macaques. We anticipate that the
results of this study, and others reporting similar progress in
the field, should underpin the imminent trial of a new genera-
tion of cortical visual prostheses in humans.
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