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Abstract
Once the topic of folklore and science fiction, the notion of restoring vision to the blind is now
approaching a tractable reality. Technological advances have inspired numerous multidisciplinary
groups worldwide to develop visual neuroprosthetic devices that could potentially provide useful
vision and improve the quality of life of profoundly blind individuals. While a variety of
approaches and designs are being pursued, they all share a common principle of creating visual
percepts through the stimulation of visual neural elements using appropriate patterns of electrical
stimulation. Human clinical trials are now well underway and initial results have been met with a
balance of excitement and cautious optimism. As remaining technical and surgical challenges
continue to be solved and clinical trials move forward, we now enter a phase of development that
requires careful consideration of a new set of issues. Establishing appropriate patient selection
criteria, methods of evaluating long-term performance and effectiveness, and strategies to
rehabilitate implanted patients will all need to be considered in order to achieve optimal outcomes
and establish these devices as viable therapeutic options.

“We can rebuild him…we have the technology.”
- from the television series “The Six Million Dollar

Man”

Introduction: History, an Unmet Demand, and State of the Art
Our fascination with building a bionic human mirrors the technological advances that
ubiquitously characterize the modern era. Today, this idea has become less the subject of
science fiction and more the pursuit of intense scientific research. Advances within the
realms of microfabrication, microelectronics, material science, wireless technology and
high-speed computer processing power have allowed for the development of neuroprosthetic
devices designed to assist individuals living with sensory loss and/or motor impairment. The
basic premise underlying all neuroprosthetic approaches is that targeted and controlled
delivery of electrical stimulation to nerves or muscles can potentially restore (to a certain
degree) the physiological function of a damaged organ or limb (Marbach et al., 1982). The
success of cochlear implants, developed over 30 years ago, serves as a well known example.
This neuroprosthetic device has helped thousands of profoundly deaf individuals regain
hearing and develop speech communication (Jones et al., 2008; Loeb, 1990). Similarly,
sophisticated artificial limbs have led to improved walking mobility and even grasping skills
for amputees (Allin et al., 2010; Craelius, 2002; Laferrier and Gailey, 2010). The continued
development of brain-machine interfaces (BMIs) is also providing exciting hope for
paralyzed patients. By recording neuronal signals from the brain that code for movement,
these signals can be converted and used to control external devices such as a robotic limb
prosthesis (Donoghue, 2002; Hochberg et al., 2006; Nicolelis, 2003). Rapid progress in all
of these arenas continues and in many ways serves as inspiration for the development of a
visual neuroprosthesis for the blind. Today, several device designs and approaches are being
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developed and human clinical trials are well underway (for extensive reviews see: (Chader
et al., 2009; Dagnelie, 2006; Dowling, 2005; Humayun, 2007; Javaheri et al., 2006; Merabet
et al., 2005)).

According to the World Health Organization, there are 314 million visually impaired
individuals worldwide (2009 WHO fact sheet;
http://www.who.int/mediacentre/factsheets/fs282/en/). While an astonishingly large number,
it is worthy to note that that only a minority of individuals (approximately 45 million) are
actually considered profoundly blind (defined as best-corrected visual acuity worse than
20/400 Snellen acuity) and have some degree of residual visual function. Furthermore, a
tragic reality exists. The greatest portion of these individuals live in developing countries
and the majority of the leading causes of blindness are actually avoidable and/or treatable
(e.g. surgery for cataracts or antibiotic treatment for trachoma). Thus, the restoration of
functional vision through a visual prosthesis will likely target only a restricted segment of
the blind population. Moreover, it is important to realize that not all individuals and all
forms of visual impairment could potentially benefit from a visual neuroprosthesis. As
presently conceived, visual prosthetic devices have been designed for individuals with
profound vision loss and who have had normal visual development (as opposed to
congenital causes of blindness). Furthermore, as these devices are designed to interface with
viable neuronal tissue, the site of damage and nature of pathology will largely dictate
whether a prosthetic device can be feasibly implemented. For example, in conditions where
the overall functional and structural integrity of the retina is compromised (e.g. trauma,
glaucoma, or retinal complications related to diabetes), a retinal-based visual prosthesis is
unlikely to be effective in restoring visual function (see discussion on various visual
prosthesis approaches). These limitations notwithstanding, it is also important to highlight
advances being made in other areas of biomedical research such as gene therapy and cell
transplantation. These molecular based approaches may in time provide new treatments and
help halt the progression of vision loss particularly with respect to hereditary causes of
blindness (Acland et al., 2001; MacLaren et al., 2006). At the same time, blind individuals
will continue to benefit from the use of sensory substitution devices (also discussed in this
edition). These devices are specially designed to leverage sensory information obtained from
the intact senses (e.g. hearing and touch) to substitute for the vision. This allows a blind user
to interact with their surrounding environment (Bach-y-Rita, 2004; Bach-y-Rita and Kercel,
2003). Thus, the future rehabilitation of individuals with visual impairment will likely
continue to encompass multi-disciplinary approaches and include molecular-based therapies
designed to halt the progression of vision loss, the use of sensory substitution devices, and
potentially restore a certain level of functional vision through the use of visual
neuroprosthetic devices. Here, we will highlight advances and discuss future perspectives
relating to visual neuroprosthesis development.

Summary of Visual Neuroprosthetic Approaches: From Retina to Cortex
Generally speaking, the operating premise underlying a visual neuroprosthesis is to
artificially replace the function of damaged neuronal elements that make up the visual
pathway (figure 1). Typically, patterned micro-electrical stimulation is delivered through an
array of tiny microelectrodes to elicit the perception of organized patterns of light (however,
see also the development of sub-millimeter, geometrically constrained microfluidic channels
to deliver targeted and controlled release of neurotransmitters, (Peterman et al., 2004)). The
electrical stimulation of these surviving visual neuronal elements evokes the subjective
sensation of discrete points of light (referred to as “phosphenes”; (Gothe et al., 2002; Marg
and Rudiak, 1994)). In principle, by delivering appropriate multi-site patterns of electrical
stimulation (i.e. characterizing the shape of the intended visual target and reflecting the
neural structure’s retinotopic organization), geometrical visual percepts can be generated.

Merabet Page 2

Prog Brain Res. Author manuscript; available in PMC 2012 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.who.int/mediacentre/factsheets/fs282/en/


This allows for the perception of visual images (much akin to viewing a stadium electronic
scoreboard or the images generated by an ink jet printer). The pattern of electrical
stimulation delivered is determined by analyzing an image captured by a digital camera or in
response to the images captured by the optics of the eye itself. With regards to visual
perception, this “scoreboard” approach certainly represents a great oversimplification. It is
clear that many attributes characterize a visual scene such as color, motion, and form.
However, as currently conceived, visual prostheses are designed to address only one of the
most basic components of vision, that is, spatial detail.

Amongst the biggest challenges of prosthetic vision is the puzzle of the neural code for
perception. The complexity of the neural code suggests that prosthetic devices should rely
on intact neural circuitry whenever possible in order to take advantage of any intact sensory
processing available (Dagnelie and Schuchard, 2007). Thus, reducing the complexity of
neural coding necessary could potentially be achieved by implanting the prosthetic device at
the earliest point along the visual pathway that retains functional integrity. Following to this
premise, the retina would represent the earliest site of potential neuronal interface.

Retinitis pigmentosa (RP) and age related macular degeneration (AMD) are two retinal
disorders that contribute greatly to the incidence of inherited blindness and blindness in the
elderly respectively (Bunker et al., 1984; Klein et al., 1997). Profound vision loss results
largely due to the progressive degeneration of the light-capturing component of the outer-
segment of the retina, that is, the photoreceptor cells. However, the remaining retinal
elements within the inner retinal layers (e.g. the bipolar and ganglion cells that converge to
form the optic nerve) appear to survive in large numbers. Furthermore, these elements
remain responsive to electrical simulation even in highly advanced stages of the disease
(Humayun et al., 1996). In essence, a retinal based visual prosthesis would replace the
function of the degenerated photoreceptor cells by stimulating the surviving retinal neuronal
machinery. A set of pivotal human experiments demonstrated that electrical stimulation of
the retina of RP patients (Humayun et al., 1996; Rizzo et al., 2003b) as well as one patient
with AMD (Humayun et al., 1999) led to the generation of phosphenes despite the fact that
patients were profoundly blind for many years. Experiments lasted minutes to hours while
patients remained awake in order to describe their visual experiences. Following electrical
stimulation, patients reported visual patterned perceptions that were initially relatively
crude. However, the gross geometric structure of the phosphene patterns could be altered in
a controlled fashion by varying the position and number of the stimulating electrodes and
the strength or duration of the delivered current (Humayun et al., 1996; Rizzo et al., 2003a,
b). This demonstration of proof-of-principle has led many groups worldwide to pursue
development of a variety of retinal-based designs and approaches. Currently, the retinal-
based approach is arguably receiving the most attention as evidenced by size and number of
on-going human clinical trials.

Two retinal-based approaches are being pursued that are largely differentiated by their
location of implantation with respect to the retina. In the sub-retinal approach, the implant is
placed in the region of degenerated photoreceptors by creating a pocket between the sensory
retina and retinal pigment epithelium (RPE) layer. In the epi-retinal approach, the implant
device is attached to the inner surface of the retina, close to the ganglion cell side (figure
1A).

The sub-retinal visual neuroprosthesis design is currently being pursued by the Boston
Retinal Implant Project (a large joint collaborative effort that includes the Massachusetts
Eye and Ear Infirmary and Harvard Medical School, the Massachusetts Institute of
Technology, the Boston Veterans Affairs Healthcare System, and other partnering
institutions) (see figure 2) (Shire et al., 2009). By virtue of being placed in juxtaposition to
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the nearest layer of surviving neurons (i.e. bipolar cells) the sub-retinal approach affords
greater inherent mechanical stability. This is due to the fact that the ultra-thin electrode array
is effectively “sandwiched” between the inner-segment of retina and the RPE layer.
Furthermore, this approach has the theoretical advantage of not only being closer to
surviving neuronal elements (thus potentially requiring lower amounts of electrical
stimulating current) but also exploiting retinal signal pre-processing inherent to the bipolar
cell layer. The placement of a sub-retinal device does require elaborate and complex surgical
methods. For the Boston Retinal Implant device, this includes inserting an ultra-thin flexible
microelectrode array through an incision made on the outside scleral wall of the ocular
globe. This surgical approach is used so that the device resides within the sub-retinal space
created (referred to as the “ab externo approach” as opposed to “ab interno”; where ones
passes through the vitreous humor of the eye and inserts the device through an incision made
directly in the retina, see (Javaheri et al., 2006)). Another feature of this configuration is that
it leaves the bulk of the electronic hardware outside of the eye thus avoiding complications
related to heat generation and corrosion and facilitates the exchange of electronic
components as needed. For its operation, a miniature camera mounted on a pair of
eyeglasses is used for image capture. These images are then analyzed by an externally worn
portable microprocessor used to convert the image data into an electronic signal. The
appropriate signal pulses (delivering data and power) are transferred to the implant
wirelessly via radio frequency (RF) coils. The resulting signal is transmitted to the subretinal
microelectrode array driving the surviving retinal neural elements (i.e. bipolar and ganglion
cells) with appropriate patterned electrical stimulation. It is here that the signal processing
begins and is further integrated as it passes down the optic nerve on to the visual cortex for
final perception of the visual image. All electronic parts are hermetically sealed in a titanium
case connected to an external flex circuit and the microelectronic array (Kelly et al., 2009).
To date, the group has succeeded in developing a wireless retinal prosthesis prototype as the
first step towards a human subretinal prosthesis implant. Initial studies in animal models
have been successful in implanting active versions of the device and refining surgical
techniques and mechanical design (Kelly et al., 2009). Human clinical trials are now being
planned.

Variations of the sub-retinal implant design have also been pursued by several large
consortia efforts. The Artificial Silicone Retina (ASR) developed by Optobionics
Corporation contains approximately 5,000 micro-photodiodes, each containing its own
stimulating electrode (Chow et al., 2004). When implanted under the retina, photocurrents
generated by absorbed light stimulate adjacent retinal neurons in a multi-site fashion. In a
phase 1 trial of safety and efficacy carried out in six patients with profound vision loss from
RP (followed from 6 to 18 months after implantation), patients reported an improvement in
visual function after implantation. These reports were evidenced by an increase in visual
field size and the ability to name more letters using a standardized visual acuity chart (Chow
et al., 2004). While the relatively simple design of this device was intuitively appealing
(note that no camera and subsequent image processing is required with this device), the
apparent improvement in vision was not attributed to true prosthetic vision per se, but rather
to a potential neurotrophic (or “cell rescue”) effect related to micro-electric currents
generated by the device (Pardue et al., 2005a; Pardue et al., 2005b). With this limitation in
mind, a multilayered subretinal chip device incorporating signal amplification is now being
pursued by a German consortium (Retina Implant AG). This device has recently been
implanted in profoundly blind RP patients and recent results have been encouraging. Early
human clinical trial data suggests that stable visual percepts can be obtained and implanted
patients profoundly blind with RP have been able to identify objects and letters (Besch et al.,
2008; Zrenner, 2002).
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As a contrasting design approach, the epi-retinal strategy entails placing an electrode array
along the inner surface of the retina to stimulate the underlying ganglion cells. This
procedure employs more typical vitreo-retinal surgery techniques so as to affix the
microelectrode array on to the retinal surface (e.g. using a retinal tacks). The Artificial
Retina Project has been actively pursued by a collaborative effort between the Doheny Eye
Institute (University of Southern California) and Second Sight Medical Products. Like the
Boston Retinal Implant design, this device incorporates a digital camera mounted on a pair
of eyeglass capturing an image that in turn is converted into an electrical signal that is
delivered to the retina (Humayun et al., 2003). Initial testing with a 16 electrode device
(Argus I) in human volunteers with advanced RP has been successful. A large-scale multi-
centered phase II FDA-sponsored clinical trial is currently underway to evaluate a second
generation implant (Argus II; 60 electrodes) in the largest cohort of visual prosthesis
recipients to date. Results suggest that patients chronically implanted with this device can
detect phosphenes at individual electrodes, discriminate crude shapes upon multiple
electrode stimulation, and recognize simple stimuli presented via a head-mounted camera
(Humayun et al., 2009; Weiland et al., 2004). Very recently, the group reported that
implanted subjects showed a significant improvement in accuracy in a spatial visual-motor
target localization task comparing performance in patients implanted with their second
generation device. Subjects were instructed to locate and touch a high contrast square target
presented on a monitor. Nearly all subjects (26/27) showed a significant improvement in
accuracy (Ahuja et al., 2010). This is consistent with the observation that implanted subjects
were able to develop appropriate head-scanning techniques and good “camera-hand”
coordination in using their visual prosthetic device (Ahuja et al., 2010).

Other groups are also pursuing the epi-retinal approach including a variety of German based
consortiums. While still in earlier stages of development, early results have also been
encouraging (Eckmiller et al., 2005; Gerding, 2007; Gerding et al., 2007)

Other notable downstream approaches have been developed. A Belgian consortium has
developed a prosthesis designed to stimulate the optic nerve using a four-electrode cuff
electrode design and driven by stimuli captured by an external camera (figure 1B). Two
patients have been chronically implanted to date. Reports from one blind volunteer
demonstrated that electrical stimulation evoked the perception of localized, and often
colored, phosphenes throughout the visual field (Veraart et al., 2003). After four months of
psychophysical testing, the patient could recognize and distinguish orientations of lines,
some shapes and even certain letters (Brelen et al., 2005; Veraart et al., 2003).

Finally, there have also been attempts to deliver electrical stimulation to the visual cortex
itself (figure 1C). Historically, this represents the oldest approach in developing a visual
neuroprosthesis. By stimulating the visual cortex directly (thus bypassing earlier visual
structures), this strategy has the appealing feature of potentially helping all forms of
blindness regardless of ocular pathology. Early seminal work in a profoundly blind
volunteer demonstrated that electrical stimulation delivered to the cortex (using surface
electrodes) evoked the perception of discrete phosphenes (Brindley and Lewin, 1968). While
the phosphene perceptions were rather crude, their spatial location approximately
corresponded to the known cortical retinotopic representation of visual space. Later efforts
incorporated a digital video camera mounted onto a pair of glasses interfaced with a cortical
stimulating array via a cable attached in the patient’s skull (Dobelle and Mladejovsky,
1974). Several blind volunteers have been implanted and reportedly, one patient could
distinguish the outline of a person and identify the orientation of certain letters using this
device (Dobelle et al., 1974). While certainly a pioneering effort, the cortical approach still
faces several technical challenges. These include determining the appropriate encoding
strategies that are necessary to generate patterns of stimulation, safety concerns due the
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inherent invasiveness of surgical implantation and the risk of focal seizures induced by
direct cortical stimulation. However, new electrode designs (such as the 100-electrode array
developed at the University of Utah; (Normann et al., 1999)) and advances in wireless
technology have stimulated renewed interest and several groups are further pursuing this
approach (Fernandez et al., 2005; Normann et al., 2009; Tehovnik et al., 2009; Troyk et al.,
2003; Troyk et al., 2005).

Current Technical Challenges
As with all neuroprosthesis efforts, the development and realization of a visual
neuroprosthetic device will require continued and extensive collaborative effort among basic
scientists, engineers and clinicians. Despite great technical progress, certain technical
challenges are immediately apparent and must be solved before a visual neuroprosthesis can
be considered a viable clinical therapy (for further discussion see (Chader et al., 2009;
Cohen, 2007a, b; Dagnelie and Schuchard, 2007; Winter et al., 2007)).

For example, electrode geometry poses inherent limitations that must be carefully
considered. This is particularly true with regards to how closely electrodes can be placed
next to each other thus impacting the theoretical resolution the visual prosthesis can provide.
Furthermore, electrode geometry is intimately related to the amount of current that can be
delivered safely to the target neuronal tissue (i.e. charge/density limits). As these
neuroprosthetic devices are meant to be implanted and used for very long-periods of time,
the effect of prolonged and focal electrical stimulation delivered to delicate (and even
potentially further degenerating) neuronal tissue remains unknown. In this direction, new
electrode designs, materials and coatings are being actively pursued in order to improve and
expand safety profiles. One intriguing possibility is the development of pillar electrode
arrays. Implanting this electrode array design has shown that penetrating pillars are able to
attract neuronal elements (e.g. ganglion cells of the retina). The closer electrode-neuron
interface may allow for lower currents to be used and thus safer injection of current for
prolonged electrical stimulation (Butterwick et al., 2009).

There also exists the issue of how a captured image is co-registered with the natural
movement of the eye. Inappropriate compensatory eye movements may lead to perceptual
mismatch, causing the patient wearing the implant to mis-localize objects in the external
world. This potential confound is particularly true of implant designs that incorporate the
use of an external mounted camera. To solve this issue, sophisticated eye-tracking
mechanisms have been proposed and designed to generate appropriate shifts in the image
(e.g. (Palanker et al., 2005)). However, these solutions await further development.
Interestingly, recent work with visual simulations suggests that following training,
implanted patients may learn to carry out appropriate compensatory head and camera
movements to generate more stable percepts (Chen et al., 2009; Srivastava et al., 2009).

Identifying appropriate candidates for implantation and determining the optimal placement
of the implant are also of crucial importance (Merabet et al., 2007). Diagnostic techniques
typically found in the clinical setting (such as the electroretinogram, visual evoked potentials
and visual field perimetry) are certainly intuitive choices to help characterize the
profoundness of an individual’s visual impairment. Establishing predictive testing methods
that allow for correlations between objective measures of visual function and eventual
implant success would be highly desirable (Bach et al., 2010; Dagnelie, 2008). Along these
lines, work has been done to develop extensive methodologies aimed at determining “best
candidates” for long-term implantation of a microelectronic retinal implant (specifically
defined as those requiring lowest current levels delivered to the retina to elicit visual
perceptions) (Yanai et al., 2003). This includes a series of preoperative visual,
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psychophysical and electrophysiological tests (including dark adapted bright flash and
flicker electroretinograms and electrical evoked responses) (Yanai et al., 2003). Novel
applications of other imaging techniques such as functional magnetic resonance imaging
(fMRI), diffusion tensor imaging (DTI) and transcranial magnetic stimulation (TMS) may
also prove helpful for the direct evaluation of overall visual cortical function and excitability
(Fernandez et al., 2002; Merabet et al., 2007). With regard to retinal implants, the use of
high resolution optical coherence tomography (OCT) provides detailed analysis and
characterization of retinal laminar anatomy (Matsuo and Morimoto, 2007) (Figure 3A). This
is particularly relevant in considering more recent detailed anatomical findings indicating
that there is extensive retinal reorganization of cellular components and interconnections in
patients with longstanding retinal pathologies such as RP (Marc et al., 2003). It would
follow that a degenerating retina may respond very differently to electrical stimulation over
time (Dagnelie, 2006). Implantation of a retinal prosthesis during stages of complete
photoreceptor loss, but with minimally altered inner retinal structure, may prove beneficial
in increasing the likelihood that a visual prosthesis will function. Thus, continued
assessment of retinal structural and functional viability could assist in not only selecting
appropriate candidates, but also identifying the optimal location and timing of implantation
as a function of disease progression (figure 3B).

Moving Forward: New Challenges and Remaining Questions
Experimental evidence from numerous groups has demonstrated, at least in principle, that
patterned electrical stimulation can evoke patterned light perceptions. However, as human
clinical trials expand and patients continue to interact with these visual neuroprosthetic
devices on a more long-term basis, we now move away from the goal of simply
demonstrating proof-of-principle towards establishing the fact that a visual neuroprosthesis
can indeed improve the quality of life of an implanted patient. In that direction, we also need
to define what are tractable milestones of success. Overall success can certainly be
interpreted differently particularly when taken from the perspective of the device user.
Moving forward, the implementation and potential benefit of a visual prosthesis needs to
consider outcome measures and performance assessments that translate directly into
improvements in the quality of life of blind individuals (e.g. accurate recognition and
grasping of objects or skillful navigation in an unfamiliar environment and carrying out
activities of daily living) (Dagnelie, 2008). There is a clear need for new standardized
testing and assessment of device efficacy that can be quantified in a manner that is
scientifically testable and verifiable. In addition, the selection criteria for potential
candidates must be clear. Not only would this would allow for easier comparison of results
across design efforts, but also establish and evaluate patients’ visual demands and needs
within the context of what a visual prosthesis can ultimately deliver.

A review of human testing reveals that implanted recipients experience difficulties in fully
understanding the visual information provided by these visual prosthetic devices. In the
initial studies, the reported patterns of visual percepts often did not correspond to what was
predicted based on the patterns of electrical stimulation delivered (e.g. (Rizzo et al., 2003a,
b)). This key observation suggests that our intuitive sense as to how to generate patterned
visual percepts (i.e. the “scoreboard approach”) may not prove to be an adequate strategy
(Fernandez et al., 2005). This might be related to the fact that stimulation is carried out on
neuronal tissue that is severely degenerated and, therefore, physiologically compromised.
Certainly, the quality of visual percepts is likely to improve as remaining technical
challenges continue to be solved. However, there may arrive a point when engineering and
surgical issues will no longer represent the greatest impediment to future progress. Rather,
the greatest barrier will likely lie in our ignorance of how to introduce visual information
that is meaningful to the visually deprived brain. It is a misconception that simple
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perceptions generated from patterned light are sufficient to generate meaningful vision.
Furthermore, increasing the resolution of images (for example, by increasing the number of
stimulating electrodes) with the goal of generating more complex perceptions would initially
be perceptually meaningless rather than helpful.

Several studies have highlighted that following the loss of vision, the brain undergoes
profound neuroplastic transformation and that the occipital visual cortex is a major site of
these changes (Bavelier and Neville, 2002; Fine et al., 2003; Merabet et al., 2005; Pascual-
Leone et al., 1999). The extent and magnitude of these neuroplastic changes is likely to be
influenced by such factors as the cause, onset and duration of blindness. The plasticity of the
visual system may allow for a considerable degree of adaptation. However, understanding
the precise constraints of these neuroplastic processes will be crucial and have clear
implications for rehabilitative training and progress in device development (Fernandez et al.,
2005).

A better understanding of how the brain adapts to the loss of sight and how the remaining
senses process information in the visually deprived brain are necessary to appropriately
modulate restored visual input and, ultimately, to allow meaningful vision with a
neuroprosthetic device. One possibility might be to envision a patient controlled system that
coordinates and registers the visual perceptions generated by a visual prosthesis with the
identification of objects perceived through other senses (such as touch and audition).
Patients could learn to integrate these concordant sources of sensory stimuli into meaningful
percepts and ultimately, gain the ability to identify objects in the visual world (Merabet et
al., 2005). Related studies in the development of sensory-substitution devices will likely
contribute greatly to our knowledge in this arena. Furthermore, these issues of training an
implanted patient to “see again” are directly related to the realm of visual rehabilitation. The
adaptive strategies and structured training necessary to interpret newly acquired visual
percepts that ultimately translate to useful functional vision should not be left to chance
(Dagnelie and Schuchard, 2007). This should be carried out within the context of a patient’s
current rehabilitation program (such as sensory substitution devices as well as mobility aids
such as a guide-dog) to ensure an appropriate functional overlap. Clearly, any functional
advantage gained through the use of a visual prosthetic device should meet, if not exceed,
current rehabilitative options. Ultimately, the implementation of a visual prosthesis should
not interfere with an individual’s on-going rehabilitative program.

Conclusion
The loss of sight can have a devastatingly negative impact on the quality of life of an
individual. The goal of restoring functional vision to blind, while certainly valiant, still faces
formidable challenges before it will ever become a tractable reality. However, there are
grounds to be cautiously optimistic and there is every reason to believe we are on the path to
achieve this goal. It is also important to realize that the rehabilitation of the blind is a very
complex problem, requiring extraordinarily diverse, lengthy and intimate collaborations
among basic scientists, engineers, clinicians, educators and rehabilitative experts.

As technical challenges continue to be solved, there also remains the issue of understanding
how the brain adapts to the loss of vision itself. Success in restoring functional vision
depends on our understanding of how blindness affects the brain and what it means to “see”
again. The neural changes that result from loss of vision need to be addressed if the
restoration of visual input is to lead to functional vision. These issues of neuroplasticity also
lead to questions regarding the feasibility of the visual prosthesis approach and its potential
to benefit blind individuals. Therefore, it is essential that future research explores the
mechanisms that underlie brain plasticity following the loss of vision. Such insight could
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help to develop and refine strategies for merging visual sensations that are generated by the
prosthesis. Uncovering these adaptive strategies may ultimately assist in the rehabilitation
process itself.
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Figure 1.
Summary diagram illustrating various neuroprosthesis approaches to restore vision.
Theoretically, any point along the visual pathway can be electrically stimulated to generate
the perception of phosphenes and thus represents a potential site to implant a visual
prosthesis. At the level of the retina, an implanted device generates electrical current to
stimulate cells of the inner retina (i.e. ganglion and bipolar cells). Two approaches are
possible: i) epi-retinal; in which the device is attached to the inner surface of the retina, and
ii) sub-retinal; in which the device is placed within the underside of the retina. The optic
nerve can be stimulated by implanting a cuff electrode around the nerve. In the cortical
approach, electrodes are placed either intra-cortically or on the cortical surface in order to
stimulate the visual cortex directly and thus bypassing afferent visual structures.
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Figure 2.
Artist conception of the Boston Retinal Implant device. A) Specially designed glasses house
a miniature camera used for the capture of images. The image is analyzed by an image
processing unit and appropriate stimulus pulse information and power are sent via a
transmission coil. A secondary receiving coil (sutured around the iris of the eye) captures the
wireless information transmitted. B) The transmitted information is relayed through a series
of electronic components (hermetically sealed in a titanium case) and then ultimately to the
stimulating electrode array that is inserted into subretinal space through a scleral flap created
behind the eye. C) Cross-sectional view of the eye and implant device. Note that only the
electrode array penetrates the sclera and that the bulk of the implant components lie outside
the eye.
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Figure 3.
Use of advanced imaging methodology to ascertain implant positioning and retinal integrity.
A) using optical coherence tomography (OCT), the cross-sectional position of the implanted
microelectrode array (arrow) can be viewed in subretinal space. B) Three dimensional
combined OCT with retinal microperimtery allows for simultaneous assessment of structure
and function at specific points of retina. The resulting topographic map (values indicate
luminance levels detected in decibels; dB) could potentially be used for post-operative
evaluation as well as pre-operative assessment of candidate implant locations. Image
generated using an OPKO/OTI combined optical coherence tomography and scanning laser
ophthalmoscope with microperimetry feature (Opko Health Inc. Miami, FLA).
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