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Abstract  

A survey of the present state of research on a visual neuroprostheses, interfaced with the 

occipital cortex, as a means through which a limited but useful visual sense could be restored 

to profoundly blind people is given.  We review the most important physiological principles 

regarding this neuroprosthetic approach and emphasize the role of neural plasticity to achieve 

the desired behaviour of the system. While the full restoration of vision is unlikely in the near 

future, the discrimination of shape and location of objects could allow blind subjects to 

‘navigate’ in a familiar environment and to read enlarged text, resulting in a substantial 

improvement in the quality of life of blind and visually impaired persons. Moreover, if we can 

understand more about the fundamental mechanisms of neuronal coding, and to safely and 

selectively stimulate nervous system, there will real potential to apply this knowledge 

clinically.  
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1. Introduction 

Loss of vision poses extraordinary challenges to individuals in our society which relies 

heavily on sight. Although in recent years the techniques of molecular genetics have led to a 

rapid identification of a great number of genes involved in visual diseases [1, 59, 66], the 

nervous system once damaged is capable of little functional regeneration and currently there 

is no effective treatment for many patients who are visually handicapped as a result of 

degeneration or damage to: 1) the retina, 2) the optic nerve, or 3) the brain. While 

pharmacological interventions provide therapeutic solutions to many physiological problems, 

a pharmacological approach to the mechanisms of blindness has not been discovered.    

A new, human engineered approach to this problem has generated new hope in those 

suffering from profound vision loss.  This approach, a vision neuroprosthesis,  is based on the 

observation that electrical stimulation of neurons at almost any location along the visual path 

will evoke visual perceptions called “phosphenes” [11, 19, 20, 23, 24, 32, 42, 83, 94]. Recent 

progress in materials and microfabrication technologies are allowing researchers to build 

neural prosthetic devices designed to interact at a number of specific sites in the nervous 

system [27, 58, 61]. Such assistive devices are already permitting thousands of profoundly 

deaf patients to hear sounds and speech directly and the same hope exists in the field of visual 

rehabilitation.   

The concept of artificially producing a visual sense in blind individuals is founded on our 

present understanding of the structure of the mammalian visual system, its processing 

elements, and the relationship between electrical stimulation of any part of the visual 

pathways and the resulting visual sensations.  A number of studies have shown that electrical 

stimulation of the retina [29, 40, 42, 96, 101, 103], optic nerve [20, 94, 95] and visual cortex 

[5, 11, 25, 26, 32, 83] evokes the perception of points of light (called phosphenes) at specific 

regions in space. Based on these findings, several laboratories worldwide are developing 

microelectronic prosthesis designed to interact with the remaining healthy retina [29, 36, 41, 

42, 78, 79, 102] or optic nerve [19-21, 94, 95]. However, although these retinal or optic nerve 

prostheses may prove to be useful for restoration of sight lost in diseases such as retinitis 

pigmentosa and age related macular degeneration, the retina, and the output neurons of the 

eye (ganglion cell neurons, which in turn give rise to the optic nerve axons) often degenerate 

in many retinal blindnesses [51] so that these approaches may not be always helpful [52, 64].  
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We have decided to work on stimulation of the primary visual cortex because the neurons in 

higher visual regions of the brain (visual cortex) often escape from this degeneration. If these 

higher visual centers can be stimulated with visual information in a format somewhat similar 

to the way they were stimulated prior to the development of total blindness, a blind individual 

may be able to use this stimulation to extract information about the physical world around 

him/her. This concept is supported by several studies, which demonstrate that localized 

electrical stimulation of the human visual cortex can excite topographically mapped visual 

percepts. The first report of the appearance of phosphenes after electrical stimulation of the 

visual cortex was published by Löwenstein and Borchart in 1918 [47]. Subsequently Wilder 

Penfield and co-workers during neurosurgical operations for epilepsy [71, 72], observed that 

electrical stimulation of the surface of visual cortex evoked the perception of points of light 

(called phosphenes). These observations led a number of investigators to propose that 

electrical stimulation of visual cortex via arrays of electrodes might provide the profoundly 

blind with a limited form of functional vision. Experiments by the group of Giles Brindley at 

the Cambridge University in England [9-11], and William Dobelle at the University of Utah 

[24-26] showed that stimulation of multiple electrodes simultaneously allowed blind 

volunteers to recognize simple patterns, including letters and Braille characters. The results 

from these studies however also indicate, that a cortical prosthesis based on relatively large 

electrodes implanted subdurally, have a limited usefulness because of factors such as the high 

levels of current required to produce phosphenes (currents in the range of 1-3 mA), 

interactions between phosphenes ,occasional elicitation of pain due to meningeal or scalp 

stimulation, and epileptic seizures.  

A promising approach, which can activate populations of neurons with greater spatial 

specificity and lower levels of stimulation than is possible with larger electrodes on the 

surface of the brain, is the use of intracortical microelectrodes. In this sense, Schmidt et al. 

[83] described the implantation of 38 floating microelectrodes within the right visual cortex of 

a 42-year-old woman who had been blind over 22 years. 34 of the microelectrodes were able 

to elicit phosphenes for a period of 4 months, and most of the microelectrodes had stimulation 

thresholds below 25 µA. Unfortunately these microelectrodes were not well suited for a long 

term application. Thus, due to the breakage of lead wires early in the experiment, only limited 

tests could be done to evaluate pattern recognition. Nevertheless, taken as a whole the 

previous results suggest that passing electrical currents through an array of electrodes inserted 

into an appropriate location in the visual pathway, is able to produce the perception of 
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phosphenes, and that these phosphenes could be useful for restoring some limited but useful 

sense of vision to the profoundly blind.  

The heart and soul of this Cortical Visual Neuroprosthesis research, is based on the work of a 

group of scientists at the University of Utah under Prof. Richard Normann’s leadership, and 

an European consortium (CORTIVIS; http://cortivis.umh.es) in which researches at the 

University Miguel Hernandez (Spain), University of Oldenburg (Germany), University of 

Vienna (Austria), University of Granada (Spain), Centre National de la Recherche 

Scientifique (France), University of Montpellier (France), Instituto de Engenharia de Sistemas 

e Computadores (Portugal) and Biomedical Technologies (Spain), are combining their 

resources and efforts to develop and safely implant an active cortical device able to provide a 

functional sense of vision to blind persons with dysfunctions located in the periphery of their 

visual system. Our main long-term objective is to demonstrate the feasibility of a cortical 

neuroprostheses, interfaced with the visual cortex, as a means through which a limited but 

useful visual sense may be restored to profoundly blind people. While the full restoration of 

vision seems to be unlikely in the near future, the discrimination of shape and location of 

objects could allow blind subjects to ‘navigate’ in a familiar environment and to read enlarged 

text, resulting in a substantial improvement in the quality of life of blind and visually 

impaired persons. In addition, if we can understand more about the fundamental mechanisms 

of neuronal coding, and to safely stimulate nervous system, there will real potential to apply 

this knowledge clinically in other sensory or motor pathologies since it is widely accepted that 

the biophysical processes involved in stimulating and recording from neurons are ubiquitous 

throughout the nervous system [46].  

2. Physiological foundations of a cortical visual neuroprostheses 

Before looking at the specifics of a visual neuroprosthesis, it will be helpful to review some of 

the physiological foundations for this neuroprosthetic approach.  

1. There is abundant and positive clinical experience with many neural prosthetic 

interfaces.  

Microdevices for cell-electrode interfacing for both cardiac and neural cells have been 

available for in vitro and in vivo applications for many years. For example deep brain 

stimulators have been implanted successfully in patients for pain management and for 

control of motor disorders such as Parkinson’s disease [17, 27, 74], cochlear implants are 

being used for restoring auditory function and a wide variety of devices have been 
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developed to control respiration, activate paralysed muscles or stimulate bladder 

evacuation [16, 56, 69, 73, 100]. As more and more patients have benefited from these 

approaches, the interest in neural interfaces has grown significantly and today it is feasible 

to interface the nervous system with safe and effective devices. 

2. Most forms of blindness are of retinal origin and leave the higher visual centers 

unaffected.  

This observation is often unstated but is a key to a cortical approach to visual 

neuroprosthetics. Thus, the output neurons of the eye, the ganglion cells, often degenerate 

in many retinal blindnesses [43, 51], and therefore a retinal or optic nerve prosthesis 

would not be always helpful (Figure 1). However the neurons in the higher visual regions 

of the brain are spared this extensive degeneration. If these higher visual centers can be 

stimulated with visual information in a format somewhat similar to the way they were 

stimulated before the onset of the blindness, a blind individual could be able to use this 

stimulation to extract information about the physical world around him/her. 

3. The visual pathways and primary visual cortex are organized in a relatively rational 

scheme.  

A greatly improved understanding of the organization of the visual pathways and the roles 

of its neural elements has gradually emerged from the early theories of Brodmann [12]. 

Based upon electrophysiological experiments conducted in monkeys and other mammals, 

we know that receptive field centers of primary visual cortex neurons correspond in a 

moderately systematic fashion to locations from the fovea to the periphery [86, 93, 97]. 

Points located in the right visual field are imaged on the temporal side of the left eye and 

the nasal side of the right eye. Axons from ganglion cells in these retinal cell regions 

make connections with separate layers in the LGN and these neurons send their outputs to 

cortical layers 4Cα and 4Cβ  respectively. Thus the overall spatial position of the retinal 

ganglion cells within the retina is preserved by the spatial organization of neurons within 

the LGN and visual cortex. This rational mapping of visual space onto the neurons of the 

visual cortex, is one of the fundamental cornerstones upon which a cortical visual 

neuroprostheses is based. 
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4. Electrical stimulation of neurons in the visual pathway evokes the perception of 

point of light 

As Johannes Müller stated with his law of specific nerve energies [57], perceptions are 

determined by which nerve fibers are activated, not by how the nerve fibers are activated. 

For example, mechanical pressure to the eye produces a sensation of light, and electrical 

activation of axons in the auditory nerve give rise to a sensation of sound. In this sense, 

studies during neurosurgical procedures have revealed that localized direct electrical 

stimulation of the exposed human visual cortex can evoke topographically mapped visual 

percepts [10, 11, 23-26, 71, 72]. These percepts are generally called “phosphenes” and are 

usually described as ‘stars in the sky’, ‘clouds’, ‘pinwheels’, and occasionally as complex 

chromatic or kinetic sensations. The induction of phosphenes by cortical stimulation 

establishes the visual nature of the stimulated cortex and provides the basis for the 

development of a cortical visual prosthesis [32, 63, 64, 91, 97]. 

5. The plasticity of the brain will foster significant functional reorganization. 

The mature visual system of primates and other mammals is capable of extensive 

reorganization as the roles of inputs and pathways are altered by visual experience, 

sensory loss, or cortical lesions. Although this plasticity declines with age [6], adult visual 

cortex still respond to experience with plastic changes as shown by the effects of 

perceptual learning [85] and retinal lesions [28]. This plastic change in the brain probably 

will allow blind subjects to extract greater information from touch and hearing, thus 

improving the quality of life and enhancing the integration of the blind in the social and 

working environment of a sighted society.  The understanding of these neuroplastic 

processes will provide the neuroscientific foundation for improved rehabilitation and 

teaching strategies for the blind.  In addition, the modulation of such plasticity will be 

crucial in developing and projecting the success of novel, visual neuroprosthetic 

strategies. It is hoped that this neural plasticity will allow quick re-association of the 

“phosphenes world” with the physical world. Thus, immediately after the electrode array 

is implanted, the evoked phosphenes are likely to engender a poor perception of an object 

(as it happens for example with cochlear implants). However, with the adequate training 

and after some time the reorganization of the “neural network” will improve the 

perceptions. 
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3. Engineering a cortical visual neuroprostheses 

The most fundamental requirements of any neurological prosthesis are well understood. In 

order for a device to effectively emulate a neurological system, it has to do three things: 

1. First, it must collect the same kind of information that the system normally collects. 

2. Next, it has to process that information. 

3. Third, it must communicate the processed information, in an appropriate way with 

other parts of the nervous system.  

Figure 2 illustrates the basic components of our cortically based approach. The system will 

use a bioinspired retina able to perform some of the image pre-processing functions of the 

retina. This bioinspired device will transform the visual world in front of a blind individual 

into electrical signals that can be used to excite neurons at the occipital cortex. These signals 

will be delivered to intracortical microelectrodes that will excite visual cortex neurons in an 

appropriate way. Since signals reaching the cortex from the retina and LGN arrive not at the 

surface of the cortex (layer 1) but a depth of 1-2 mm (layer 4), we need intracortical 

penetrating electrodes with exposed tips located in layer 4 and with tip sizes of the same order 

of magnitude as the neurons that are intended to be stimulated. For this reason we are using 

the Utah Electrode Array (UEA), which has 100 microelectrodes, each 1.5 mm long, arranged 

in a square grid contained in a package 4.2 mm by 4.2 mm (Fig. 3). This array of penetrating 

electrodes has been designed to compromise as little cortical volume as possible. Thus, each 

needle has been made as slender as possible yet retain sufficient strength to withstand the 

implantation procedure. Further, consistent with concept of blunt dissection used by 

neurosurgeons, these penetrating structures displace the tissues they are inserted into rather 

than cut their way through them [64]. Finally an integrated telemetry system will transmit 

power and data (electric impulses) to the electrode array inserted into the visual cortex. The 

whole visual neuroprosthetic device is expected to recreate a limited, but functionally useful 

visual sense in blind individuals allowing them to “navigate” in familiar environments and to 

read enlarged text. 

One strategy we are employing is not to simply record an image with high resolution, but to 

transmit visual information in a meaningful way to the appropriate site/s in the brain. In order 

to achieve this, we have to take into account the coding features of the biological visual 

system and design constraints related with the number and distribution of the set of working 

electrodes the visual scene is mapped to.  
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4. Development of a reconfigurable bioinspired visual processing front-end 

(artificial retina). 

One of the major challenges of our approach is the design and development of a bioinspired 

platform able to transform the visual world in front of a blind individual into a set of electrical 

signals, that will be used to stimulate, in real time, the neurons at his/her visual cortex [70]. 

According to our design constraints, these signals should be as similar as possible to the 

output signals of the real retina. The question of how the information about the external world 

is compressed in the retina, and how this compressed representation is encoded in spike trains 

is therefore of seminal importance.  

The recent decades have revealed many details about the ways the retina is organized to serve 

several sub-functions. Sampling across the retina is not uniform [4] and therefore retinotopic 

gradients and magnification factors [2] have to be introduced to match image representation 

with cortical topography. It is further clear that several streams of information are processed 

in parallel from any retinal point by several dozens of interneuronal subtypes [44] before 

contrast, brightness, orientation movement and colour are finally coded as modulation of 

ganglion cell action potential series. While chromatic information is not of utmost priority a 

differential characterization will nevertheless be required when designing “achromatic” 

processing modules for basic representation of image components. Similarly the high 

sensitivity pathways originating from rod photoreceptors may be silenced by mimicking 

daylight intensity (photopic) conditions using adequate pre-amplification of dimmer signals. 

Although it is not the purpose of this report to present a detailed study of the problem of 

coding/decoding of retinal images by ensembles of retinal ganglion cells,  increasing evidence 

suggests that the retina and the brain utilize distributed codes that can only be analyzed by 

simultaneously recording the activity of multiple neurons [8, 33, 35, 60-62, 65, 84, 97, 98]. 

Far from a simple transducer of light into electrical neural impulses, the retina performs a 

locally-computed spatio-temporal contrast enhancement function, and a very efficient 

compression of visual information. These tasks are essential to provide a high adaptation 

capability to very different lighting conditions, a high noise immunity, and to efficiently 

communicate the visual information by means of a limited number of optic nerve fibers. Thus, 

our entire experience of the external visual world derives from the concerted activity of a 

limited number of ganglion cells in the retinal output layer which have to represent all the 

features of objects in the visual world, namely their color, intensity, shape, movement, and the 
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change of these features in time. This representation has to be unequivocal and fast in order to 

ensure object recognition for any single stimulus presentation within a few hundreds of 

milliseconds [7, 18, 88]. 

Figure 4 shows the architecture of the bioinspired retinal model we are currently using. It is 

based on electrophysiological recordings from populations of retinal ganglion cells. Through 

a set of parametrized filters and functions, we obtain a portable model that can be easily 

translated into a hardware description for automatic synthesis using the appropriate tools. The 

input images are captured by a photosensor array (preferably a logarithmic response camera) 

and are processed by a set of separate spatial and temporal filters that enhance specific 

features of the captured visual information. The model can take into account the irregular 

distribution of photoreceptors within the human retina: a high density of pixels and smaller 

receptive field sizes in central areas; lower density and bigger receptive fields in peripheral 

areas. A gain factor can be specified for every individual channel as well as a global gain. The 

output of these filters is combined to produce an output map we call the “information figure”. 

The next stage reduces the information figure array to the resolution of the electrode matrix, 

with the option of defining specific receptive field shapes and sizes. We call “activity matrix” 

to this low resolution representation (see Fig. 4). Finally, a mapping and neuromorphic coding 

(into output pulses that can be sent to each electrode) is carried out and feeds the 

radiofrequency link that goes to the microelectrode array. The model implemented in the 

present version of the software is a simplified version of an integrate-and-fire spiking neuron 

[34]. Each neuron accumulates input values coming from its receptive field until it reaches a 

programmable threshold. Then it fires and discharges the accumulated value. The model also 

includes a leakage term to make the accumulated value diminish for low or null input values. 

Figure 5 shows an example of the spike output obtained by a real recording of a population of 

rabbit retinal ganglion cells and a similar pattern generated by the artificial coding module in 

response to short repetitive flashes of light. Although the model is essentially analog, we have 

chosen a digital hardware implementation to have a more flexible and standardizable 

approach. In the future, this implementation could be easily customized for each implanted 

device. Thus, the implementation of the model in digital hardware provides a flexible design, 

achieving a high performance with response times several orders of magnitude lower than that 

of biological systems. The whole system is presently able to work properly up to 40 MHz. 

This means that 40,000 electrodes could be stimulated with an inter-spike temporal resolution 
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equal to or lower than 1msec. The use of reconfigurable circuitry (FPGA) let us to adjust or 

even change the spiking model easily. 

It may be argued that emulation of cortical afferents from the lateral geniculate nucleus will 

provide a more appropriate sensory signal for stimulating primary visual cortex. In particular 

it is likely that significant functional transformation of the visual stream occurs at this stage, 

both as a result of feedforward circuitry, as well as the influence (at present poorly 

understood) of the very large cortical-fugal feedback pathway. However the functional high-

order relationships between the outputs of retinal ganglion cells are probably  preserved to 

some extent at the level of the geniculate output [75-77]. A crucial experimental advantage of 

using a retinally based model is the ability to make multiple simultaneous recordings that 

allow derivation of firing statistics between ganglion cells, but at present such technology 

does not exist for functional (i.e. visually evoked) recordings of the lateral geniculate. This 

limitation thus necessitates our focus on providing an image of the retinal, as opposed to 

geniculate, output to the cortical implant. 

5. Safe and effective stimulation of neural tissue through multiple 

intracortical electrodes. 

A neuroprosthetic system must be implanted into the nervous system and remain fully 

functional for periods that will eventually extend to many decades. Therefore these devices 

must be highly biocompatible and be able to resist the attack of biological fluids, proteases, 

macrophages or any substances of the metabolism. Furthermore it is necessary to take into 

account the possible damage of neural tissues by permanent charge injection using 

multielectrode arrays and the most effective means of stimulating the cerebral cortex. These 

considerations place unique constraints on the architecture, material, and surgical techniques 

used in the implementation of neural interfaces [64]. 

Once a particular type of electrode is selected, the next step is to design a surgical procedure 

for electrode implantation. Even though the individual microelectrodes of the UEA are 

extremely sharp, early attempts to implant an array of 10 x 10 electrodes into the visual cortex 

in different animal models only deformed the cortical surface and resulted in incomplete 

implantation. A system that rapidly inserts the UEA into the cortex has been developed [81] 

allowing implantation in a manner that minimizes dimpling and compression of the subjacent 

structures. The implantation is so rapid that the cortex experience only slight mechanical 

dimpling and the insertion is generally complete. The most typical findings in acute 
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experiments are occasional microhemorrhages emanating from the electrode tracks probably 

due to the high probability of electrode tips encountering one or more blood vessels during 

implantation. This typically resolves itself and aside from a few mechanically-distorted and 

somewhat hyperchromic neurons, the neurons near most tracks appear normal (Fig 6). 

Furthermore single unit recordings of neural activity can often by made within hours after the 

implantation.  

An important problem reported with all available microelectrodes to date, is long-term 

viability and biocompatibility. Although it has been reported that silicon-based shafts, 

siliconoxide based surfaces and other glass based products are highly biocompatible [82] 

there are acute and chronic inflammatory reactions which affect both the neural tissue and the 

surface of the microelectrodes [3, 37, 39, 45, 48, 54, 92, 99]. These reactions often result in 

damage to neurons and microelectrodes and lead to the proliferation of a glial scar around the 

implanted probes which prevents neurons to be recorded or stimulated [31, 92]. Our 

experiments with the UEA support this notion and show a think capsule (2-5 microns thick) 

around each electrode track (Figure 6). The reasons for  the inflammatory response lie in 

molecular and cellular reactions at foreign surfaces [30, 37]. These responses can be 

controlled and one of our goals is to contribute to this field, both in terms of increasing the 

understanding of how at the nanoscale inflammatory events take place and in terms of 

creating new, more biocompatible surfaces for use in neurosurgery and brain implants.   

Other possible problems are related to motion of the brain with respect to the skull. These 

devices should stay in place for years, but how to keep them biologically and electrically 

viable remains a difficult problem. We have described a new surgical technique to minimize 

the formation of adhesions between the dura and implanted electrode arrays using a 12 mm 

(0.5 mil) thick sheet of Teflon ® film positioned between the matrix of microelectrodes and 

the dura [53]. Furthermore we are collaborating with the Department of Medical Physics of 

the University of Vienna in the developing of a new “in vivo” technique for ultra high 

resolution optical coherence tomography with unprecedented resolution (< 10 µm). In the 

future this technique could help to the development of a non-invasive diagnostic technique to 

obtain precise information about the cortical differentiation of blind persons. It could be also 

very valuable for determining the required advancement depth of multi-electrode tips to 

access the most appropriate cortical sublayer (4C).  

By implanting penetrating microelectrodes within the visual cortex, with exposed tip sizes the 

same order of magnitude as the neurons we want to stimulate, much selective stimulation can, 
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in principle be achieved. However implantation of penetrating electrodes is intrinsically more 

invasive than application of surface electrodes, and studies regarding safety and preservation 

of neuronal tissues as well as optimisation of stimulating parameters are needed preceding the 

actual clinical application. Experiments to determine the levels of current injections that are 

required to evoke sensory percept via intracortical microstimulation have shown that most of 

the microelectrodes had thresholds currents below 25 µA [64, 80, 83]. Nevertheless more data 

on the possible damage of neural tissues by permanent charge injection using multielectrode 

arrays and the most effective means of stimulating the cerebral cortex are still needed.  

Another important issue for the design of a useful cortical visual neuroprosthesis, not yet 

addressed, is whether a change in retinotopic organization results from electrical stimulation. 

It is known that repeated sensory stimulation of either primary visual cortex or other primary 

sensory cortices can lead to changes in the representation of the sensory input. Additionally, it 

is known that changes in the cortical representation can occur as a result of repeated electrical 

stimulation of auditory, somatosensory, motor and visual cortex [22, 38, 49, 50, 55, 87, 89, 

90]. However preliminary results are inconsistent and more work needs to be done.   

6. Development of a non-invasive methodology for selection of suitable 

subjects for a cortical visual prosthesis. 

A major prerequisite for the possible clinical application of this neuroprosthetic approach, 

aside from safety considerations, is proper, non-invasive patient selection criteria.  The visual 

cortex of potential candidates for such neuroprosthetic devices has to be capable of processing 

visual information, but  there is evidence that the occipital parts of the brain utilized by 

sighted subjects to process visual information are transformed in some blind subjects and 

utilized to process tactile and auditory stimuli [13-15, 68]. Figure 7 shows an example. It 

displays the areas of the brain that are activated when a sighted person reads Braille characters 

(Fig 7A).  The activated areas are displayed in red and represent the activation of the 

somatosensory and motor cortex on the left side of the brain that process tactile information 

from the right hand being used for tactile decoding of the symbols. The above figure contrast 

with Fig 7B, which shows the areas activated when an early blind subject read Braille 

characters.  The areas of activation are not restricted to the somatosensory and motor cortex 

contralaterally to the right hand used for reading.  Rather, there is marked activation of the 

occipital cortex, the part of the brain that we use to process visual information, the primary 

visual cortex. This cross-modal plasticity, by which the visual cortex is recruited for 
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processing of tactile information, is associated with a significant improvement in the tactile 

reading skill and is supported by a variety of additional, converging data.  For example, 

Pascual-Leone et al. [67], reported the case of a blind woman who was an extremely 

proficient Braille reader working as an editor for a newsletter for the blind.  In a most 

unfortunate event, this woman became unable to read Braille, Braille alexia, following a 

stroke. Indeed, she became unable to decode any complex tactile information, while otherwise 

remaining neurologically intact.  Contrary to expectations, the lesion in this patient did not 

affect the somatosensory cortex but damaged the occipital pole bilaterally. In this case, a 

cortical neuroprostheses for partially restoring the vision in blind people, would not be useful. 

Several important questions arise: what happens to the occipital cortex when a person become 

blind?, and, is the occipital cortex of blind subjects still able to process visual information?. 

In order to get insights into these issues, we have developed a reliable, non-invasive method 

to study the degree of cross-modal plasticity and the degree of remaining functional visual 

cortex in blind subjects using transcranial magnetic stimulation (TMS). The procedure allows 

the systematic mapping of the sensations induced by focal and non invasive stimulation of the 

human occipital cortex and provides a method for their quantification [32]. A total of 25 

sighted and 21 blind volunteers have been studied using these techniques. Almost all (96%) 

sighted subjects perceived phosphenes using single TMS pulses and an intensity of 80% of 

maximal stimulator output, although not in all sampled positions, hence the relevance of a 

systematic sampling. The most frequently induced phosphenes were spots of light in shades of 

gray, which were extremely brief and never occurred after the stimulation. It was more 

difficult to elicit visual perceptions in blind subjects. Only 33% of the blind subjects reported 

phosphenes when using single TMS pulses. However, localized phosphenes could be induced 

in 57% of the blind subjects by using short trains of 4 consecutive 15-Hz TMS pulses 

(particularly those severely visually impaired but with some residual vision and late blind 

subjects). These results suggest that TMS might be used to map the function of the remaining 

visual cortex in blind subjects and hence, aid in the determination of their suitability for the 

implantation of visual neuroprosthetic devices. Furthermore TMS, in combination with other 

brain image technologies and methods, could be very useful to improve our present 

understanding of the physiological reorganization and plastic changes in the brain of blind 

subjects as a consequence of their adaptation to the loss of sight.  

A detailed understanding of the processes and time-course of cross-modal plasticity will 

provide the neuroscientific foundation for the development of better rehabilitation and 
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teaching strategies for the blind.  At the same time, the determination of the degree of cross-

modal plasticity and its modulation will provide the foundation for the evaluation and further 

development of neuroprosthetic approaches to restoration of functionally significant sight in 

the visually impaired.  

7. Conclusions and future perspectives 

Clinical applications such as artificial vision require extraordinary diverse, lengthy and 

intimate collaborations among basic scientists, engineers and clinicians. On-going research on 

the anatomy and physiology of the visual pathways will yield a better understanding of the 

parallel processing capabilities of the central nervous system and the role of neural plasticity 

in the interpretation of visual information. The strategy of using a combination of 

experimentation and modelling to understand the mechanisms of visual coding will allow the 

design and development of fast and flexible bioinspired systems able to process signals from 

external devices before they are fed into a machine-brain interface to safely stimulate the 

nervous system. However there are many questions regarding biocompatibility, safety and 

even nontechnological issues that need to be addressed before a cortical neuroprosthesis can 

be considered a viable clinical therapy.  

The implant is to be inserted directly into the brain, where it will remain without intervention 

for decades. Further, the system will not be a simple passive device, but it will contain active 

circuitry for multiplexing and telemetry. While some progress has been made in many of 

these fields, it is clear that more animal experiments are needed. Although the full restoration 

of vision seems to be impossible, the discrimination of shape and location of objects could 

allow blind subjects to “navigate” in a familiar environment and to read enlarged text, 

resulting in a substantial improvement in the quality of life of blind and visual impaired 

persons. However it is necessary to go step by step, not creating false expectations that could 

negatively affect this emerging approach. We are still a long way away from a highly 

functional visual prosthesis, but the success of the cochlear implant encourges the pursuit of 

this neurotechnological application.  

The plastic changes in the brain of blind subjects allows them to extract greater information 

from touch and hearing, thus improving their quality of life and enhancing their integration in 

the social and working environment of a sighted society.  The precise understanding of these 

neuroplastic processes will provide the neuroscientific foundation for improved rehabilitation 

and teaching strategies for the blind.  In addition, the modulation of such plasticity will be 
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crucial in developing and projecting the success of novel, visual neuroprosthetic strategies, 

which has implications for rehabilitative training and device development. 

Hopefully the advances in medicine, ophthalmology and genetics will be able to devise new 

ways of preventing diseases of the visual pathways or in transplanting neurons that have been 

lost. However genetic science and treatment will not help in injuries due to accidents and 

probably will not eliminate all the visual impairments due to aging. Therefore progress in 

neuroprosthesis technologies is regarded as  a necessity for the future. Society and the 

research community is becoming aware of this necessity and is beginning to invest time and 

efforts in this nascent field. The next 15 years will be of seminal importance for these 

rehabilitative approaches, and we hope that the progresses in medicine, material science, 

bioengineering, and the increase of intelligence in assistive systems and devices will foster the 

improvements in the quality of life of people that are affected by visual impairments.    
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