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ORIGINAL PAPER

VISUAL NEUROPROSTHESIS – STIMULATION  
OF VISUAL CORTICAL CENTERS IN THE BRAIN. 
DESIGN OF NON-INVASIVE TRANSCRANIAL 
STIMULATION OF FUNCTIONAL NEURONS

SUMMARY
Purpose: The purpose of the article is to present the history and current status of visual cortical neuroprostheses, and to present a new method of 
stimulating intact visual cortex cells.
Methods: This paper contains an overview of the history and current status of visual cortex stimu-lation in severe visual impairment, but also highlights 
its shortcomings. These include mainly the stimulation of currently damaged cortical cells over a small area and, from a morphological point of view, 
possible damage to the stimulated neurons by the elec-trodes and their encapsulation by gliotic tissue. 
Results: The paper also presents a proposal for a new technology of image processing and its transformation into a form of non-invasive transcranial 
stimulation of undamaged parts of the brain, which is protected by a national and international patent.
Conclusion: The paper presents a comprehensive review of the current options for compensating for lost vision at the level of the cerebral cortex and 
a proposal for a new non-invasive method of stimulating the functional neurons of the visual cortex.
Key words: visual neuroprosthesis, cortical visual centers, transcranial stimulation

Čes. a slov. Oftal., 80, 2024, No. x, p. 

doc. MUDr. Ján Lešták, CSc, MSc, 
MBA, LL.A, DBA, FEBO, FAOG
Katedra přírodovědných oborů
Fakulta biomedicínského inženýr-
ství ČVUT v Praze
nám. Sítná 3105
272 01 Kladno 2
E-mail: lestak@seznam.cz

Lešták Ján

Czech Technical University in Prague, Faculty of Biomedical 
Engineering, Kladno, Czech Republic 

The author of the study declares that no conflict of interests exists in 
the compilation, theme and subsequent publication of this professional 
communication, and that it is not supported by any pharmaceuticals 
company. The study has not been submitted to any other journal or 
printed elsewhere.  

Submitted to the editorial board: August 28, 2023
Accepted for publication: November 22, 2023
Available on-line: January 31, 2024

INTRODUCTION

Retinal abnormalities (dystrophy, retinal degeneration, 
glaucoma and others) leading to severe disorder of visual 
functions are not localized only in their primarily dam-
aged cellular structures, but also cause damage to other 
structures, including the visual pathway and the cortical 
visual center in the brain. For this reason, attempts to 
restore visual functions by neuroprosthesis on the level 
of the eye (epiretinal, subretinal, suprachoroidal or in-
trascleral) cannot have the desired effect [1,2].

HISTORY

This has led a series of researchers to seek other 
structures for stimulation of the visual analyzer.

The visual cortex was one of the first locations where 
visual prostheses were considered.

The first studies by the German ophthalmologist Foer-
ster in the 1930s confirmed that direct electrical stimu-
lation of the visual cortex enabled a completely blind 
person to perceive spots of light [3].

A subsequent study by Kraus and Schum then demon-
strated that light bursts (phosphenes) could be generated 
also in people with long-term loss of sight. It was important 
that phosphenes from a fixed point in the visual cortex were 
localized to a corresponding point in the visual field [4].

Thirty years later, Brindley and Lewi used a system of 
radio receivers connected via an interface to electrodes, 
which were in contact with the occipital pole of the right 
brain hemisphere on a 52-year-old blind patient. By sen-
ding appropriate radio signals, phosphenes were genera-
ted in the left half of the visual field. One electrode trigge-
red a very small spot of white light in a constant location 
in the visual field. When multiple electrodes were applied, 
this generated two or several such spots, or a small cloud. 
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Upon the use of stronger stimuli, further phosphenes 
appeared, which could be differentiated from each other 
upon stimulation with electrodes at a distance of 2.4 mm 
apart. The flashes usually ceased immediately after the ce-
ssation of stimulation, but after strong stimulation they so-
metimes persisted for up to 2 minutes [5]. Similar findings 
were also recorded by Dobelle and Mladejovsky. Phos-
phenes appeared immediately after the commencement 
of stimulation and disappeared immediately after cessati-
on [6]. Schmidt et al. described in detail the results of an in-
vestigation of intracortical micro-stimulation of the visual 
cortex in a 42-year-old woman, who had been completely 
blind for 22 years as a consequence of glaucoma. A total 
of 38 micro-electrodes were implanted in the right visual 
cortex in close proximity to the occipital pole for a period 
of four months. The size of the phosphenes usually redu-
ced with increasing stimulating current. At levels of stimu-
lation close to the threshold value, the phosphenes were 
often colored. With an increasing level of stimulation the 
phosphenes usually remained white, grayish or yellowish. 
With only a few exceptions, the phosphenes rapidly disa-
ppeared after the termination of stimulation. When the 
period of stimulation was extended to more than one se-
cond, the phosphenes usually disappeared before the ter-
mination of the stimulation training [7].

As a result, electrical stimulation of the visual cortex 
has long been recognized for its potential in the deve-
lopment of visual cortical prosthetic devices for use by 
blind persons [8]. 

PRESENT DAY

Technological advances have enabled electrical stimula-
tion with the aid of electrode grids with high density pla-
ced on the surface of the cortex [9] or penetrating into the 
cortex of the brain [10]. A visual cortical prosthesis compo-
sed of a micro-camera placed in sunglasses, a computer 
and electrodes implanted in the visual center was intro-
duced by Dobelle in the year 2000 [11]. A blind volunteer 
was capable of orienting himself among a “family” of three 
mannequins (a standing adult man, seated adult woman 
and standing three-year-old child) randomly placed within 
a large room, without colliding with any of them. He was 
then able to walk to the wall and pick up a hat which had 
been placed at a random point on the wall. When he retur-
ned in the direction from which he had come, he was able 
to locate any of the three mannequins and place the hat 
on the head of the selected mannequins [11].

Fernandes et al. implanted micro-electrodes (total 96) 
in the visual cortex of a 57-year-old individual with total 
blindness for a period of six months. The implantation 
and subsequent explantation of the micro-electrodes 
took place without complications. Simultaneous stimu-
lation by means of multiple electrodes was associated 
with a pronounced lowering of the threshold values 
and triggered distinguishable phosphene perceptions, 
which enabled the blind subject to identify certain 
letters and distinguish the boundaries of objects [12].

Worthy of attention are cortical neuroprostheses manu-
factured by Piedade et al., who developed a wireless co-
nnection between an external camera, a processor and an 
intracranial unit in order to stimulate cortical cells implan-
ted as electrodes in the visual cortex. The entire system was 
composed of a primary unit placed outside the body and  
a secondary unit implanted intracranially. The power 
supply and information about the stimuli were transmi-
tted with the aid of a low-frequency transformer, which 
created a wireless induction connection between both 
units. The secondary unit was composed of a receiver, sti-
mulation circuits of micro-electrodes and a return transmi-
tter, which served for monitoring of the implant [13]. 

In 2020, the American neurosurgeon Pouratian pub-
lished his first experiences with the implantation of the 
wireless cortical prosthesis Orion (Second Sight Medical 
Products). Neurological problems appeared in three out 
of six patients during an examination of the stimulation 
parameters. Over the course of a one-year observation 
period, no system failure occurred. All the subjects per-
ceived phosphenes, and during this period they stated 
an improvement of visual functions. Despite the fact 
that this study incorporated only a small number of pa-
tients, according to the author the results are encoura-
ging. As the author himself states, “the prosthesis pro-
vides artificial vision, but does not restore vision” [14].

Similarly, Beauchamp et al. also published results of the 
Orion system. According to expectations, electrical stimu-
lation of the individual electrodes generated phosphenes 
in the locations that corresponded to a retinotopic map in 
the visual cortex. However, if multiple electrodes were sti-
mulated simultaneously, the perceptions usually merged 
into larger phosphenes, which made it practically impossi-
ble to distinguish shapes. In order to avoid these limitations, 
they developed procedures for controlling the flow and ra-
pid sequence stimulation of electrodes in order to create  
a sequence of phosphenes which follows the shape of the in-
tended pattern. This enabled them to generate phosphenes 
of various geometric shapes (letters M, N, U, W etc.) [15].

Although flow control and sequence stimulation may 
help improve the effectiveness of cortical visual pro-
sthesis with surface electrodes, a range of problems 
persist, which it is necessary to overcome [16]. 

For example, each chain of impulses on the electrode in 
question had to be completed before a chain of impulses 
could be commenced on the next electrode. As a result, 
dynamic stimulation was limited only to one phosphene at 
the given moment, and it remains unclear as to whether it 
is possible to present multiple phosphenes simultaneously. 
Another limitation is the difficulty of mediating information 
about visual objects which move or change shape, because 
the delineation of a single shape takes a long time [12]. 

A disadvantage of the Orion prosthesis and others is 
that they stimulate only a small part of the visual cortex 
(V1, V2). The main visual decoding processes take place in 
the “higher areas” (V4 and V5) [17–19]. Connection with 
the V5 system is directly with the lateral geniculate nuc-
leus [20,21]. This means that the fibers avoid the V1 area. 
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The currents that were recorded for generating per-
ception were within the range of several miliamperes 
[15]. Such substantial currents could cause damage 
to the brain cortex and potentially lead to seizures, 
especially when it is necessary to stimulate a group 
of electrodes simultaneously in order to create useful 
phosphene perceptions [12].

With regard to the fact that the visual cortex is an ex-
tensive area, it is ideal for implantation of a large number 
of electrodes which could ensure higher visual resolution 
and potentially the restoration of a larger number of visual 
functions [22]. Each hemisphere of the primary visual cor-
tex in humans measures 25 to 30 square centimeters, and 
future implants should cover a sufficiently large area of the 
visual field with a sufficient density of phosphenes in or-
der to enable the interpretation of perceptions. In addition 
to this, it is necessary to create wireless technologies with  
a large number of channels, and to develop resistant, bio-
compatible electrodes which minimize the risk of gliosis, 
damage to tissue and encapsulation of the electrodes [23].

Stimulation of the V1 area in order to restore sight has 
a range of advantages, but the technical limitations of im-
plants indicate that stimulation of the V1 area is not suffici-
ent to restore visual perception with such a resolution that 
would enable blind individuals to live a full-value daily life. 
A promising strategy for increasing resolution is a combi-
nation of temporally and spatially coherent electrical sti-
mulation targeted at different areas. Implants in the V1, V2 
and V3 areas increase visual resolution by creating more 
phosphenes throughout the entire visual field, enable safe 
distances of implantation and ensure that intracortical 
electrodes are targeted at foveal localizations [24].

Simultaneous stimulation with a pair of electrodes at 
a distance of more than 4 mm apart had a tendency to 
generate an impression of two different phosphenes. 
However, stimulation with multiple electrodes did not 
lead to a perception of distinguishable forms [25]. 

Besides cortex stimulation, de Ruyter van Steveninck 
et al. attempted to pre-process the image by selective 
filtering of the visual environment in order to maximize 
its usefulness for the interpretability of phosphene re-
presentation. The selection of filtering is not trivial, and 
therefore the implementation and optimization of im-
age pre-processing techniques remain an active subject 
of scientific investigation for prosthetic vision [26].

Systems using the installation of electrodes in the bra-
in and its stimulation with electrical signals are based on 
the principle of analogy with cochlear endoprosthesis. 
However, there is a fundamental problem here, in that 
the transmission of data replacing sound (from a tech-
nical perspective) requires a relatively small quantity of 
data (typically single figures to tens of kB/s). Stimulation 
of the brain is only on the level of one defined location 
in the auditory cortex, and the quantity of electrodes is 
small. With regard to the processing of the image, the 
envisaged number of electrodes is logically several times 
higher. In combination with the necessity of a surgical 
procedure, this entails unacceptable health risks, and 

furthermore, as stated above, the result is uncertain. 
Further valuable information for cortical stimulation 

consists in the fact that processing of image information 
does not take place only in a single, precisely delineated 
area of the brain, but according to the nature of the im-
age occurs in various different parts of the visual cortex.

For the sake of completeness, we also present the non-
-invasive possibility of stimulating the visual cortex with
the aid of focused ultrasound [27–29]. The disadvantage
of these systems is the size of the modulation area and the 
temperature during focusing on the given area. A similar
situation applies also to transcranial stimulation using
a magnetic field (which is performed as a method of
treating epilepsy, Parkinson’s disease, recurrent vascu-
lar events etc.) [30,31] and stimulation with alternating
electric current [32] or transcranial stimulation by means
of direct current [33–35].

From the overview presented above, it is evident that 
the existing electronic systems attempting to com-
pensate for lost sight are implemented in the brain’s 
visual centers with the aid of electrodes, and stimulated 
by an electrical current. Most of them stimulate only the 
primary (V1) or associated visual centers (V2, V3). Based 
on our experiences, it is precisely these centers that are 
damaged by anterograde retinal processes [1,2,36–41].

Another important finding from our studies on functi-
onal magnetic resonance in the visual paradigm is that 
during the stimulation of healthy individuals, not all 
areas of the visual cortex are displayed. We assume that 
it is precisely these areas that shall be functional also in 
the case of severe disorders of vision.

Proposal for a new method – stimulation of the brain 
cortex with the aid of radio waves

However, another option exists, namely the applica-
tion of electromagnetic signals without surgical inter-
vention. Approximately since 1969, attempts have been 
ongoing to create a neural interface with the aim of 
linking the brain to a computer and thereby enabling 
it to control other devices (e.g. an artificial limb). In 
principle, this concerns an electroencephelogram with 
signals Alfa (8–13 Hz), Beta (14–30 Hz), Theta (4–7.5 Hz) 
and Delta (0.5–4 Hz). Nevertheless, it is also possible to 
reverse this process. Electromagnetic waves on an ex-
tremely low energy level can trigger electrochemical 
changes in the stimulated neurons. They do not have 
damaging effects on DNA, cell membranes, enzymes or 
other parts of the cells [42].

In hygiene norms, the gauge is usually the density of 
the incident wattage p [W/m2], actual wattage v (spe-
cific absorption rate) [W/kg] or absorbed energy per 
kg of tissue ARD (Absorption Rate Density) [W/m3] and 
the intensity of the electrical field E [V/m], as well as the 
power of the magnetic field H [A/m] and several other 
parameters [43].
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It is possible to assume that this stimulation will lead 
to neuroplasticity of the visual centers and open up  
a new chapter in the approach of possibilities for stimu-
lating the brain.

The use of this technology raises a series of questions:
• What radio frequencies can be used for stimulati-

on of the brain cortex?
• Is it appropriate to use some type of modulation,

and if so, what kind (analogue, digital, amplitude,
frequency)?

• How are we to designate the areas in the brain to
be stimulated, selected and demarcated?

• Is stimulation in point or blanket form? Is it 2D or
3D?

• Is one area to be stimulated, or are multiple areas
of the cortex to be stimulated simultaneously?

• How is the area to be stimulated to be determi-
ned (in dependency on the image)?

On the other hand, certain parameters of stimulation 
are now clearly defined – the quantity of stimulation 
energy must not exceed the value defined by the heal-
thcare norm [44, 45].

For this reason, we have designed and developed  
an entirely new type of stimulation, referred to as the 
“Unit for non-invasive stimulation of cells of the visual 
cortex in severe disorders of vision.”

In principle this concerns a camera whose signal is pro-

cessed (video-chip controlled by a microprocessor, po-
tentially supported by artificial intelligence detecting the 
character of the image), and transmitted in the form of 
radio frequency to the brain. The configuration is placed 
in a stabilized position in relation to the brain. This positi-
on is defined and calibrated with the aid of magnetic re-
sonance and therapeutic markers in order to determine 
the position where stimulation shall take place. 

For each potential patient it is first of all necessary to 
identify undamaged areas of the visual cortex, through 
the use of functional magnetic residence (fMRI) [39] in 
the visual paradigm or positron emission tomography 
(PET). In the case of PET we determine the non-func-
tional areas of the visual cortex. It is possible that we 
will not be able to verify the functional areas of the 
visual cortex with the aid of fMRI. However, this does 
not mean that the suprastriatic areas V4 and V5 shall 
be non-functional in this case. In both cases the most 
fundamental step is the direct transcranial transmission 
of image information to the brain (without implanted 
electrodes), with the use of appropriate frequencies 
and appropriate stimulation modulations of neurons. 
The combination of signals is from the entire electro-
magnetic spectrum. In the first phase, frequencies are 
used from single figures to hundreds of GHz. Finding 
the correct range and modulation is the priority part of 
the realization. The stimulation itself will be targeted in 

Figure 1. Block diagram "Units for stimulating cells of the visual cortex of the brain in severe visual impairment" 
1. image sensor (camera), 2. video chip, 3. transmitting sensor A (antennas), self-stimulation, 4. 
transmitting sensor B (position stabilization), 5. unit supporting structure, 6. position stabilization unit 
(gyroscopic and/or floating), 7. position stabilization feedback sensors - passive/active (transmitting), 8. p 
osition stabilization feedback sensors (receiving), 9. processor, 10. LAN communication module, 11. WAN 
communication module, 12. power supply unit (battery), 13. Rechargeable battery module, 14 GNSS unit 
(Galileo, GLONASS, GPS,...), 15. mobile unit (phone, tablet, ...) to control and set the function, 16. active/passive 
positioning sensor carrier fixed/implanted on the subject's head
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points by the antenna configuration of the transmission 
unit, which will thus enable its shaping, area sweeping 
and focusing on the target surface, both in 2D and 3D. 
On this basis, it shall be possible to identify further po-
tential parallel or superordinate relationships between 
the areas of the visual cortex, and also to stimulate them 
or use even more complex images. Corresponding sti-
mulations will be transmitted by the antennas. Phase-
-controlled antenna modules will be used here, which
together with gyroscopic stabilization of position also
enable precise direction of the signal. Stabilization of
the position also has a series of active and passive sen-
sors, which enable maintenance of emission of the an-
tennas, also upon movement of the head in space.

An important component is the possibility of commu-
nication of the LAN and WAN modules with the cont-
rolling device (tablet or mobile telephone), and especi-
ally with the transmission of image information to the 
remote center with high-performance computer tech-
nology, which enables determination of the character 
of the scanned image and thus targeting of stimulation 
to the correct area of the brain. It is possible to assume 
that in the near future, parts of the process of determi-
ning the character of the scanned scene will probably 

be taken over by elements of artificial intelligence di-
rectly inside the camera. Figure 1.

The new method of stimulation is protected by the 
valid national patent no. 309083 (Unit for non-invasive 
stimulation of cells of the visual cortex in severe disor-
ders of vision) and utility model no. 34195. In 2023 inter-
national patent no. EP4051195 was also granted for this 
type of stimulation.

CONCLUSION

Restoration of sight is a difficult bu t es sential go al. It  
would lead to a dramatic improvement of the quality of 
life of the blind, as well as a pronounced alleviation of both 
the physical problems and financial b urdens a ssociated 
with loss of sight [24]. At the present time, the surgical risks 
outweigh the minimal benefits of invasive prostheses. By 
their very nature, large-scale neurosurgical procedures are 
dangerous and can lead to severe complications such as 
infection, inflammation, n eurodegeneration a nd f urther 
neurological problems [46]. The presented patent for non-
-invasive transcranial stimulation of preserved cortical ce-
lls may contribute to a partial adjustment of the sight of 
blind or severely visually impaired persons.
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