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Summary

Our senses are the main information channels through
which we perceive and interact with the world. Conse-
quently, the physical and social functioning of patients suf-
fering from severe sensory disabilities is limited on sever-
al levels. This has motivated the development of a novel
therapeutic alternative: “artificial senses”, more commonly
known as sensory neuroprostheses.

In order to restore lost function, sensory neuroprostheses
attempt to take advantage of the information transfer path-
way common to all senses: (i) transduction of the physical
stimulus by sensory receptors, (ii) fransmission of relevant
information to primary sensory areas in the brain by sen-
sory afferents, and (iii) analysis and integration of the in-
formation at multiple levels in the central nervous sys-
tem. Neurosensory deficits might occur upon damage to
any of the structures involved in this process. However,
damage to the peripheral sensory receptor is often the
cause of neurosensory loss. Most sensory neuroprosthe-
ses attempt to “replace” the malfunctioning or missing pe-
ripheral sensory organ by directly delivering basic senso-
ry information to the brain using electrical currents. If the
prosthesis is able to deliver enough consistent informa-
tion, the brain will be able to correctly interpret it and use-
ful rehabilitation can be achieved.

This review presents the main challenges related to the
development, implementation and translation to clinical
practice of these devices: (i) sensory information needs to
be efficiently delivered to specific neural targets (e.g., pe-
ripheral afferents or specific central nuclei); (ii) then the ex-
pected physiological response must be evoked and quan-
tified; (iii) the restoration of basic sensory abilities can lead
to useful rehabilitation in meaningful everyday activities;
(iv) optimal prospects require specific rehabilitation thera-
py and lifelong medico-technical follow-up.

To conclude, the current state and future of sensory neu-
roprostheses will be discussed. This will include current
clinical and technical challenges, future prospects, and
the potential of these devices to improve our fundamental
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Introduction

Our senses are the main means through which we perceive,
understand, interact with and react to our environment.
Consequently, sensory disabilities are a serious challenge
that impacts all levels of physical and social functioning.
This impact is even more pronounced in fragile popula-
tions, such as children, where general development is often
impaired, leading to poor perceptions in adult life [1-4].
The elderly population is also seriously affected. Isolation
and early cognitive decline are known comorbidities [5—7].
Finally, in addition to the impact on the individual, unad-
dressed disabilities also generate high costs for society [8].
This is related to, for example, healthcare system costs,
loss of productivity, and special educational needs (see,
e.g., [9]). A number of therapeutic alternatives exist, such
as rehabilitation therapy and augmentation and substitution
devices. These can be successful in certain circumstances.
However, patients suffering from severe sensory disabili-
ties often remain limited and have a poor quality of life.

Sensory neuroprostheses are new alternatives that have be-
come available in the last 50 years. Their development and
later translation to the clinic required multidisciplinary re-
search efforts, including a deep understanding of primary
sensory processing and fundamental investigations into the
psychophysical basis of perception. The goal of this review
is to highlight the multiple challenges involved in the de-
velopment of sensory neuroprostheses, the current state of
the technology, and to briefly discuss future clinical and re-
search prospects.

Basic physiology of sensory systems

Perception and behaviour are fundamentally determined by
internal (i.e., physiological) and external (i.e., environmen-
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Figure 1: Sensory systems. The process begins with a physical stimulus (e.g., physical motion, light, temperature, sound) which is detected
by a specialized sensory receptor (e.g., inner ear, retina, nerve endings). This stimulus is transduced to neural electrical currents which are
transmitted to the central nervous system through specific pathways. The sensory stimulus can be finally interpreted as it reaches the brain.
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tal) events or stimuli. The nature of these stimuli can vary,
for example mechanical in the case of sounds or chemi-
cal in the case of odorants, and thus require highly spe-
cialised sensory systems for effective detection, integration
and processing. Despite some fundamental differences, all
sensory systems rely on very similar processes which can
be summarised in three fundamental steps (fig. 1).

The first step is sensory transduction. This is achieved by
a set of specialised receptors which detect stimuli (e.g.,
sound, light, temperature, motion) and transform them into
neural electrical currents. In some cases, sensory receptors
can be relatively simple (e.g., bare nerve endings reacting
to changes in temperature). Other sensory modalities, such
as hearing and vision, rely on complex, specialised cells
that act as part of a network to enhance detection perfor-
mance across a broad range of specific stimuli. The basic
transduction process consists of a change in the membrane
conductance of the sensory receptor upon physical/chemi-
cal stimulation. This leads to cell depolarisation (or hyper-
polarisation) that excites (or inhibits) primary sensory neu-
rons. The relevant features of the stimulus are represented
by up- and down-modulations of the firing rate of the pri-
mary sensory neurons, compared to the rate when they are
in their spontaneous or “at rest” state. Figure 2 illustrates
these steps for hair cells in the vestibular system. When
there is no physical stimulation (i.e., no motion), the hair
cell’s potential is in its rest state and the vestibular nerve
fires at its spontaneous firing rate. Upon mechanical vibra-
tion, the hair cell depolarises when the stereocilia deflect
towards the kinocilium (the longest and most apical stere-
ocilium), and hyperpolarises when the stereocilia deflect
in the opposite direction. This results in a proportional in-
crease or decrease in firing rate of the primary sensory neu-
ron.

Once the sensory signal has been detected and transduced
by the peripheral systems, the second step in the process is
the transmission of the neural signal to the central nervous
system (CNS). The axons of the primary sensory neurons
form the afferent sensory nerve, whose compound activi-
ty encodes all pertinent characteristics of the stimulus. The
information is then transmitted to the CNS through single
or multiple parallel processing pathways, depending on the
sensory modality. Note that each of these pathways involve
a varying amount of neural tissue and nuclei, and conse-
quently a varying number of “pre-processing” steps. How-
ever, it is important to highlight that, right from the initial
transduction stage, sensory information is systematically

organised in a specific and meaningful way (e.g., spectral-
ly for sounds, spatially for images). This fundamental or-
ganisation is preserved all along the transmission pathway
to the CNS (e.g., retinotopic for vision, tonotopic for hear-
ing).

Finally, the third step in the sensory process is the analysis
and integration of the information by the CNS. Each sen-
sory pathway projects to specific subcortical and cortical
areas. Primary sensory areas in the cortex receive informa-
tion from each sensory system. From there, sensory infor-
mation projects to the higher order sensory areas, where
the information is segregated for the analysis of particular
aspects of sensory stimuli. Finally, association areas in-
tegrate the information from different cortical areas to
achieve the complex, multimodal representations of stim-
uli. It is interesting to note that the vestibular system is an
example where information is directly projected to differ-
ent cortical regions which are sensitive not only to vestibu-
lar input, but also receive inputs from other sensory sys-
tems which are fundamental to the overall sense of balance
and equilibrium [10, 11]. Note that this analysis and inte-
gration step is of course not a sequential process, but is
complex and dynamic: perception, cognitive functions and
motor responses are also modulated by top-down process-

Figure 2: lllustration of the transduction process in the
vestibular system. Hair cells transform mechanical vibrations
(i.e., head motion) into electrical signals that modulate the baseline
firing rate of the primary sensory neurons. Reproduced from Ange-
laki D, Dickman JD. The vestibular system. In: Biswas-Diener R,
Diener E, eds. Noba textbook series: Psychology. Champaign, IL:
DEF publishers; 2018. (Copyright © 2018 Diener Education Fund;
Creative Commons Attribution-NonCommercial-Share Alike 4.0 In-
ternational License).
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es (e.g., previous knowledge, attention, etc.), but this com-
plexity is beyond the scope of this paper.

Sensory neuroprostheses: artificial restoration
of lost sensory function

Neurosensory deficits can occur upon damage to any struc-
ture involved in the sensory perception process. However,
if damage occurs only to the peripheral sensory receptor,
the remaining structures involved in transmitting sensory
information to the brain can remain functional. This is fre-
quently observed, and is the foundation for the basic con-
cept of sensory neuroprostheses: replace the absent senso-
ry receptor by a prosthesis that is able to transmit enough
basic features of the stimuli in a “language” that can be
properly understood and interpreted by the CNS (fig. 3).
In practice, lost function is replaced by an external sensor
(e.g., a microphone, camera, gyroscope) that feeds a spe-
cific processing device able to translate this information in-
to a consistent pattern of electrical currents. This “artifi-
cial” information is then delivered via implanted electrodes
positioned in the vicinity of the sensory afferents (e.g., the
auditory nerve, optic nerve, vestibular nerve). If delivered
in the right way and to the correct structures, this informa-
tion should reach the brain and be properly interpreted, po-
tentially allowing the restoration of the lost sensory modal-
ity (e.g., hearing, vision, vestibular function).

Today, a number of sensory neuroprosthetic devices exist.
Some are widely available and have a proven track record
of clinical success, such as cochlear implants [12]. Others,
like retinal implants, have become available to blind pa-
tients suffering from retinal degenerations only in recent
years [13]. Finally, newer devices to address other sensory
deficits, like a vestibular implant to rehabilitate severe bal-
ance deficits, are being investigated and are only available
as research devices.

Cochlear implants

The most frequent cause of severe to profound neurosen-
sory deafness is damage to the sensory structures in the in-
ner ear, with the rest of the auditory pathway remaining
functional. Cochlear implants are devices designed to re-
store basic hearing abilities in patients suffering from this
type of sensory deficit [14]. The idea is to bypass the dam-
aged or missing sound transduction apparatus (i.e., inner
hair cells in the cochlea) and directly stimulate the audi-
tory nerve using electrical currents. Briefly, a microphone
is used to capture sound stimuli. This information is fed
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to a speech processor that transforms it into a pattern of
signals that is transmitted to an implanted stimulator tran-
scutaneously using radio waves. The implanted stimula-
tor decodes the signal and sends the corresponding pat-
tern of electrical stimulation currents to the auditory nerve
through an array of electrodes inserted in the cochlea. The
distribution of currents along the electrode array respects
the tonotopical organisation of the auditory system: signals
generated from low frequency stimuli are transmitted via
apical electrodes, while signals generated from high fre-
quency stimuli are transmitted via basal electrodes [15,
16].

Cochlear implants are the most successful neuroprostheses
to date, with a proven track record of success in more
than 600,000 adults and children with profound bilateral
deafness [17—19]. Today, cochlear implant recipients can
understand spoken language and thus communicate effec-
tively based exclusively on sound cues. Even children suf-
fering from congenital or pre-lingual deafness can develop
efficient speech comprehension and production skills, and
consequently follow mainstream education along with
their hearing peers if implanted early in life [20, 21]. The
latter is probably the most impressive accomplishment of
“artificial senses”.

Another example of an “artificial ear” is the auditory brain-
stem implant. This device is analogous in most aspects to
the cochlear implant, except that it attempts to skip the au-
ditory nerve and stimulate the next step in the auditory sys-
tem: the cochlear nuclei in the brainstem [22]. These de-
vices are clinically used in some centres to rehabilitate deaf
patients who are not candidates for cochlear implantation,
with variable outcomes [23].

Retinal implants

Retinal implants are devices that attempt to restore basic
visual abilities to blind patients using electrical currents
that directly activate bipolar and/or ganglion cells in the
retina. This approach thus requires that the inner retinal
layers still function relatively well so that visual informa-
tion can be conveyed to the brain via the optic nerve. This
appears to be the case, to a certain extent, in retinal de-
generations such as retinitis pigmentosa and age-related
macular degeneration [24-26]. Note that other types of vi-
sual prostheses besides retinal implants, such as cortical
implants (which attempt to stimulate the primary visual
cortex directly) and less invasive suprachoroidal and
transcorneal implants are also currently being investigated.

0

Figure 3: The “artificial senses”. When the sensory deficit is due to damage to the peripheral receptor, it can be replaced by external and im-
planted electronic components (sensor, processor, stimulator, electrodes in the vicinity of the sensory afferent). The concept is to transform the
physical stimulus into a pattern of electrical currents that is consistent with the fundamental organization of the sensory system.
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Retinal implants have become commercially available in
recent years. The technology has been demonstrated to be
stable and safe for long-term implantation [27, 28]. All
past and ongoing trials have demonstrated that these de-
vices successfully elicit visual percepts. However, the real
rehabilitation prospects of retinal implants are still a matter
of discussion [13, 29].

The major clinical concern related to retinal implants is
that the functional level provided by these devices remains
limited [27, 30-33]. This is well illustrated by the relative-
ly low use reported for retinal prosthesis wearers (max-
imum 2-3 h/day; [29, 31]) compared to the average for
cochlear implant wearers (12 h/day; [34]). Implanted pa-
tients can, in the best cases, identify large and simple
objects (e.g., light windows on a dark wall, dishes and
cutlery) and use the rudimentary visual information pro-
vided by the device to improve their hand-eye coordination
and mobility skills. “Star” performers are also capable of
achieving more complex tasks, such as reading very large
characters, one at a time [35, 36]. In everyday life, this
translates to a very crude ability to recognise simple forms,
which in most cases is limited to the “presence-or-ab-
sence” of a shape [30, 31] and the ability to distinguish
between dynamic (moving) and static objects. The other
major clinical issue is the substantial inter-subject variabil-
ity in outcomes, with a relatively high rate of “bad” per-
formers (see, e.g., [32]). Extensive research is therefore
still needed in this field to improve device performance
and candidate selection criteria. Special care should also be
taken to ensure adequate patient information and to reach
a consensus on the selection of pertinent outcomes [37].
This should be followed by reliable and meaningful stud-
ies providing quantitative evidence of functional improve-
ments and significant quality of life metrics [38].

Vestibular implants

Vestibular implants are the most recent of the three sensory
neuroprostheses presented here. These devices attempt to
restore semicircular canal function in patients suffering
from severe bilateral vestibulopathy. They use electrical
currents delivered directly to the ampullary branches of the
vestibular nerve. Motion information captured with a gy-
roscope is fed to a dedicated processor that communicates
with the implanted device transcutaneously. Then, the im-
planted stimulator delivers the “artificial” motion signal
to the vestibular system via electrodes implanted in the
vicinity of the vestibular nerve branches. This concept is
based on the pioneering work of Cohen and Suzuki, who
were the first to demonstrate that electrical stimulation of
the vestibular nerve branches resulted in eye and postural
movements consistent with the stimulated branch [39—41].
Later, the team of Merfeld and Lewis laid the basis for ac-
tual vestibular implants through animal studies [42—47].

Today, vestibular implants are research only devices. They
are being actively investigated by three groups: the Gene-
va-Maastricht group (Geneva University Hospitals and the
University of Geneva, Geneva, Switzerland; Maastricht
University Medical Centre, Maastricht, The Netherlands),
the group at the Vestibular NeuroEngineering Laboratory
(Johns Hopkins Medicine, Baltimore, United States of
America), and the group at the Virginia Merrill Bloedel
Hearing Research Center (University of Washington,
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Washington, United States of America). The Geneva-
Maastricht group is the pioneer in human research related
to vestibular implants. This group has achieved several
fundamental milestones: (i) the development of special
surgical approaches and their validation in acute intra-op-
erative studies [48—52], (ii) the first chronic implantations
in humans [53], (iii) the establishment of efficient stimu-
lation strategies [54], and more recently (iv), the demon-
stration of useful rehabilitation with their vestibular im-
plant prototype devices, both for basic vestibular reflexes
[55-57] and for activities with clinical significance [58].
The Baltimore group started their investigations with an-
imal models, where they addressed an important clinical
issue by demonstrating that hearing could be preserved
effectively during vestibular implantation with their partic-
ular device design and surgical technique [59]. They were
also successful in restoring the vestibulo-ocular reflex in
chinchillas and rhesus monkeys [60-63]. This group ini-
tiated a feasibility trial in humans during the summer of
2016 (https://clinicaltrials.gov/ct2/show/NCT02725463),
but no results have been published yet. The initial concept
of the group at the University of Washington was slightly
different from the two preceding groups. They designed a
device that functioned as a “vestibular pacemaker”. This
was not intended to code motion, but to control the repeat-
ed, transient episodes of vertigo associated with Meniere’s
disease. Unfortunately, they could not replicate the promis-
ing inner ear function preservation results of their animal
studies in humans [64], and both the auditory and vestibu-
lar function of the patients implanted in their study deteri-
orated considerably [65, 66]. Recently, this group seems to
have shifted focus to a motion coding device, as described
in their latest publications [65—68].

From physiology to clinical application

Detecting meaningful sensory information and delivering
it to the brain in the best possible form involves numerous
challenges. These will be presented as a step-by-step ap-
proach highlighting the main aspects fundamental to the
research, development and translation to the clinic of the
“artificial senses”.

Transferring sensory information to the brain

The first step in the artificial restoration of a lost sensory
function is to detect the physical stimulus and translate it
into a pattern of meaningful electrical stimulation currents.
The quality and amount of information that can be trans-
mitted by the neuroprosthesis will be fundamentally lim-
ited by three aspects: (i) the characteristics of the external
receptor (e.g., camera, microphone, motion sensor), (ii) the
computing power of the processing device, and (iii) the fi-
nite number of electrodes available to transmit relevant in-
formation [69]. In addition, the pattern of electrical cur-
rents needs to be delivered to the primary sensory afferents
in the most efficient way, minimising loss of information
at the electrode-nerve interface. The choice of stimulation
parameters is therefore critical.

Simply speaking, primary sensory afferents encode the
main characteristics of the stimulus via two complemen-
tary mechanisms. The first is the modulation of the firing
rate of individual fibres (e.g., the firing rate of a fibre in-
creases as stimulus intensity increases; see fig. 2). Howev-
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er, the dynamic range that can be encoded this way is limit-
ed because the firing rate of individual fibres is small (see,
e.g., [70]). To increase the dynamic range, sensory systems
employ a second mechanism, the progressive recruitment
of larger populations of fibres with different sensitivities.
Central neural relays can therefore encode stimulus char-
acteristics based on the variations in individual firing rates
that are induced in variable populations of fibres. Current
sensory neuroprostheses attempt to mimic these “firing
rate” and “fibre population” modulation mechanisms by
using biphasic electrical pulse trains whose rate (number
of pulses per second) or amplitude (current intensity) can
be modulated to convey sensory information (fig. 4). Pulse
rate modulation can indeed closely mimic individual fir-
ing rate variations, as demonstrated in electrophysiological
experiments based on intracellular single cell recordings.
However, current sensory neuroprostheses rely on distant
extracellular stimulation. In this configuration, the range of
responses that can be evoked using pulse rate modulation
is insufficient for useful rehabilitation. Another possibility
is to encode stimulus characteristics through the progres-
sive recruitment of varying populations of fibres using am-
plitude modulation. In practice, this mode has been shown
to be more efficient in generating a wider range of phys-
iological responses, within the limited range available to
the neuroprosthesis [71]. It is therefore routinely used in
cochlear and retinal implant recipients. The advantage of
amplitude modulation has recently also been verified ex-
perimentally in vestibular implant recipients [53, 54, 66].

At this point, there is a significant disadvantage to using
amplitude modulation as the preferred stimulation para-
digm that must be discussed. As introduced above, ampli-
tude modulation recruits varying populations of fibres be-
cause of variation in the size of the induced electrical fields
resulting from current intensity changes. In other words,
the application of low electrical currents results in small
electrical fields which recruit a small number of fibres,
while high currents create large electrical fields which re-
cruit a large number of fibres (fig. 4). This means that, as
with high stimulation currents, the electrical field can be

Figure 4: lllustration of the effect of the different modulation
modes. Amplitude modulation (i.e., current intensity) modulates
the size of the area stimulated (PAM, left panel). Rate modulation
(i.e. repetition frequency of stimulation pulses) modulates the firing
rate of the target afferent nerve (PRM, right panel). Reproduced
with permission of IOP Publishing from: Nguyen TAK, DiGiovanna
J, Cavuscens S, Ranieri M, Guinand N, van de Berg R, et al. Char-
acterization of pulse amplitude and pulse rate modulation for a hu-
man vestibular implant during acute electrical stimulation. J Neural
Engeneering. 2016; 13 046023, permission conveyed through
Copyright Clearance Center, Inc.
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spread across a large neurosensory area, impeding the spe-
cific activation of a precise population of neurons. This
fundamentally limits the amount of information that can be
transmitted by the device. For example, current cochlear
implants comprise 12-22 active electrodes, but in reality,
it appears that only 8-10 distinct frequency percepts can
be evoked with these [72—74]. This has also been demon-
strated for retinal implants, where the situation appears
to be aggravated by an additional mechanism, presum-
ably of neural origin [75, 76]. In vestibular implants, the
lack of selectivity of stimulation results, for example, in
significant misalignments of the vestibulo-ocular response
that could potentially hinder gaze stabilisation mechanisms
[55, 63]. Alternative electrical stimulation paradigms
which use co-modulation of amplitude and rate have been
proposed to tackle this limitation [77, 78]. In theory, these
new paradigms would better replicate normal sensory
physiology and results from animal experiments appear
promising. However, they still need to be validated in hu-
mans to determine if the benefit is clinically relevant de-
spite the additional technological complexity.

Restoration of basic sensory functions

Once electrical stimulation has been delivered to the pri-
mary afferents, the expected physiological response must
be objectively measured and quantified. This is necessary
to evaluate the efficacy of the device and also to adapt the
stimulation paradigm to each individual patient (“device
fitting”). This step still requires fundamental knowledge of
general and specific sensory physiology, as well as many
quantitative and reproducible measures.

To achieve useful and meaningful function, sensory sys-
tems rely on some basic features that, when put together,
allow complex behaviour. For example, in the case of vi-
sion, the ability to resolve detail in a visual image (i.e., vi-
sual acuity) mediates shape/object recognition, and is con-
sequently the basis of complex but essential tasks such as
reading. In the world of hearing intensity and frequency
discrimination are the basis of language identification
skills. A similar example for the vestibular system is the
vestibulo-ocular reflex. Loss of this important reflex is
thought to be correlated with clinical complaints of pa-
tients (e.g., oscillopsia). Furthermore, it is relatively simple
to measure and quantify (example in fig. 5). Therefore, the
vestibulo-ocular reflex has been the physiological response
of choice for assessing the efficacy of vestibular implants
[79].

Putting it all together: restoration of clinically relevant
everyday activities

A successful sensory neuroprosthesis should restore useful
function during complex tasks by combining the previ-
ously mentioned basic sensory functions. This must be
quantified during tasks representative of patients’ everyday
difficulties. In other words, in addition to the technical
challenges directly related to the development of the de-
vice, specific tests related to patient complaints which cor-
relate with quality of life measures must be developed [29,
80-82].

Once again, the recent field of vestibular implants provides
a good illustration of this. One of the major complaints of
patients suffering from a severe bilateral vestibulopathy is
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the lack of image stabilisation capabilities in dynamic situ-
ations [80, 81]. For example, they are unable to recognise
the faces of people or cannot read information signs while
they are walking. It is generally accepted that these dynam-
ic image stabilisation abilities are mainly mediated by the
vestibulo-ocular reflex. Therefore, if vestibular implants
are an effective means of restoring the vestibulo-ocular re-
flex as presented above [57, 83—85], then this artificial re-
flex should be able to restore visual abilities in dynamic
situations, under conditions representative of everyday life
(e.g., walking). This should be verified experimentally in
order to understand the rehabilitation prospects of the de-
vice [58]. Similar examples can be found in the cochlear
and retinal implant fields for language comprehension [86]
and reading [87], respectively.

Long-term rehabilitation

Finally, an important aspect for the success of sensory neu-
roprostheses is the need for specifically targeted rehabilita-
tion therapy and long-term follow-up.

On one hand, the information provided by these “artificial
senses” is limited and of a different nature to the one
provided by healthy systems. For example, commercial
cochlear implants have between 12 and 22 active contacts,
while a healthy auditory system features approximately
3000 inner hair cells. Commercial retinal implants incor-
porate between 60 and 1500 electrodes to replace
100,000,000 rods and 3,000,000 cones. The amount and
quality of information is further limited by electrical field
and neural interactions, as already mentioned [73, 74, 88].
Therefore, patients must learn to interpret this limited (and
potentially degraded) artificial information to maximise
functional prospects. This requires specific rehabilitation
therapy which can be relatively rapid, for example in
cochlear implant recipients with post-lingual deafness.
Such cases only require a few training sessions before pa-
tients can appropriately interpret the artificial information
provided by the prosthesis and “match” it with the sensory
percepts they had before disease. However, other cases re-
quire longer, intensive training periods that can last several
years. For example, small children suffering from pre-lin-
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gual deafness require regular speech therapy so that they
can develop language skills from the limited information
provided by the implant.

On the other hand, sensory neuroprostheses require regular
technical intervention from the specialised teams at im-
plant centres to ensure proper functioning of the devices. In
addition, the electrical stimulation parameters must be pro-
gressively adapted so that the optimum configuration can
be achieved and maintained. For these reasons, it is impor-
tant to highlight that sensory neuroprostheses are devices
that require lifelong technical intervention, where success
relies not only on the implantation surgery, but also on
significant efforts from the patient together with the spe-
cialised group who carry out implant adaptation, mainte-
nance and follow-up.

Discussion and perspectives

The goal of this paper was to present the main challenges
surrounding the “artificial senses”, which attempt to repli-
cate basic elements of the “normal” physiology of the dif-
ferent sensory systems. We saw that the same basic as-
sumptions underlie the development of different sensory
neuroprostheses. This is why success in one particular field
(cochlear implants) has boosted and facilitated the devel-
opment of others (retinal and vestibular implants, auditory
brainstem implants). Indeed, the first prototypes of retinal,
vestibular and auditory brainstem implants are “modified”
versions of commercial cochlear implants.

It is important to highlight that all the aspects mentioned
above rely on the assumption that the basic organisation
of the relevant sensory modality is preserved, allowing the
brain to make sense of the “artificial” peripheral stimula-
tion. Fortunately, this seems to be often the case in cochlear
and vestibular implants, where the information is direct-
ly conveyed by sensory receptors to the vestibulo-cochlear
nerve. The visual system is much more challenging in this
respect, since information is conveyed to the optic nerve
via a relatively complex retinal circuit. A good example of
this additional complexity can be taken from a study con-
ducted with a group of nine retinal implant recipients [89].
This paper showed that the time-course of visual percepts

and/or to follow the evolution of responses.

Figure 5: Vestibulo-ocular response measured in a vestibular implant recipient. A Left panel: When the vestibular implant is turned OFF,
the vestibulo-ocular reflex (red plot) recorded upon a sinusoidal head movement (blue plot) is practically absent. When the vestibular implant
is turned ON, a clear vestibulo-ocular reflex can be recorded, appearing to “mirror” the head movement, similar to what is observed in the
healthy vestibulo-ocular reflex (inset between both panels) (57, 80-82). B The gain of the vestibulo-ocular reflex (peak head velocity / peak eye
velocity) can then be computed for each experimental condition allowing, for example, the comparison of the efficacy of the “artificial” re-
sponse with the “normal” vestibulo-ocular reflex (gray lines in figure 4B), the comparison between conditions/parameters (e.g., OFF vs ON),
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evoked by electrical stimulation was not as expected: it did
not follow the time-course of the stimulus and was strik-
ingly different between patients, leading to a range of per-
formances from “good” (fig. 6A) to “poor” (fig. 6B; [89]).
The reasons for this surprising observation are still poorly
understood. One plausible explanation appears to be relat-
ed to retinal remodelling in retinitis pigmentosa, with con-
siderable inter-subject variation [90-92]. Another hypothe-
sis points to the lack of selectivity of electrical stimulation,
which could target bipolar cells, ganglion cells, or even
ganglion cell axons. Manipulating some electrical stimulus
parameters appears to improve the quality of visual per-
cepts [93], but significant research in the field is still re-
quired to optimise outcomes and improve patient selection
criteria [13].

Future perspectives

There are a number of fundamental issues that limit the
artificial sensory function evoked by neuroprostheses that
must still be addressed. Current devices use multichannel,
monopolar extracellular stimulation configurations [94,
95] where efficacy is determined by two aspects. Firstly,
the absolute amount of information that can actually be
transmitted by the device is limited by the number of active
channels (i.e., the number of stimulation electrodes). Sec-
ondly, as already mentioned, the selectivity of the stimula-
tion is restricted to the size of the electrical fields gener-
ated upon stimulation. This latter aspect is the main factor
limiting current neuroprostheses. This can be better un-
derstood by highlighting the main limitations of cochlear
implants. Despite the success of these devices, they still
do not provide sufficient information in several important
everyday situations, such as speech perception in noisy
environments, sound localisation and music perception.
While some of these limitations can be improved with bi-
lateral cochlear implantation or improved signal process-

Figure 6: Time course of the percepts evoked upon electrical
stimulation in two retinal implant recipients. The graph on the
left presents the time course of the percept (red plot) upon a 10s
duration, stimulus (dotted gray line). The corresponding verbal de-
scriptions of the subjects are presented in the right panel. Repro-
duced with permission of The Association for Research in Vision
and Ophthalmology, Inc. from: Pérez Fornos A, Sommerhalder J,
da Cruz L, Sahel JA, Mohand-Said S, Hafezi F, Pelizzone M. Tem-
poral properties of visual perception on electrical stimulation of the
retina. Invest Ophthalmol Vis Sci. 2012;53(6):2720-31, permission
conveyed through Copyright Clearance Center, Inc.
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percept of white/yellow color
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duration of the stimulus... »

0 LI e
0 5 10 15 20 25 30

Patient 2:

« Brief, well-localized and bright
percept of white/yellow color
followed by an immediate
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ing strategies, they cannot be eliminated because they are
fundamentally related to the lack of selectivity of stimula-
tion [96].

Besides the development of novel electrical stimulation
paradigms, other promising alternatives to improve the se-
lectivity of stimulation are currently being explored. The
first alternative proposes the use of substitute stimulation
methods with reduced spread and thus improved selectiv-
ity, such as optical stimulation. Short pulses of infrared
light delivered from a focused source (i.e., laser) can be
used to activate target neural tissue [97]. The applicability
of this idea to cochlear and retinal implants is being active-
ly investigated, with promising initial results from in vitro
and in vivo experiments in animal models [98—100]. Op-
togenetics is another alternative, involving transgenic ma-
nipulations to introduce photosensitive ion channels (e.g.,
channelrhodopsin-2, ChR2) into neurons so that their acti-
vation can be directly controlled by specific light stimula-
tion [101]. This particular approach has high significance
in the field of vision. Indeed, if these viral vectors can be
successfully and selectively induced in photoreceptor-de-
prived retinas, functional vision could potentially be re-
stored without the need for an additional processing device
[102]. Several obstacles remain before these approaches
can be clinically applied to neurosensory restoration. The
major hurdle of transgenic manipulations is obviously re-
lated to the inherent risks of inducing genetic modifica-
tions in humans. Other open issues are recurrent reports of
the ineffectiveness of optical stimulation in evoking neural
responses (see, €.g., [103]), minimisation of the effects of
concurrent physical phenomena (e.g., pressure waves gen-
erated by the light stimulus, leading to the optoacoustic ef-
fect), solving the technical challenges involved in proper-
ly transducing the sensory stimulus (i.e., reaching the fast
stimulation rates required for auditory nerve stimulation
with relatively slow optical ion channels; [104]), and ad-
dressing the safety issues related to the long-term thermal
stimulation of physiological systems [98, 105].

Another alternative to improve the selectivity of stimula-
tion is to reduce the large distance between the stimulat-
ing electrodes and the neural targets using regenerative
biology methods. The distance between the stimulating
electrodes and the neural targets could potentially be re-
duced by novel penetrating electrode designs combined
with neural growth factors to facilitate the migration of
neural tissue towards the active surface of the stimulating
electrodes (see, e.g., [106]). Furthermore, other, more fo-
cused stimulation methods that are not efficient with large
electrode-to-nerve distances could also be implemented
under these circumstances (i.e., bipolar stimulation). This
idea seems appealing for retinal implants, but is hardly ap-
plicable in the field of cochlear and vestibular implants,
where a physical barrier (the bony labyrinth) is present.
Another idea is to promote the regeneration of sensory
neuron dendrites that are then redirected towards the im-
plant electrodes [107]. This could potentially lead to “gap-
less” electrode-to-nerve interfaces, even allowing one-to-
one contact and “ideal” stimulation resolution [108]. The
main challenges being investigated to bring the application
of this interesting field one step closer are the potential
difficulties related to altering the plasticity processes of
the nervous system: how to precisely direct neural process
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growth towards the electrodes while preserving the pri-
mary organisation of the sensory system (e.g., retinotopy,
tonotopys; see, e.g., [109]).

Closing remarks

This paper demonstrates the diverse, multidisciplinary na-
ture of research on the “artificial senses”. Consequently,
success in any specific field will undoubtedly have an im-
portant impact on all converging disciplines. For example,
advances in the application of regenerative biology princi-
ples to sensory neuroprostheses will not only change the
rehabilitation prospects of the devices, but will also pro-
mote fundamental research into the mechanisms of neural
degeneration, which could open new avenues for the global
treatment and prevention of these deficits. Another exam-
ple of this cross-pollination is the ease with which any suc-
cess in this field can be translated to treat other syndromes.
For instance, the potential of electrical stimulation to treat
a great variety of conditions, from various neurological
disorders (Parkinson’s disease, epilepsy or dystonia) and
psychiatric disorders (e.g., addiction and depression; [110,
111]) to sleep apnoea [112], is also being investigated. The
potential of the concepts and technology derived from sen-
sory neuroprostheses is so large that its actual potential im-
pact is difficult to appreciate.

The development of sensory neuroprostheses relied on our
fundamental knowledge of sensory physiology. Today,
these devices also have the potential to become a powerful
tool to increase our fundamental knowledge. Indeed, the
“artificial senses” constitute a new experimental tool
which allows us to interact directly with the nervous sys-
tem in a way that has not been possible until recently.
Therefore, the development of today’s sensory neuropros-
theses will move our fundamental knowledge on physiol-
ogy and disease forward. In turn, this knowledge will help
pave the way for the “artificial senses” of the future.

This paper is an extract from a Privat-Docent thesis [113].
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