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Abstract
Bilateral vestibulopathy (BVP) is a chronic vestibular disorder character-
ized by debilitating unsteadiness and oscillopsia (blurred vision during
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Introduction
Severe bilateral vestibulopathy (BVP) is a condition char-
acterized by the loss of function in both vestibular organs,
which are located in the inner ear. This dysfunction leads
to the breakdown of essentials reflexes responsible for
stabilizing gaze and posture. Specifically, impairment of
the vestibulo-ocular reflex (VOR), the vestibulocollic reflex
(VCR), and the vestibulospinal reflex (VSR) cause patients
to develop blurred vision during head movements (oscil-
lopsia) and persistent unsteadiness. These debilitating,
yet often under recognized, symptoms significantly inter-
fere with daily activities and lead to a substantial reduc-
tion in quality of life [1], [2].
A diagnosis of BVP is established based on diagnostic cri-
teria as defined by the Bárány Society [3], [4]. These cri-
teria encompass a combination of characteristic symp-
toms (unsteadiness and oscillopsia) and objective labo-
ratory findings. The laboratory findings include: a horizon-
tal angular VOR gain on both sides <0.6 (angular velocity
150–300°/s); and/or the sumof themaximal peak velo-
cities of the slow phase caloric-induced nystagmus for
stimulationwith warm and cold water on each side <6°/s;
and/or the horizontal angular VOR gain ≤0.1 upon sinu-
soidal stimulation on a rotatory chair (0.1 Hz, Vmax=50°/s)
and/or a phase lead ≥15 degrees (time constant of ≤6
seconds).
BVP is a heterogeneous disorder with a wide range of
underlying etiologies. These include ototoxicity, bilateral
Menière’s disease, bilateral vestibular schwannoma,
monogenetic disorders (e.g. DFNA9 and CANVAS), as well
as idiopathic cases. Its prevalence is estimated to range
from 28 to 81 per 100,000 adults [5], although this
number is likely underestimated.
The currently recommended treatment options offered
to patients with BVP consist of patient education and
physiotherapy-based exercise programs [6], [7] aimed at
promoting central compensation strategies. Alternative
approaches have investigated sensory substitution de-
vices, such as vibrotactile balance belts [8], or the use
of noisy galvanic stimulation [9] to boost residual vestibu-
lar function. Although current clinical interventions have
been reported to produce moderate effects [10] on se-
lected measures of posture, balance and gaze stability,
they cannot restore the underlying loss of rapid vestibular
reflexes. As a result, in most patients with BVP, core
vestibular symptoms (e.g. oscillopsia) and their markedly
reduced health-related quality of life [11], generally show
no clinically meaningful improvement over time [12].
Against this background, and building on the remarkable
success of cochlear implants (CIs), the concept of a ves-
tibular implant was introduced.

Evolution and current state of
vestibular implant prototypes
Since the 1960s, pioneering studies have driven the de-
velopment of vestibular implantation (VI). Seminal studies
by Cohen and Suzuki [13] described in-vivo experiments
in non-human mammals, demonstrating that nystagmus
could be elicited by selective electrical stimulation of in-
dividual ampullary branches of the vestibular nerve. This
study laid the conceptual foundation for the development
of modern vestibular implants. The first clinical study with
amultichannel VI in humans was published in 2014 [14].
It demonstrated that the vestibulo-ocular reflex could be
artificially restored in humans using amplitude modula-
tion.
Currently, a VI is still considered a research device [15],
with four research groups worldwide actively investigating
its application in humans [16]. Although vestibular im-
plants (VIs) vary across different research prototypes,
their overall design is similar to that of cochlear implants,
consisting of an external processor and an internal receiv-
er with an electrode array [17], [18], [19]. A VI aims to
restore vestibular function either as standalone vestibular
implant or in combination with a cochlear implant array.
Devices may operate by the use of external motion
sensors, which provide head motion input for dynamic
motion-modulated stimulation, or without sensors, deliv-
ering continuous fixed pulse-train stimulation. Another
principle distinction between research groups lies in the
targeted implantation site of the electrode array within
the vestibular end organ, namely the semicircular canals
or the otolith organs.
Otolith implantation has predominantly been explored by
a single research group, the Bionic Vest group (Las Pal-
mas, Spain) [20], which is conducting a human trial in-
volving prolonged stimulation. This non-modulating otolith-
targeted implant is derived from the CI24RE cochlear
implant (Cochlear Ltd), repurposed three electrodes to
stimulate the saccular nerve using a constant pulse train.
The system is combined with an additional cochlear
electrode array. Recent results demonstrate improve-
ments in static posture and dynamic gait resulting from
continuous otolith stimulation [21].
The otolith organs encode head translation information
and gravity [22] but exhibit a complex anatomical and
physiological organization without clearly defined direc-
tional sensitivities [23]. In contrast, the semicircular
canals encode head rotations through a relatively
straightforward three-axis structure. Leveraging this
defined organization, the other three research groups
focus on implants targeting the semicircular canals, an
approach commonly referred to as multicanal vestibular
stimulation.
The University of Washington group (Seattle, USA) [19]
employed a multicanal VI by Cochlear Ltd (Sydney, Aus-
tralia), featuring six vestibular electrodes (two contacts
per vestibular branch) and a ball reference contact. Ini-
tially designed as a vestibular-only device, the system
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was later combined with a 16-channel cochlear array.
This implant was designed without motion sensor, reflect-
ing its intended use as a vestibular pacemaker providing
constant vestibular stimulation, for example to treat dis-
abling Ménière’s disease. To date, this implant has only
been evaluated in a limited number of patients under
laboratory conditions [24].
The remaining two groups focus on restoring the vestibulo-
ocular reflex usingmotion-modulatedmulticanal electrical
vestibular stimulation. The Johns Hopkins group (Bal-
timore, USA) [25] uses a standalone semicircular canal
vestibular implant with an external motion sensor. De-
veloped in collaboration withMEDEL (Innsbruck, Austria),
the system comprises a reference electrode and three
electrode arrays, each containing three contacts inserted
into the individual semicircular canals, allowing selection
of the optimal electrode per canal. Patients have been
using the device with continuous motion-modulated
stimulation in daily life as part of a multi-year clinical trial
with long-term follow-up [18].
The Geneva-Maastricht group investigates a combined
cochleo-vestibular implant (CVI) that targets the semi-
circular canals [26]. This MEDEL design (Innsbruck, Aus-
tria) features three vestibular electrode branches, with
one electrode implanted in each semicircular canal,
alongside a cochlear electrode array containing nine
contacts implanted in the cochlea. The accompanying
audio-motion research processor [27] is designed to de-
tect and process input from head movements, captured
by head-mounted gyroscopes, as well as from sound,
captured by microphones (Figure 1). The most recent
prototype is currently under investigation in a prospective
human trial involving participants with BVP and severe
sensorineural hearing loss in the implanted ear, transition-
ing prolonged cochlea-vestibular co-stimulation from in-
hospital settings to at-home use [28].

Multicanal vestibular electrode
placement
The surgical procedure for vestibular implantation closely
resembles that of cochlear implant surgery. However,
there are two key differences: first, the vestibular system
is the target organ, and second, accurate electrode
placement at the intended sites is more challenging.
During multicanal vestibular implantation via the intra-
labyrinthine approach [29], targeting the sensory epithe-
lium of the ampullae in the three semicircular canals, this
challenge is particularly significant. To improvemulticanal
electrode positioning and ultimately optimize response
outcomes, several techniques have been investigated by
the Geneva-Maastricht group. These techniques include
intraoperative imaging (e.g. fluoroscopy combined with
CT [30]), vestibular evoked compound action potentials
[31] and intra-operative video-oculography [32]. To date,
intraoperative imaging is the only method that has con-
sistently produced reliable results. Guidance by intraop-
erative imaging is therefore recommended, particularly

when the vestibular implant includes only one electrode
per semicircular canal.

Feasibility of multicanal vestibular
stimulation
Most research to date indicates that motion-modulated
multicanal vestibular implantation can partially restore
vestibular function by directly stimulating the vestibular
nerves and bypassing the damaged sensory organs [33].
It has been shown that the VOR can be partially restored
across low, middle and high-frequency head movements
[14], [34]. Furthermore, the gain of electrically evoked
VOR appears to be frequency dependent, similar to the
gain of the ‘natural’ VOR [35]. Restoration of the VOR
also resulted in a reduction of oscillopsia, reflected by
improved dynamic visual acuity while walking on a
treadmill [36]. Thismarked the first worldwide demonstra-
tion of a functional benefit achieved by vestibular implan-
tation in humans. Additionally, otolith pathways can be
activated using a semicircular canal VI, as vestibular-
evoked myogenic potentials and consistent whole-body
postural responses have been elicited by modulating the
signal targeting the vestibular organs [37], [38]. Finally,
improvements of posture, gait and quality of life have
been reported after vestibular implantation, as illustrated
by the research group at Johns Hopkins (USA) [18].
Taking these results into account, it can be concluded
that vestibular implantation appears feasible as a clini-
cally useful therapy in the future. Ongoing studies contin-
ue to report promising advancements in this field. Never-
theless, many challenges remain, especially regarding
the fitting procedure.

Fitting a multicanal vestibular
implant
The healthy vestibular system detects head movements
in all directions, encompassing a broad spectrum of velo-
cities, accelerations, and frequencies. Fitting amulticanal
VI should aim to restore sensitivity across this full range,
which presents the challenge of effectively encoding these
complex signals via electrical stimulation. Crucially, the
stimulation must be delivered in a manner that allows
accurate interpretation by the central vestibular pathways
where it becomes multisensory and multimodal [39].
The natural function of the semicircular canals relies on
their mechanical properties. Head movements induce
endolymph flow, which in turn causes deflection of the
cupula. This deflection is sensed by hair cells that main-
tain a baseline firing rate, which is dynamicallymodulated
in response to the degree and direction of cupula displace-
ment. Consequently, it is hypothesized that the encoding
strategy applied to vestibular stimulation should adhere
to these fundamental physiological principles. Accordingly,
most studies involving multicanal VIs incorporate a
baseline firing rate alongside motion-driven modulation.
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Figure 1: Schematic representation of the investigational multicanal vestibulo-cochlear implant (VCI) as implemented by the
Maastricht-Geneva research group in collaboration with the manufacturer MED-EL (Innsbruck, Austria). This figure was created

in collaboration with the Swiss Foundation for Innovation and Training in Surgery (SFITS).
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Recent findings show that research participants rapidly
acclimate to baseline vestibular stimulation with minimal
discomfort [40], suggesting effective neural adaptation
and supporting the safe and practical use of vestibular
stimulation in daily life.
To optimize the response to multicanal vestibular stimu-
lation, several stimulation parameters have been system-
atically evaluated, including pulse phase duration, stimu-
lation rate, and pulse shape [41]. Findings indicate that
higher pulse rates and longer phase durations can en-
hance VI performance, particularly by increasing the peak
eye velocity (PEV) of the VOR. However, these enhance-
ments are associated with trade-offs, especially in terms
of reduced dynamic range and increased power consump-
tion. Additionally, different modulation strategies, namely
amplitude modulation, rate modulation and combined
amplitude-rate modulation, have been compared [42].
The findings suggest that combined amplitude and rate
modulation yields eye movement responses similar to
those achieved with amplitude modulation alone but at
a higher baseline stimulation rate. Finally, experiments
[43] comparing single- and multi-canal stimulation, re-
vealed that simultaneousmulti-canal electrode activation
does not simply produce the sum of single-canal re-
sponses, indicating nonlinear summation effects in the
resulting eye movements. This suggests that multi-canal
interactions are complex and advanced fitting strategies
should account for these effects rather than relying solely
on single-canal data to optimize 3D VOR restoration. Ad-
dressing this nonlinear behavior will be a key considera-
tion in developing future implant fitting strategies,
alongside evaluating approaches that compare or com-
bine head velocity and head acceleration as inputs for VI
modulation.

Future directions
Despite extensive research in this promising field, several
critical aspects remain to be explored, including clinical
indications, surgical techniques, and device optimization
and fitting strategies.
Current indications for vestibular implantation are primar-
ily limited to patients with BVP [15], however, emerging
indicationsmay extend to patients withMenière’s disease
experiencing disabling vertigo attacks [44] or those with
chronic uncompensated unilateral vestibulopathy (UVH).
Although chronic unilateral vestibular hypofunction is a
heterogeneous disorder, evidence shows that a subset
of patients experience persistent, disabling symptoms
[45] that do not respond to conventional treatment result-
ing in a substantially reduced quality of life [46]. For these
patients, a tailored approach is warranted, in which ves-
tibular implant could offer a future perspective, provided
that careful patient selection and tailored stimulation
strategies are developed. The response of patients with
combined cerebellar and peripheral vestibular disorders,
such as CANVAS, to vestibular stimulation remains un-
known and warrants investigation in future studies. Addi-

tionally, the effect of etiology on the outcomes of vestibu-
lar stimulation is a promising area of research, as both
the origin of the underlying disease and the progression
timeline toward BVP (e.g., gradual onset versus recent
loss) may influence implant performance. Finally, the
potential benefits of bilateral implantation and the feasi-
bility of vestibular implantation in pediatric populations
warrant comprehensive future investigation [47], [48].
From an indication perspective [49], a vestibular-only
implant has the potential to benefit a substantially larger
proportion of patients with bilateral vestibulopathy (BVP)
than a combined cochleovestibular implant, as about
two-thirds of BVP patients retain residual functional
hearing and are therefore not candidates for cochlear
implantation [24]. For this prevalent patient group, a
hearing-preserving vestibular-only approach would be
more appropriate. Consequently, the primary remaining
surgical concern for vestibular-only implantation is the
reliable preservation of hearing [50]. While, substantial
hearing loss after vestibular-only implantation has been
reported in a subset of patients with preoperative residual
hearing [18], [24], case reports of successful hearing
preservation also exist [50]. The mechanisms underlying
hearing loss after vestibular implantation and the inter-
patient variability remain unclear [51], but may involve
opening of the perilymphatic space and, in some cases,
the endolymphatic spacewhen themembranous labyrinth
is perforated. Moreover, pressure changes during elec-
trode insertion or postoperative factors such as local in-
flammation may play a role. The intralabyrinthine ap-
proach carries the highest risk, as it requires direct access
to the semicircular canal ampullae. Strategies to preserve
residual hearing focus on careful opening of the canals,
minimizing trauma during drilling and electrode insertion,
and continued refinement of electrode designs. As an
alternative, extralabyrinthine [52], [53] approaches have
been proposed to reduce the risk of direct labyrinthine
injury. In addition, optimized intra- and post-operative
radiological and audiological monitoring seems essential
to detect and mitigate inner ear damage. The continued
development and implementation of atraumatic (“soft
surgery”) techniques is thus imperative to broaden the
candidate pool for vestibular-only implantation beyond
those eligible for combined cochleovestibular devices.
Regarding device optimization, an ideal processor for
vestibular stimulation would be lightweight, easy to wear
and operate, and have sufficient battery capacity. Incor-
poratingmultiple electrodes per vestibular lead, combined
with a suitable stimulator, could enable bipolar stimula-
tion for more localized and selective activation of the
vestibular nerves, potentially reducing current spread to
nontargeted ampullary nerves [54] and thereforeminimiz-
ing misalignment of evoked eye responses, albeit at the
cost of increased power requirements. Moreover, signifi-
cant challenges remain in optimizingmulticanal verstibu-
lar implant fitting [55]. Most studies suggest that smaller
pulse widths [56] and pulse amplitude modulation are
beneficial in humans [57]. To further enhance stimulation
efficacy, it is also important to refine and individualize
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input-output characteristics. The input-output mapping
determines how specific headmovements are translated
into electrical stimulus intensities delivered to the vestib-
ular nerve, ultimately producing evoked eye movements.
The goal of vestibular stimulation is to achieve precise
control of eye movement responses across the full range
of head orientations, velocities, and frequencies. How-
ever, both the stimulation range and the resulting VOR
responses vary substantially between subjects, highlight-
ing the need for future research on individualized fitting
[18], [55], [58]. Such research should aim to optimize
vestibular stimulation, elicit the most appropriate eye
movement outcomes within each person’s available
stimulation range, and identify the headmovementsmost
representative of daily-life situations to maximize long-
term functional benefits. Finally, and perhaps most im-
portantly, the effects of neural plasticity resulting from
long-term stimulation still require thorough evaluation.
After all, this plasticity may help compensate for initial
mismatches between intended and actual responses,
meaning that only persistent discrepancies need to be
addressed and corrected through advanced fitting
strategies.
Finally, it remains to be established whether vestibular
implantation can evolve into a cost-effective clinical treat-
ment. Recent health-economic analyses suggest that
combined cochleovestibular implantsmay offer sufficient
therapeutic and economic headroom [49], with cost-out-
come profiles comparable to cochlear implant trajectories
[59]. While these studies provide a useful reference
framework for vestibular neurostimulation, they cannot
yet be directly translated into reimbursement strategies.
Long-term clinical outcomes, the specific benefit profile
of a vestibular-only approach, as well as future device
costs and surgical developments, have yet to be deter-
mined and will ultimately inform the cost-effectiveness
of vestibular implantation.

Conclusion
Multicanal vestibular implantation has proven capable
of partially restoring vestibular function by improving key
vestibular reflexes, alleviating oscillopsia and enhancing
quality of life in patients with bilateral vestibulopathy.
Remaining challenges include preserving hearing and
understanding the impact of etiology and neural plasticity.
Future efforts should focus on refining surgical tech-
niques, expanding indications, and advancing fitting al-
gorithms tomaximize efficacy and safety. Together, these
efforts will pave the way for vestibular implantation to
one day become a clinically viable therapeutic option for
patients with vestibulopathy.
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