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Abstract

Purpose of Review This review aims to introduce vestibular implants as investigational devices with the potential to provide
a novel rehabilitative treatment for patients with vestibular dysfunction.

Recent Findings Vestibular implants are being investigated in clinical trials in the USA and Europe as a treatment option
for patients with bilateral vestibular hypofunction (also called bilateral vestibulopathy). Analogous to cochlear implants,
vestibular implants aim to encode head motion information and provide electric stimulation targeting the vestibular
nerve of the inner ear. Published clinical trial results suggest vestibular implants can electrically drive vestibular medi-
ated reflexes, including the vestibulo-ocular reflex and vestibulo-cervical reflex, as well as decreasing dizziness-specific
symptoms and improving measures of quality of life.

Summary Vestibular implants are an investigational technology with the potential to provide treatment options for patients
with chronic bilateral vestibulopathy.

Keywords Vestibular implant - Bilateral vestibulopathy - Bilateral vestibular hypofunction - Clinical trials

Introduction difficulty with chronic imbalance, inadequate gaze stabiliza-

tion with head motion, and are at an increased risk of fall-

The vestibular system senses head motion and tilt and
plays a major role in maintaining stable vision and balance.
Patients with vestibular hypofunction typically experience
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ing. To date, treatment options for vestibular hypofunction
are primarily limited to vestibular rehabilitation exercises
intended to encourage central adaptation and compensation,
avoiding medications that interfere with central compensa-
tion (vestibular suppressants), and safety measures to help
prevent falls. Vestibular implants (VI) present a potentially
restorative treatment option analogous to the use of coch-
lear implants for treating severe hearing loss. By modifying
existing cochlear implant technology, VIs aim to convert
head motion information into an electric signal presented to
branches of the implanted ear’s vestibular nerve. Published
results from clinical trials describe several promising obser-
vations and outcomes.

Vestibular Anatomy

Able to encode head movement and tilt relative to gravity,
the vestibular labyrinth provides crucial information for our
sensation of balance and equilibrium. Composed of bilateral
pairs of five end organs, the vestibular labyrinths sense both
angular (rotational) acceleration via the semicircular canals
and linear acceleration via the otolith organs. Combined, the
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three orthogonally oriented semicircular canal pairs (horizon-
tal canals, right anterior and left posterior canals [RALP],
and left anterior and right posterior canals [LARP]) sense
head rotation in any direction. The otolith organs (saccule and
utricle) sense translational head movements and tilt relative to
the constant downward acceleration due to gravity.
Normally, vestibular hair cells encode head motion infor-
mation as a change in a balanced tonic neuronal firing rate
(non-zero baseline) such that head movements aligned with
each end organ’s hair cells increase the firing rate, encod-
ing an excitatory signal. In contrast, head movements in the
opposite direction drive an inhibitory signal of decreased
firing rates. The neuronal signal is conveyed along vestibu-
lar afferent neurons to the vestibular nuclei in the pons and
medulla before being sent forward to vestibular reflex paths
mediating the vestibulo-ocular, vestibulo-spinal, and vesti-
bulo-cervical reflexes. In parallel, the signal is also sent to
the cerebellum via the inferior olivary nucleus and cerebellar
peduncles and to the cerebral cortex via thalamic pathways
[1]. Additionally, vestibular signaling to the hippocampus
plays a key role in spatial orientation and navigation [2—4].

Patient Population

Dizziness and imbalance are complex symptoms and can
occur for several reasons, including dysfunction of the
peripheral vestibular system. Patients with unilateral vestib-
ular hypofunction often experience imbalance and impaired
gaze stabilization with head movement directed towards
the affected ear. When vestibular sensation is decreased in
both ears (i.e., bilateral vestibular hypofunction [BVH]),
patients experience a particularly debilitating disorder,
often causing chronic imbalance, postural instability, and
oscillopsia [5]. It is estimated that 1.8 million adults world-
wide have chronic symptoms of severe BVH [6]. Affected
individuals often experience extra economic burdens and
suffer reduced quality of life compared to their peers [7].
The current standard-of-care treatment for individuals with
BVH includes avoiding vestibular suppressant medication,
participating in vestibular rehabilitation, and taking safety
precautions to minimize the risk of falling [8]. While some
patients successfully manage their symptoms with this treat-
ment approach, there are no restorative treatment options
currently widely available for patients with chronic, poorly
compensated BVH.

Following the success of cochlear implants in treating
patients with severe to profound hearing loss, several groups
have explored restoring vestibular function with electrical
stimulation. These efforts have led to the development of
four investigational VI devices currently being studied in
human clinical trials. While patients with unilateral or mod-
erate BVH may eventually have the potential to benefit from
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VI technology, only patients with more severe BVH are cur-
rently considered candidates for inclusion in VI clinical tri-
als [9, 10].

Existing Devices

Four groups have published on VIs in humans: Geneva and
Maastricht Universities (Geneva-Maastricht), University of
Washington, Johns Hopkins University, and more recently at
the University of Las Palmas in the Canary Islands (Table 1).
VIs in use by the first three groups typically feature three
stimulating electrode arrays, each designed to be inserted
into one of the three semicircular canals near the neurosen-
sory epithelium of the ampulla. This intralabyrinthine posi-
tioning places the stimulating electrodes near each canal’s
ampullary nerve. One or more return electrodes are placed
either in the inner ear or far from the stimulating electrodes.

The first device implanted in a human with the intent
of prosthetically stimulating the vestibular nerve was per-
formed by Jean-Philippe Guyot, founder of what became the
Geneva-Maastricht team, in 2007, in a patient with bilateral
deafness and vestibular loss undergoing cochlear implanta-
tion. Using a modified MED-EL GmbH cochlear implant,
Guyot et al. designed a cochleo-vestibular (CI/VI) implant
with a separate vestibular electrode lead positioned near
the posterior ampullary nerve outside of the bony labyrinth
[11-13]. Over time, while maintaining the essential CI/
VI design, that research group and the MED-EL engineers
working with them have redesigned their electrode arrays
for stimulation of all three ampullary nerves and have transi-
tioned to intralabyrinthine implantation rather than trying to
place electrodes near nerves without entering the labyrinth.
An example CI/VI implant is illustrated in Fig. 1. As of
January 2024, published use of their device use was limited
to brief episodes of stimulation in a clinical laboratory set-
ting, and recipients only use the device’s CI function in daily
life outside the laboratory. Their most recently described
device continues to include electrodes for both cochlear and
vestibular stimulation while improving the design of the
external processor for daily use [14e, 15, 16]. They are cur-
rently recruiting patients for a trial investigating the response
to 3 weeks of combined CI/VI stimulation (ClinicalTrials.
gov: NCT04918745).

The University of Washington (UW) group worked with
Cochlear Ltd. Engineering to develop a VI modified from
a Cochlear CI24RE (Freedom) cochlear implant [17-19].
That device had three electrode arrays with three elec-
trode contacts per array and a separate ball return electrode
[18-20], and it was initially proposed as a sort of pacemaker
intended to mitigate episodes of vertigo due to acute uni-
lateral hypofunction in patients diagnosed with Meniere’s
disease. Perhaps in part because they had Meniere’s disease
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Table 1 An overview of the most recent VI devices currently being investigated and their stimulation strategies. Typically, pulse amplitude lev-
els and ranges are chosen on an individual patient and electrode basis

Geneva-Maastricht [32]

U. of Washington (2nd
Gen. VCI) [21]

Johns Hopkins
(MVI) [23e]

Las Palmas
(CI24RE[VEST)) [25]

End organ targets
Vestibular electrodes
Cochlear electrodes

Encoding strategy

Duration of stimulation
Pulse width (us)

Pulse frequency (Hz)

Semicircular canal ampul-
lae, cochlea

1 per canal, 3 total

9-electrode cochlear array

Linear amplitude modula-
tion based on velocity
with baseline rate

Acute experiments
200

400

Semicircular canal ampul-
lae, cochlea

2 per canal, 6 total
16-electrode Cochlear

Hybrid-L array
Constant pulse trains

Acute experiments
100

100-300

Semicircular canal ampul-
lae

3 per canal, 9 total
None

Linear or sigmoidal modu-
lation of amplitude and
frequency based on head
velocity and acceleration
with baseline rate

24 h a day, take home

Constant, chosen from 50
to 300

0 min, 100-150 baseline,
400-450 max

Saccule, cochlea

Straight array, only first
3 used

19-electrode perimodiolar
cochlear array

Constant pulse train with
ACE (RE) MP1 +MP2
encoding

24 h a day, take home
25

900-1200

VCI vestibular-cochlear implant, MVI multichannel vestibular implant

and preexisting sensorineural hearing loss, all of the first
four recipients experienced additional hearing loss after
implantation with three of the four developing a profound
loss. Their experience with post-implantation hearing loss,
in part, led to the development of a second-generation

Fig. 1 Illustration of a cochleo-
vestibular implant showing the
cochlear electrode lead posi-
tioned in the scala tympani and
the three vestibular stimulating
electrode arrays positioned near
the ampulla of each semicircu-
lar canal (original figure from

device with a CI/VI design. That device, also modified from
the Nucleus Freedom cochlear implant, has three VI arrays
with two electrode contacts per array, an intracochlear array
with 16 electrodes (16-mm Cochlear Hybrid-L array), and
a ball return electrode [21].
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The Labyrinth Devices Multichannel Vestibular
Implant™ (MVI), the device under investigation by the
Johns Hopkins team, is currently the only stand-alone ves-
tibular implant that human recipients use in daily life as
a treatment rather than only during experiments (Fig. 2).
Although still under study in the first clinical trial of pro-
longed, continuous VI use, the MVI has already been desig-
nated as “investigational, non-experimental” by the United
States Food and Drug Administration. The MVI’s design
is based on the MED-EL Concerto cochlear implant with
three stimulating electrodes positioned at the distal end of
each of three electrode arrays, a single return electrode,
and a reference electrode for electrophysiologic record-
ing. The MVI early feasibility study (ClinicalTrials.gov:
NCT02725463) and associated clinical trials (ClinicalTrials.
gov: NCT05676944 and NCT05674786) have characterized
safety, tolerability, and efficacy of the M VI for 1-7 years of
continuous (24 h/day or during all waking hours) vestibular
stimulation [22, 23e].

Most recently, a group at the University of Las Palmas de
Gran Canaria has described a CI/VI, the CI24RE(VEST), as

a modified version of Cochlear’s CI24RE system, designed
with a single vestibular electrode array with three electrode
contacts and a 19-contact perimodiolar intracochlear array
[24, 25]. Developed by Cochlear Ltd., that device’s VI array
is intended to target the otolith organs for implantation near
the saccule via an oval window insertion. The team also
described placing two separate implants, one targeting the
cochlea and the other positioned in the vestibule targeting
the otolith organs [26, 27].

Stimulus Approaches

There have been two prevailing approaches to stimulus pat-
terns in the current literature. The first is to stimulate with
pulse trains, which is useful for characterizing the perfor-
mance of electrodes and measuring physiological responses
to stimulation. A VI intended to restore rotational vestibular
sensitivity should mimic the natural firing patterns of ves-
tibular afferents in response to head movements. In all cases,
cathodic-first biphasic charge-balanced current pulses are
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Fig.2 Overview of the multichannel vestibular implant (MVI) device
and motion-modulated stimulation mapping. A MVI receiver/stimula-
tor with a stimulation electrode array and reference electrode. B-D
Close-up view of the MVI’s 3 electrode arrays showing the posterior
canal array, a forked array designed for interchangeable placement in
the horizontal and anterior canal (depending on the side of surgery),
and a reference electrode. E Surgical diagram illustrating MVI elec-
trode placement in each of 3 canal ampullae and the optional place-
ment of the reference electrode in the common crus (the Johns Hop-
kins group has since moved away from positioning the reference
electrode in the common crus). F-G The positioning of the external
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3D motion sensor in the head-worn unit (HWU) of an MVI recipient.
The power and control unit (PCU) hangs on a lanyard and provides
power and control signals to the implant. The patient is wearing a 3D
video-oculography system used for recording eye movements during
MVI testing (electrically evoked vestibulo-ocular reflex [eeVOR]).
H-K Example showing how 3D head velocity waveforms are
encoded to a pulse rate and amplitude (red, horizontal; blue, LARP;
green, RALP) motion-modulated signal. Waveforms can be gener-
ated by gyroscopic input or computer-generated for stationary testing
(original figure was modified from © Boutros et al. [22])
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delivered to avoid tissue or electrode damage. In general,
the excitation of branches of the vestibular nerve can be
achieved by modulating three parameters—pulse ampli-
tude, pulse width, and pulse rate/frequency. In the motion-
modulated case, stimulation is up- or down-modulated from
a baseline stimulus intensity, that the patient has already
adapted to, to encode excitatory or inhibitory head move-
ments in the plane of the canal being stimulated.

Initial studies from the Geneva-Maastricht and University
of Washington groups used pulse trains with a constant pulse
amplitude, width, and rate that were observed to produce
eye movement responses, typically at an electrode-specific
chosen pulse amplitude and consistent pulse width and pulse
frequencies for each experiment [13, 21, 28, 29]. The range
of pulse amplitudes used is typically in the range of 100
to 600 pA with the absolute safe maximum current being
dependent on electrode design. Pulse trains are also used to
characterize electrodes and decide the best motion modula-
tion parameters for each patient [22, 30]. The Las Palmas
group, primarily targeting saccular afferents with electrodes
placed in the vestibule, report using constant, unmodulated
pulse trains intended to replace baseline saccular activity
due to the force of gravity [24-27, 31]. Unlike normal saccu-
lar activity, which varies with head tilt relative to gravity and
translational motion, the constant-rate, constant-amplitude
stimulation they describe conveys no information about head
motion or tilt.

Motion-modulated stimulation has been implemented
on an experimental basis by the Geneva-Maastricht group
[22, 23e, 30, 32]. They also performed motion-modulated
testing with a sham mode in which they reverse the gyro-
scopes’ signals, effectively providing antagonistic signal-
ing during head movements [32, 33]. However, the MVI
studied at Johns Hopkins is unique in being the only canal-
targeting VI thus far to deliver motion-modulated vestibu-
lar signaling chronically (currently up to 7 + years), allow-
ing near continuous use by patients at home in daily life
[23¢]. The MVI modulates pulse amplitude and frequency
to each semicircular canal based on the canal-specific
gyroscopic inputs corresponding to head rotational veloc-
ity and acceleration, as illustrated in Fig. 2H-K. Based on
perceived head movement and reflexive eye movements in
the direction of the canal, the stimulating electrodes and
pulse parameters are chosen to maximize the strength and
selectivity of vestibular nerve-branch stimulation. When
the head is at rest, each canal is stimulated at a baseline rate
to replace the spontaneous firing rate of healthy vestibu-
lar afferents. Device testing is performed at both motion-
modulated stimulation and with a non-motion-modulated
placebo stimulation at the constant baseline pulse rate and
amplitude [22, 32, 33]. Placebo or sham modes serve as
within-patient controls.

Surgery

Vestibular implantation uses standard neurotologic sur-
gical techniques to place stimulating electrodes near the
distal afferent nerve fibers of the targeted vestibular end
organ. While extra- and intra-labyrinthine implantation
techniques have both been described, the most common
technique involves intralabyrinthine positioning via a
transmastoid approach [13, 28]. For the three devices
under investigation designed for semicircular canal stimu-
lation, the electrodes are placed adjacent to the neurosen-
sory epithelium of the ampullae [18, 34, 35].

Similar to cochlear implant surgery, the initial surgical
steps include making a postauricular approach to the mastoid
cortex, forming a subperiosteal pocket, creating a bone well
for the receiver/stimulator, and completing a cortical mas-
toidectomy. As the surgery progresses, early aims include
identifying the facial nerve and the otic capsule near the
ampullae of the three semicircular canals. The location of
the horizontal and anterior semicircular canal’s ampullae
is often evident early during the surgical approach. How-
ever, the posterior canal’s ampulla is not directly visualized
during surgery, as it lies medial to the vertical segment of
the facial nerve and stapedius muscle. Understanding this
anatomic relationship is important while drilling along the
posterior canal to prevent facial nerve injury and facilitate
proper placement of a canalotomy near but not into the
ampulla. After the otic capsule is well defined, bone over
the planned insertion site for each electrode is thinned until
a “blue line” is visible (i.e., the bone is translucent). The
three labyrinthotomies are opened just prior to inserting the
stimulating electrode arrays. It is important to minimize the
time the bony labyrinth is open, avoid suctioning near the
openings, and prevent blood or bone dust from entering the
labyrinth by covering the labyrinthotomies with hyalu-
ronic acid gel to create a temporary seal between opening
and electrode array insertion. The creation of a fourth laby-
rinthotomy for placement of a reference electrode has been
described for placement of the MVI device; however, the
Johns Hopkins team sometimes places the return electrode
in a subperiosteal pocket near the receiver/stimulator.

As mentioned previously, the University of Las Pal-
mas team’s CI/VI device is designed to target the saccule.
They describe a modified cochlear implantation approach
with the extension of the posterior tympanotomy superi-
orly providing access to the oval and round windows for
electrode insertion. After performing a cochlear electrode
array insertion via the round window, they insert the VI
stimulating electrode array into the vestibule through the
oval window via a stapedotomy. This approach was used
while placing two cochlear implants concurrently and
since transitioning to a combined CI/VI device [25, 27].
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Physiologic Outcomes

Vestibular-mediated reflexes provide researchers and clini-
cians with a way to characterize and measure vestibular
function. Video-oculography is a commonly used tech-
nique to characterize semicircular canal function through
the vestibulo-ocular reflex (VOR) [22]. Other detectable
vestibular reflexes include the vestibulo-colic reflex which
can be subjectively observed as head motion in response to
vestibular stimulation or objectively measured through the
cervical vestibular evoked myogenic potentials, which are
thought to be mediated by the saccule [36]. Depending on
the targeted end organ, researchers can use these vestibular
reflexes as an objective measure of a patient’s response to
electric vestibular stimulation (Table 2).

Vestibular implants have been shown to drive canal-
specific electrically evoked vestibulo-ocular reflex (eeVOR).
Data from the first four participants implanted with the MVI
at Johns Hopkins were reported to have 3-dimensional (3D)
eeVOR approximately aligned with the targeted canal’s
anatomic axis. Responses grew with the current amplitude
and pulse rate. They observed similar results during whole
body sinusoidal rotations on a rotary chair at 0.1-2 Hz. In
addition to improvements in VOR gain, they also reported
decreased (more normal) phase lead compared to preop
in the 3 participants with preoperative data. The eeVOR
and responses to whole-body rotations were also found to
remain stable after 8 weeks of continuous device use. The
University of Washington group published results from four
implant recipients in 2015. They observed eeVOR response
that scaled with stimulation current in magnitude, albeit
with large misalignment between elicited VOR direction and
target canal [19]. Geneva-Maastricht has also probed eeVOR
responses and their suitability for replacing natural VOR,
finding that sinusoidally-modulated stimulation produces
eeVOR responses with similar frequency-dependent gain
trends as VOR in response to whole-body rotations in healthy
participants [37]. However, the magnitude of eye velocities
elicited by electrical stimulation was lower than for normal
VOR. They have also reported that residual natural and
electrical vestibular contributions to the VOR are combined
nonlinearly in VI recipients, indicating that more complex
mapping strategies may be needed when some residual
function is present in patients [38].

The Geneva-Maastricht group has conducted multiple
clinical studies to test the performance of their CI/VI in
a short-term experimental setting. Using the video head
impulse test (VHIT) to test the VI’s ability to drive high-
frequency angular vestibulo-ocular reflex in the plan of
a canal receiving VI stimulation, they reported VOR that
increased with increasing stimulation strength in most
cases. They also reported a decrease in the corrective
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saccades suggesting the VOR was adequate to maintain
gaze stabilization during a head impulse [32]. In a separate
study, they reported on the VI’s ability to drive eeVOR-
mediated gaze stabilization during walking by measuring
dynamic visual acuity while walking on a treadmill [33].
The Las Palmas group also reported improvement in DVA
scores and an increased organization of corrective sac-
cades during head impulse tests under constant rate stimu-
lation of the otolith organs. They speculated that otolith
stimulation can also drive improvements in gaze stabiliza-
tion, but the mechanism by which a stimulus that provides
no motion or tilt information would do that is unclear [25].

Researchers from Las Palmas performed cervical and
ocular vestibular evoked myogenic potential (cVEMP and
oVEMP) testing for an evaluation of their devices. They
report that cVEMP and oVEMP responses were obtained
from both participants [27]. The Geneva-Maastricht group
reported electromyographic signals they interpreted as elec-
trically-evoked cVEMP responses in 5 of 8 tested patients in
response to ampullary nerve stimulation [39].

Taken together, these results show the possibility for VIs
to restore functional VOR in a broad frequency range and
possible ability to drive otolith-mediated reflexes. Addi-
tionally, the responsiveness of the vestibular nerves to elec-
tric stimulation appears present even after longstanding
(>20 years) BVH [15, 40].

Clinical Outcomes

In addition to the promising results observed while meas-
uring the physiologic vestibular reflexes during electrical
stimulation, clinical trial participants have also demonstrated
improvements in clinical assessments of gait and posture
and patient-reported improvements in measures of dizziness-
specific symptoms and quality of life.

Posture and Gait

Reporting on static posture tasks in their first 8 partici-
pants, the Johns Hopkins team found chronic VI stimula-
tion improved their study participants’ ability to maintain
static posture during the modified Romberg test (standing
on compliant foam with feet together and eyes closed), and
the Bruininks—Oseretsky test (BOT) balance subtest scores.
BOT scores, which assess postural stability, were mark-
edly improved compared to the participants’ pre-implan-
tation baseline and placebo mode (non-motion-modulated
constant baseline firing rate and pulse amplitude). These
improvements were present 6 months after implantation
and further improved 1 year after implantation. Regard-
ing gait-related measurements, the reported improvements
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Table 2 An overview of publications since 2015 and reported physiologic and clinical outcomes from vestibular stimulation

Publication Number of patients Physiologic or clinical outcomes

G-M 13 total CI/VI targeting SCCs

van de Berg et al. (2015) [37] 7 Sinusoidally-modulated pulse amplitude produces eeVOR responses with a
similar frequency response as natural VOR

Guinand et al. (2015) [15] 11 An intralabyrinthine surgical approach may offer better selectivity in SCC
stimulation but has a higher risk of hearing loss than an extralabyrinthine
approach. Acute stimulation showed eeVOR responses aligned with SCC axis
in all patients

Guinand et al. (2016) [33] 6 Showed that motion-modulated stimulation improves DVA in comparison to
device off or sham modes

van de Berg et al. (2017) [44] 1 Case study showing that hearing preservation is possible with electrode inser-
tion into the SCCs

Guinand et al. (2017) [32] 3 Motion-modulated stimulation improves VHIT responses, with a larger gain for
excitatory head impulses than inhibitory. A reversed VOR was demonstrated
when motion modulation direction was inversed

van de Berg et al. (2017) [38] 4 Residual natural and electrically evoked VOR contributions are combined
nonlinearly by the central nervous system

Perez Fornos et al. (2019) [39] 8 Demonstrated electrically elicited cVEMPS in 5/8 patients and whole-body
postural changes in response to a sharp change in baseline current

Boutabla et al. (2020) [29] 3 Compared amplitude growth functions of responses of the VOR, VCR, and
VTC pathways in response to canal stimulation with single or four pulses

U Wash 7 total CI/VI targeting SCCs

Phillips et al. (2015) [19] 4 Showed that eeVOR magnitude in response to intermittent stimulation gener-
ally tends to decrease over time, and eCAPs fluctuate up to 130 wks after
implantation. All 4 Meniere’s patients had unilateral hearing and vestibular
loss from implantation

Phillips et al. (2020) [43] 3 Showed interactions between interleaved concurrent cochlear and vestibular
stimulation in eeVOR and perceived pitch and loudness

Rubinstein et al. (2020) [21] 3 No vestibular eCAPs and minimal eeVOR responses achieved in 1 sudden ves-
tibular loss patient but saw evident vestibular eCAP and strong eeVOR in 2
Meniere’s patients. Cochlear eCAPs and sound discrimination were achieved
in all patients. Indicates that diagnosis can impact electrical responsiveness of
vestibular periphery

Johns Hopkins 10 total VI targeting SCCs

Boutros et al. (2019) [22] 4 Canal-aligned VOR responses are stable after 350-812 days of continuous
24 h/d use of the MVI

Chow et al. (2021) [23°] 8 Posture, gait, and quality of life outcomes generally improved compared to
baseline stimulation at 6 mo and 1 yr of continuous MVI use. Hearing was
reduced in implanted ear in all but 1 patient

Schoo et al. (2023) [40] 1 Case study showing effective eeVOR and vestibular perception 23 yrs after
onset of BVH

Ayiotis et al. (2024) [41ee] 10 Dizziness symptoms, perceived vestibular disability, and quality of life
improved at 6-months of continuous MVI use comapred to pre-op and were
significantly better than a nonimplanted control group

Las Palmas 12 total CI/VI targeting otolith organs

Ramos de Miguel et al. (2017) [26] 4 Intraoperative pulse trains elicited oVEMPs from most electrodes inserted into
the vestibule

Ramos Macias et al. (2020) [27] 2 Constant rate otolith stimulation elicited cVEMPs and improved posture and

Rodriguez Montesdeoca et al. (2021) [24] 4 CI recipients, 3
CI/VI recipients

Rodriguez-Montesdeoca et al. (2022) [25] 5

gait metrics throughout 7 mo to 1 yr of continuous 16 h/d use

1 of 4 CI recipients showed electrical cVEMPs in response to CI stimulation,
indicating potential for crossover stimulation from CIs. All 3 CI/VI recipients
showed cVEMPS in response to otolith stimulation

Constant otolith stimulation 1 mo after take-home device activation showed
improvements in DVA and reported oscillopsia severity, and presence of
organized corrective saccades during horizontal vHIT

eeVOR electrically-evoked vestibulo-ocular reflex, SCC semicircular canal, DVA dynamic visual acuity, vHIT video head impulse test, cVEMP
cervical vestibular evoked myogenic potential, VOR vestibulo-ocular reflex, VCR vestibulo-cervical reflex, VTC vestibulo-thalamo-cortical,
eCAP evoked compound action potential, MVI multichannel vestibular implant, BVH bilateral vestibular hypofunction, oVEMP ocular vestibular

evoked myogenic potential
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above the minimally important difference for the Timed
Up & Go (TUG) test and the Dynamic Gait Index (DGI),
while gait speed appeared unchanged. Similar to posture test
outcomes, TUG and DGI scores were improved compared
to the participant’s baseline and placebo mode testing, and
improvements were reported for 6 months and 1 year after
implantation [23e].

Participant-Reported Symptom Scores and Quality
of Life

The Johns Hopkins team also analyzed patient-reported out-
comes associated with their dizziness symptoms, perceived
associated disability, and overall quality of life. The 36-Item
Short-Form Health Survey (SF-36) and the Health Utilities
Index Mark 3 (HUI-3) were used to assess their reported
quality of life. Their first 8 participants mostly reported
improvement in their quality of life. They also character-
ized changes in dizziness symptom scores with the Dizziness
Handicap Inventory (DHI) and dizziness-associated disabil-
ity using the Vestibular Disorders Activities of Daily Liv-
ing (VADL) questionnaire. They reported improvement in
symptom severity and associated disability scores compared
to their preoperative baseline [23e]. Additionally, the Johns
Hopkins team recently reported early improvements in diz-
ziness symptoms, perceived associated disability, and overall
quality of life in their first ten participants after six months
of devise use. Except for the HUI-3, the implant participants'
improvemnts were greater than the minimally important dif-
ferences for each tool and, importantly, greater than a con-
trol group who did not udergo implantation [41ee] .The Las
Palmas group reported improvement in 6 of 9 Oscillopsia
severity questionnaire questions for their 5 study partici-
pants, suggesting improved gaze stability [25].

Hearing Preservation

Although three of the four groups actively investigating
VI devices include dedicated cochlear implant electrodes
intended to implantation in ears with preexisting severe/pro-
found sensorineural hearing loss, many patients with BVH
do not require concurrent cochlear implant stimulation. It
is estimated that 50% of patients with BVH have a moder-
ate hearing loss or better, suggesting half the patients with
BVH have aidable hearing [42]. Considering the need to
include patients with normal or aidable hearing and BVH in
the implementation of VI technology, hearing preservation
after vestibular implantation is an important clinical safety
outcome. Early outcomes from the University of Washington
group found, not unexpectedly, that profound hearing loss
is a potential risk of vestibular implantation [19]. They later
found that combined interleaved stimulation of the coch-
lear and vestibular arrays produces changes in eeVOR and
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perceived pitch and loudness when compared to only VI or
only CI stimulation. These interactions present additional
challenges in restoring hearing with a combined CI/VI [43].
The Geneva-Maastricht team further investigated this risk
by monitoring auditory brainstem responses (ABR) in a
patient during the placement of a mock vestibular implanta-
tion array in a patient undergoing a planned translabyrin-
thine approach for a vestibular schwannoma. They reported
that ABRs could be detected during the surgical approach,
labyrinthotomies, and device insertion, before hearing was
completely and permanently destroyed by the rest of the
translabyrinthine tumor resection [44].

Whereas all other VI studies have focused on participants
with hearing poor enough to need a CI, the study performed
at Johns Hopkins is the first VI clinical trial to implant par-
ticipants with normal or nearly normal preoperative hear-
ing in the candidate ear. Including participants with unaided
hearing requires careful counseling to adequately inform
participants of the risk of hearing loss in the implanted ear.
In addition to the other clinical outcomes, they have pub-
lished audiometric results from their first 8 participants,
who all had unaided hearing at the time of implantation.
Reporting hearing outcomes for 6 months and 1 year after
implantation, they found that most participants lost some
hearing, and three participants experienced a severe-to-pro-
found hearing loss. However, hearing sufficient for unaided
communication was preserved in 5 of the 8 study partici-
pants. When hearing was preserved, the auditory outcomes
were stable during the reported period of up to 1 year after
implantation. Importantly, in reference to the improvements
in their BVH symptoms, all participants, including those
with significant hearing loss, reported net benefit and con-
tentment with their decision to undergo vestibular implan-
tation [23e]. A similar sentiment was reported for the early
University of Washington participants regarding control of
their Meniere’s disease symptoms [19].

Future Directions

Moving forward, several challenges in the field will need to
be addressed. As described by a group of leading research-
ers in this field, these challenges include optimizing electri-
cal stimulation, gaining regulatory approval, and the clinical
implementation of this technology as a treatment pathway [45].

One area of active animal research is the targeted stimu-
lation of the otolith end organs. As mentioned previously,
three of the four current VI devices target the semicircular
canals. This focus has been in part due to the canals’ domi-
nant role in gaze stabilization, their anatomic relationship,
and the relative ease in mimicking their neuronal signaling.
However, the otolith organs also play an important role in
vestibular sensation, especially in sensing head translations
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and tilt with respect to gravity. They contribute to otolith-
ocular reflexes (OORs) and vestibulo-spinal reflexes that
relate to posture and gait. The ability to selectively stimu-
late the otolith end organs, allowing for a more comprehen-
sive restoration of vestibular function, will be an important
focus during the continued development of VIs. While the
Las Palmas group has targeted the saccule with a constant
baseline input [24, 25], a motion-modulated stimulus based
on tilt with respect to gravity and translational motion may
offer better functional benefit. Considering the complexity
of otolith hair cell orientation and signaling, directed otolith
stimulation remains challenging without an electrode array
with a high spatial resolution. Research in chinchillas with
BVH shows prosthetic stimulation targeting the utricle and/
or saccule of one implanted ear can partially restore OORs.
Additionally, simultaneous prosthetic and natural tilt stimuli
can result in better eye movements compared with prosthetic
stimulation by itself [46].

Conclusion

Vestibular implants have the potential to fill the treatment
gap experienced by patients with persistently debilitating
symptoms of poorly compensated BVH. Although VI tech-
nology is currently limited to use in clinical trials, available
published data highlight the promise this technology has for
patients with BVH and other vestibular disorders. Results
from the clinical trials described above suggest that VIs can
drive semicircular canal-specific eeVOR, rehabilitate defi-
ciencies in clinical measures of gait and posture, decrease
BVH-associated symptoms and disability, and improve deg-
radation in quality of life experienced by patients with BVH.
Additionally, interim results from the MVI clinical trial sug-
gest it is possible to preserve hearing sufficient for unaided
communication, which will increase the reach of this technol-
ogy to patients with vestibular hypofunction without severe-
to-profound hearing loss. While clinical trial results so far
have been promising, continued research is needed to better
characterize the effect of VI stimulation in patients with BVH.
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