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Introduction
Because it rises to the level of  conscious perception only when abnormal, vestibular sensation is less famil-
iar than the 5 senses of  sight, hearing, smell, taste, and touch. Some prominent physicians and surgeons 
of  a century ago considered the vestibular labyrinth a vestigial organ relevant to human experience only in 
its ability to cause disease (1). However, inner ear sensation of  head motion and tilt plays essential roles in 
stabilizing vision, posture, gait, cerebral perfusion, and spatial orientation. Consequently, bilateral loss of  
vestibular sensation unleashes a panoply of  symptoms, including inability to see clearly during head move-
ment, postural instability, disequilibrium, and fatigue from exerting cognitive effort to perform normally 
automatic tasks, such as walking down a grocery store aisle while looking at items on the shelves (2–4).

BACKGROUND. Bilateral loss of vestibular (inner ear inertial) sensation causes chronically blurred 
vision during head movement, postural instability, and increased fall risk. Individuals who fail 
to compensate despite rehabilitation therapy have no adequate treatment options. Analogous 
to hearing restoration via cochlear implants, prosthetic electrical stimulation of vestibular nerve 
branches to encode head motion has garnered interest as a potential treatment, but prior studies in 
humans have not included continuous long-term stimulation or 3D binocular vestibulo-ocular reflex 
(VOR) oculography, without which one cannot determine whether an implant selectively stimulates 
the implanted ear’s 3 semicircular canals.

METHODS. We report binocular 3D VOR responses of 4 human subjects with ototoxic bilateral 
vestibular loss unilaterally implanted with a Labyrinth Devices Multichannel Vestibular Implant 
System vestibular implant, which provides continuous, long-term, motion-modulated prosthetic 
stimulation via electrodes in 3 semicircular canals.

RESULTS. Initiation of prosthetic stimulation evoked nystagmus that decayed within 30 minutes. 
Stimulation targeting 1 canal produced 3D VOR responses approximately aligned with that canal’s 
anatomic axis. Targeting multiple canals yielded responses aligned with a vector sum of individual 
responses. Over 350–812 days of continuous 24 h/d use, modulated electrical stimulation produced 
stable VOR responses that grew with stimulus intensity and aligned approximately with any 
specified 3D head rotation axis.

CONCLUSION. These results demonstrate that a vestibular implant can selectively, continuously, 
and chronically provide artificial sensory input to all 3 implanted semicircular canals in individuals 
disabled by bilateral vestibular loss, driving reflexive VOR eye movements that approximately align 
in 3D with the head motion axis encoded by the implant.

TRIAL REGISTRATION. ClinicalTrials.gov: NCT02725463.
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The impact of  bilateral vestibular loss (BVL) on quality of  life, productivity, and health care con-
sumption is substantial. Sun et al. estimated that affected US adults incur a reduction in quality of  life 
similar to that caused by severe bilateral hearing loss and a mean per capita annual economic burden of  
$13,000 (range $0–$49,000) (3). When considered at a population level, this affliction endured by individ-
uals extends to annual societal costs of  more than $1 billion in the United States alone in light of  the 28 
per 100,000 point prevalence of  severe, disabling BVL among adults, or about 64,000 adults, in the United 
States (4). Worldwide, chronic bilateral loss of  vestibular sensation afflicts an estimated 1.8 million adults. 
Children with congenital BVL ordinarily fare better than adults who lose function later in life (according to 
the authors’ clinical experience), but they typically reach postural milestones, such as sitting, standing, and 
walking, after significant delays, and even apparently well-compensated children experience poor vision 
during head movement and difficulty participating in activities that come more easily to their peers with 
normal vestibular sensory input (5).

In contrast to the now routine and highly effective treatment of  severe sensorineural hearing loss, for 
which cochlear implants provide prosthetic auditory sensation to nearly a million individuals worldwide 
and are currently implanted at a rate of  more than 50,000 devices/yr (6–8), individuals with adult-onset 
BVL who fail to compensate despite rehabilitation therapy and cessation of  vestibular suppressant medica-
tions currently have no adequate treatment options. This marked disparity of  treatment options is especially 
striking because the anatomic and physiologic similarities between the cochlea and the vestibular labyrinth 
would seem to make the latter an easy target for prosthetic stimulation using a modified cochlear implant.

Whereas the cochlea decomposes sounds into their frequency components using a single neurosensory 
apparatus, each vestibular labyrinth divides the task of  sensing head rotation, translation, and tilt among 5 
distinct sensory organs, including 2 gravitoinertial acceleration sensors (the utricle and saccule) and 3 semi-
circular canals that each sense 1 component of  3D head rotational velocity (Figure 1). Each canal in the left 
ear is approximately coplanar with an oppositely oriented partner in the right ear. The difference in vestibu-
lar afferent neuron activity from 2 complementary canals provides an approximately linear signal encoding 
head rotational velocity about an axis perpendicular to their plane. The 6 canals of  the 2 ears comprise 3 
mutually orthogonal coplanar pairs that decompose a head rotation about any 3D axis into its components 
about the LARP, RALP, and LHRH canal plane axes, forming 3 independent and complementary streams 
of  directional information. Those neural signals in turn drive vision- and posture-stabilizing reflexes. One 
of  these, the 3D angular vestibulo-ocular reflex (VOR), stabilizes vision during head rotation by generating 
eye movements that stabilize images of  Earth-fixed objects on the retinae (9, 10). Others integrate informa-
tion from the utricles, saccules, and canals to stabilize the head and body, facilitate upright posture and gait, 
and support regulation of  blood pressure.

Like the cochlea, the vestibular labyrinths rely on hair cells to transduce fluid movement into neural 
signals. Although failure of  vestibular reflexes can be caused by downstream lesions in the central nervous 
system, it often results from hair cell injury, dysfunction, or death caused by ototoxic injury (e.g., by gen-
tamicin and other aminoglycoside antibiotics), ischemia, infection, Ménière’s disease, or genetic inner ear 
abnormalities (11). For many such cases, the insult spares primary vestibular afferent neurons (12). When 
vestibular nerve branches to the 3 canals are at least partially intact, prosthetic electrical stimulation encod-
ing head motion should provide an effective means of  partially restoring vestibular sensation and alleviat-
ing BVL symptoms. This approach is directly analogous to that of  cochlear implants, except that a head 
motion sensor replaces the cochlear implant’s microphone and electrodes are designed to deliver current to 
branches of  the vestibular nerve rather than subsections of  the cochlear nerve.

Electrical stimulation of  vestibular afferent neurons has proved effective in driving reflexive eye move-
ments in bird (13), cat (14–18), guinea pig (19–24), chinchilla (25–29), rabbit (16, 24), dog (18), and non-
human primate (15, 18, 30–35) animal models. Those preclinical studies provided promising evidence sug-
gesting that a vestibular implant designed to selectively stimulate individual canal nerve branches should 
produce sensory percepts and VOR eye movement responses in the plane of  the targeted canal. (Like the 
present study, animal research has focused mostly on the semicircular canals and VOR because ampullary 
nerves — i.e., semicircular canal branches of  the vestibular nerve — are spatially distinct and uniform in 
directional sensitivity, whereas the utricle and saccule nerves pose a greater challenge because of  dense 
packing of  hair cells with different directional sensitivities.) Importantly, they also showed that coordinated 
activation of  multiple vestibular nerve branches can elicit compensatory VOR eye rotations about an axis 
approximating the vector sum of  the sensitivity axes for each canal, scaled by the relative magnitudes of  
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stimuli delivered to each canal. Animal studies using prototype devices that sense 3D head rotation and 
modulate electrical stimulation to ampullary nerves have demonstrated partial restoration of  conjugate 
binocular VOR responses (31, 34, 35), recruitment of  central neuronal circuits that adaptively minimize 
directional misalignment (28, 32), and implementation of  a 3D coordinate transformation that further 
reduced misalignment (26, 33).

Over the past decade, groups investigating prosthetic stimulation of  the human vestibular labyrinth 
have demonstrated that stimulation targeting vestibular nerve branches can evoke eye movements consis-
tent with target canal orientations. Starting in 2007, Guyot and colleagues described intraoperative elec-
trical stimulation of  the posterior canal ampullary nerve in 3 subjects undergoing ear surgery under local 
anesthesia and observed approximately vertical VOR responses (36). By 2018, that group had implanted 
13 cochlear implantation candidates at Geneva University Hospital and Maastricht University Medical 
Center with a cochlear implant modified to allow implantation of  1–3 electrodes in semicircular canals or 
near ampullary nerves that innervate those canals. Responses were variable, but at least 1 electrode in each 
subject elicited measurable VOR responses that approximately aligned with the target canal when assayed 
using 2D video-oculography (reviewed in ref. 37).

A University of Washington (UW) group led by Rubinstein and Phillips described 4 subjects with Ménière’s 
disease who underwent implantation of a vestibular stimulator intended to pace the labyrinth during vertigo 
attacks (38, 39). All subjects implanted in that study suffered profound postoperative loss of hearing and vestib-
ular sensation in the implanted ear (38). Consequent cessation of Ménière’s attacks rendered the planned use 
of a vestibular pacemaker unnecessary; however, transient electrical stimulation elicited VOR eye movements 
roughly aligned with the intended plane in 5 of 11 implanted canals. Responses fluctuated in subsequent tran-
sient stimulation sessions distributed over more than a year and decreased from session to session in most cases. 
Combined with recent evidence from nonhuman primate studies revealing that transient prosthetic electrical 
stimulation induces long-term depression in vestibular central neurons, suppressing VOR responses to subse-
quent stimulation (40, 41), the UW data raise pressing questions regarding feasibility of vestibular implants as 
a clinical treatment intended to support long-term, continuous sensory restoration.

Another question unanswered by prior studies in humans is whether prosthetic stimulation can selec-
tively address each of  the 3 ampullary nerves with sufficient specificity to accurately encode head rotation 

Figure 1. Coplanar pairs of semicircular canals in the vestibular labyrinths encode 3D head rotational velocity in 3 mutually orthogonal components. 
Relative levels of activity within vestibular nerve branches innervating a labyrinth’s 3 semicircular canals encode 3 mutually orthogonal canal-aligned 
components of the head rotational velocity’s 3D axis. The vestibulo-ocular reflex (VOR) drives eye rotations that counteract head rotation to keep images 
stable on the retinae. (A) Pairs of coplanar canals normally encode 3 linearly independent components of head rotational velocity about axes perpendicular 
to the left horizontal (LH) and right horizontal canals (LHRH or +z axis), left anterior and right posterior canals (LARP), and right anterior and left posterior 
canals (RALP). By convention, positive rotations denote right-hand rule rotations as shown by black arrows. Each canal is most sensitive to rotation 
about an axis approximately perpendicular to its anatomic plane. (B–D) Head rotations about canal axes that excite the LA, LH, and LP canal, respectively, 
normally drive VOR responses that rotate both eyes in the opposite direction about the LARP, LHRH, and RALP axes. Physiologically excitatory directions 
(shown by gold arrows) are not always positive by the right-hand rule mathematical convention. (E) Head rotation about an arbitrary axis excites or inhibits 
each canal according to a cosine dependence on the angle between the axis of head rotation and the canal’s anatomic axis. (F) Relative activity on the 3 
canals in each labyrinth (and their coplanar partners in the other ear) normally drives a VOR response that helps keep images of Earth-stationary objects 
stable on the retinae. Without the VOR, image slip on the retinae degrades vision during quick head rotations. Although most studies of the VOR measure 
and describe only yaw (z/LHRH in panel A, also called “horizontal”) and/or pitch (y/PITCH, also called “vertical”) components, all 3 components of the 3D 
VOR are required to maintain stable vision, and measurement of all 3 components is required to accurately estimate the relative levels of activity on each 
of a labyrinth’s 3 semicircular canals. Reproduced by permission from Labyrinth Devices, LLC, ©2019.
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in 3 dimensions (3D). Although prior human studies demonstrated that transient prosthetic vestibular stim-
ulation can produce modest electrically-evoked eye movements, they all used 2D oculographic techniques, 
which cannot provide adequate information to accurately estimate relative activation of  the 3 canals’ amp-
ullary nerves. This is particularly important because 2D oculography, which measures horizontal and ver-
tical movements but not torsional/roll eye movements, cannot distinguish between selective stimulation 
of  the horizontal canal’s ampullary nerve and nonspecific stimulation that spreads current throughout the 
labyrinth, equally activating all 3 ampullary nerves (14). More generally, 2D oculography fails to accurately 
measure 3D eye movements for all cases that include significant roll components. If  one defines significant 
roll components to be those with magnitude at least 20% of  the total stimulus or response magnitude, then 
2D oculography fails to accurately describe reality for 80% of  possible axes. If  one defines significant roll 
components to be at least 10% of  the total magnitude, then 2D oculography fails for 90% of  axes.

In this report, we present 3D binocular oculographic data for the first 4 human subjects (MVI001–
MVI004) to undergo vestibular implantation and continuous, long-term, motion-modulated prosthetic stim-
ulation. In contrast to systems used to transiently deliver stimulation in a laboratory setting in prior studies 
with humans, the MVI Multichannel Vestibular Implant System (MVI) developed by Labyrinth Devices, 
LLC, and Med-El GmbH is designed and able to continuously treat individuals suffering from severe/pro-
found loss of  semicircular canal function 24 h/d over a lifetime of  use. It therefore continuously senses 3D 
head rotational velocity and delivers pulse rate– and pulse amplitude–modulated electrical stimuli to the 
3 ampullary nerve branches of  the implanted labyrinth’s vestibular nerve. The data presented offer insight 
into whether sustained use of  vestibular implant stimulation can be effective. Specifically, we describe 3D 
electrically evoked vestibulo-ocular reflex (3D eeVOR) responses to initial onset of  constant-rate electrical 
stimulation with the head motionless, to modulation of  prosthetic input targeting individual canals, to 
coordinated stimulation of  multiple canal nerve branches encoding different 3D axes of  head rotation, and 
to whole-body rotation during motion-modulated and constant-rate electrical stimulation during continu-
ous, 24 h/d prosthetic vestibular stimulation. These data provide an opportunity to determine whether the 
human labyrinth’s 3 ampullary nerves can be prosthetically stimulated with sufficient strength, selectivity, 
and safety over a long duration to drive conjugate reflex eye movements that align with the intended head 
rotation axis in 3 dimensions and partially restore the “sixth sense” in 3D.

Results
Overview. The implanted stimulator component of  the Labyrinth Devices MVI is a Med-El Concerto 
cochlear implant stimulator modified for implantation in semicircular canals (Figure 2). It includes an 
electrode array with 9 stimulation electrodes, stimulation and recording reference electrodes, hermetically 
encapsulated electronics, 3 fixation magnets, and an antenna for transcutaneous inductive transmission of  
power and control signals from external system components. The electrode array (Figure 2, B–E) comprises 
10 platinum/iridium electrodes: 3 (designated E3–E5) on a linear array implanted in the posterior canal; 
2 linear arrays of  3 electrodes each, joined to form a forked array inserted into the horizontal (E6–E8) and 
anterior (E9–E11) ampullae; and a braided platinum/iridium wire inserted into the common crus as the 
reference/return electrode for stimulus currents injected via E3–E11. The implant receives power and con-
trol signals from an external HWU (Figure 2F), which magnetically couples to the scalp over the implant 
and continuously measures 3D angular head velocity using a micromachined motion sensor (Invensense 
MPU6050). The HWU receives power and commands from a lanyard-worn PCU (Figure 2G), which 
retains patient-specific device stimulation parameters, processes head movement data, dictates pulse tim-
ing, provides power to the rest of  the system for up to 48 hours from a rechargeable AA-sized battery, and 
draws upon internal supercapacitors to maintain uninterrupted operation during battery changes.

In the system’s normal, motion-modulated mode of  operation, the component of  head rotational veloc-
ity reported by the HWU’s sensor for each canal plane modulates the pulse rate, pulse amplitude, or both 
on the electrode in the corresponding canal. Increasing pulse rate and/or amplitude increases vestibular 
primary afferent neuron firing rates, mimicking function of  a normal semicircular canal during excitatory/
ipsiversive head rotation about that canal’s axis. For example, to encode a 1-Hz, 100°/s peak velocity sinu-
soidal head velocity waveform (Figure 2H), subject- and canal-specific maps in the PCU modulated pulse 
rate and current amplitude (Figure 2, I–K) of  charge-balanced biphasic cathodic-first pulses delivered via 
1 or more electrodes to encode corresponding components of  head velocity amplitude about each canal’s 
axis of  rotation. When the system is running in its usual motion-modulated mode but the head velocity 
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reported by the HWU is 0, the implanted stimulator delivers a constant, non-zero rate and current baseline 
stimulus to mimic the spontaneous activity typical of  a normal canal’s primary afferent neurons when the 
head is not moving and to allow downmodulation of  input to encode inhibitory head rotations (42, 43).

Because the brief  charge-balanced pulses the implant delivers are exclusively excitatory, the system 
encodes inhibitory/contraversive head rotations by downmodulating pulse rate and/or amplitude from 
a non-zero tonic level of  stimulation representing absence of  head motion. This is similar to the normal 
canal physiology, except that although a normal canal can downmodulate ampullary nerve activity all the 
way to zero during a fast contraversive head rotation, downmodulation of  prosthetic stimuli can decrease 
nerve activity only down to, but not below, the spontaneous activity of  undriven vestibular afferent neurons.  

Figure 2. Overview of the Labyrinth Devices MVI and study. (A) The MVI stimulator comprises 3 fixation 
magnets, an inductive coil link, electrical current stimulator circuitry, stimulation electrode array, a stimu-
lation reference electrode, and a recording reference electrode. The electrode array includes a 3-electrode 
shank for the (B, E3–E5) posterior canal, a forked subarray with 2 shanks for the (C, E6–E8) horizontal, and 
(D, E9–E11) anterior canals, and a stimulation reference electrode. (E) Surgical diagram illustrating electrode 
implantation sites, comprising surgical openings drilled in each of 3 canal ampullae and the common crus of 1 
labyrinth. (F) The head-worn unit (HWU), magnetically coupled to subject MVI001’s scalp over his implanted 
stimulator, houses a 3D motion sensor and inductively supplies power and control signals to the implant. 
(G) The power and control unit (PCU, hanging on lanyard) houses a battery and control circuity. A Labyrinth 
Devices 3DBinoc video-oculography system (top) records horizontal, vertical, and torsional components of 3D 
eye position during VOR responses to natural and/or prosthetic stimulation. (H) Example 3D head velocity 
waveforms (corresponding to vectors in Figure 1D) modulate MVI pulse rate and amplitude. Input waveforms 
can be either actual head motion sensed by the HWU or synthetically generated by MVI fitting software. (I) 
Example pulse rate and amplitude modulation maps for each left ear canal. Top image portrays head velocity 
to pulse rate map; lower plot displays maps for pulse amplitude. Maps use non-zero pulse rate and current 
amplitude for 0°/s to evoke neural activity mimicking spontaneous afferent neuron discharge (dashed lines). 
The MVI encodes excitatory and inhibitory head motions via coordinated up- and downmodulation of pulse 
rate and amplitude (J and K). (L) This is an open-label, nonrandomized, early feasibility study of applicants 
self-identified as potential trial candidates. Reproduced by permission from Labyrinth Devices, LLC, ©2019.
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This effect limits the ability of  a unilaterally implanted stimulator to encode fast contraversive head rota-
tions. Acclimating a unilaterally implanted subject to non-zero tonic stimulation at a pulse rate well above 
typical spontaneous firing rates of  most vestibular afferents provides adequate margin for the system to 
encode contraversive head rotations through downmodulation, but sudden onset of  unilateral prosthetic 
input can be expected to cause vertigo that persists until the central nervous system adjusts to the sudden 
imbalance in vestibular input from the 2 ears. The intensity and duration of  vertigo, nystagmus, and postur-
al imbalance after initial onset of  stimulation are likely to determine whether vestibular implant activation 
can be accomplished cost-efficiently on an outpatient basis (similar to cochlear implantation) or will require 
a hospital admission costly enough to negatively affect the cost utility of  vestibular implantation as a treat-
ment. We therefore measured nystagmus during and immediately after initial device activation.

We measured binocular 3D eye movement responses to prosthetic vestibular stimulation using Lab-
yrinth Devices 3DBinoc video-oculography goggles, which reported 3D angular position for each eye at 
100–180 frames/s. We used 3D rotational kinematic transformations to convert data to yaw, LARP, and 
RALP angular velocity components in semicircular canal coordinates, accounting for canal orientation rel-
ative to the HWU sensor and skull using HWU responses to standardized head rotations delivered using a 
Labyrinth Devices aHIT Automated Head Impulse Test motion system and 3D reconstructions of  post-im-
plantation computed tomography scans (44–48).

To examine responses driven solely by prosthetic input, we acquired data both during whole-body rota-
tion on a rotary chair and during a virtual head rotation (i.e., prosthesis-only) stimulus paradigm in which the 
subject’s head remained stationary on an Earth-fixed bite block while the MVI system delivered sinusoidal-
ly modulated stimuli identical to those it would normally deliver during head rotation.

Under a protocol approved by The Johns Hopkins School of Medicine Institutional Review Board and the 
US Food and Drug Administration, all subjects have worn their MVI systems continuously, 24 h/d, for over 1 
year. This is the first and only trial to date of long-term, at-home stimulation via a vestibular implant in humans.

3D oculography reveals conjugate binocular VOR responses aligned with the implanted canal, consistent with selec-
tive activation of  vestibular nerve branches. Three weeks after implantation and before onset of  tonic stimula-
tion, we tested each electrode using 20 cycles of  a 2-Hz–modulated pulse train that alternated in pulse rate 
between 200 pulses per second (pps) and 0 pps for 200 ms and 300 ms, respectively, while measuring binoc-
ular 3D VOR responses in darkness with the subject’s head stationary on a bite block. Pulse amplitude was 
varied from the minimum current level that evoked a discernible eye movement up to the maximum level 
that was tolerable for the subject and maintained a consistent motion percept, determined separately for 
each electrode contact and pulsatile phase duration (Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.128397DS1). Maximum tolerable level was 
determined by slowly increasing current amplitude while the subject reported direction and intensity of  a 
head motion percept and stopping if  the subject reported tinnitus (spurious stimulation of  auditory affer-
ents), any sign of  facial nerve stimulation (facial discomfort, taste disturbance, blepharospasm, or tearing), 
or a change in motion percept direction, signifying activation of  nontarget vestibular structures.

Ideally, prosthetic stimulation delivered via an electrode targeting 1 canal when the head is sta-
tionary should elicit 3D VOR responses for both eyes that align with the target canal’s anatomic axis 
and with each other with speed sufficient to match head angular velocity during a quick head rotation. 
Approximately aligned responses were observed for at least 1 electrode in every implanted canal of  
every subject. For example, subject MVI002’s cycle-averaged binocular eeVOR responses to 100 μs/
phase current pulses were robust and grew monotonically with current amplitude (Figure 3, A–C). 
Stimuli delivered via electrode E3 in the LP canal (Figure 3A) produced the desired RALP component 
in both eyes, although an unintended LARP component grew in the right eye with increasing current. 
Stimulation via electrode E6 in the LH canal (Figure 3B) evoked almost purely horizontal eye rotation. 
Electrode E9 in the LA canal (Figure 3C) elicited right eye movements well aligned with the intended 
LARP axis and left eye movements similar in magnitude but less well aligned. The magnitude of  3D 
eeVOR responses and their alignment with the canal-aligned responses they are intended to elicit are 
sufficient to conclude that MVI stimulation can effectively and selectively activate individual ampullary 
nerves (Figure 3, D and E). All 3 of  the other subjects had initial responses qualitatively similar to those 
of  subject MVI002 but typically with lower magnitude or greater misalignment, particularly for stimu-
lation targeting the LH canal, which in responses of  subjects MVI003 and MVI004 were consistent with 
nearly equal excitation of  LH and LA canals (Supplemental Figure 1).

https://doi.org/10.1172/jci.insight.128397
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Subject MVI002 produced eye movement responses that increased monotonically with increasing 
current across all electrodes (Figure 4) except E11, which had high electrical impedance, suggesting wire 
breakage during implantation. Mean misalignment angle between target canal axis and mean response 
axis ranged from 0° to about 40° for MVI002. The axes of  the 2 eyes’ responses aligned with each other to 
within 0° to about 30°, depending on stimulus current (Supplemental Figure 2). For MVI002, the electrode 
at the tip of  each shank produced significantly larger responses (aligned rank transform [ART] with 1-way 
repeated-measures ANOVA; F[1,9] = 34.3, and P < 0.001) than the other 2 electrodes in each canal (Figure 
4, A–C). Responses of  the other 3 subjects also grew monotonically with current (Supplemental Figure 2).

Initial onset of  constant-rate stimulation produced brief  yaw and pitch nystagmus but more persistent roll nys-
tagmus, consistent with rapid adaptation driven by retinal slip. Following characterization of  responses from all 

Figure 3. MVI stimulation evokes 3D VOR responses align with targeted semicircular canal. Mean ± SD cycle-averaged 
binocular 3D VOR eye velocity responses of subject MVI002 during n cycles of 2 Hz, 40% duty cycle, square-wave- 
modulated (200 pulses/s for 200 ms, 300 ms off), biphasic, charge-balanced 100 μs/phase current pulse trains. (A) Stim-
ulation via electrode E3 in LP canal ampulla with pulses of 300–599 μA. (B) Stimulation via electrode E6 in LH canal with 
pulses of 50–448 μA produces a rightward slow phase eye velocity (negative by convention). (C) Stimulation via electrode 
E9 in LA canal with pulses of 151–448 μA. Right eye response for 396 μA stimulus is missing due to video-oculography 
tracking failure. (D) Dashed lines denote anatomic semicircular canal axes. Solid vectors depict mean rotation axis for each 
eye during peak excitatory slow phase response eye velocity for electrodes and currents in adjacent legends. Conic sections 
denote VOR variability via eigenvalue decomposition of the 3D angular velocity covariance matrix. (E) Canal axes relative to 
skull landmarks. (F) Same data as D but viewed from above (i.e., from +z/LHRH axis).
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stimulating electrodes, 1 electrode per canal was chosen for device activation and long-term use (bold traces 
in Figure 4 and Supplemental Figure 2 and Supplemental Table 2), and tonic stimulation was initiated 
on all 3 active electrodes with the subject’s head stationary on a bite block. Immediately after stimulation 
onset and at 5-minute intervals for more than 35 minutes thereafter (black bar at top of  Figure 5 and insets 
A–C), ocular responses were monitored for about 1 minute in darkness. Between those tests in darkness, 
the subject viewed an Earth-fixed target. For subject MVI002, tonic stimulation onset evoked nystagmus 
with positive roll (clockwise from the subject’s viewpoint), positive pitch (downward), and negative yaw 
(rightward) slow phase velocity components, consistent with excitation of  all 3 left labyrinth canals and 
LP canal excitation exceeding LA canal excitation. After about 1 minute in darkness, nystagmus was still 
present but slower. After about 30 minutes of  dark/light cycling, the roll nystagmus component in darkness 
fell to less than 5°/s, a level the yaw and pitch components reached within the first few minutes. Subjects 
MVI001, MVI003, and MVI004 produced similar results, with stimulation onset eliciting nystagmus that 
decayed quickly for the yaw and pitch components and within about 30 minutes for the roll component 
(Supplemental Figure 3). Second-order exponential fits to the nystagmus roll component in darkness yield-
ed dominant time constants of  1.5, 28.2, 7.8, and 9.6 minutes for subjects MVI001, MVI002, MVI003, and 
MVI004, respectively (RMSE = 3.1°/s, 6.6°/s, 1.7°/s, and 2.5°/s, respectively).

Prosthetic stimulation remains effective after 8 weeks of  continuous use. To assess whether sensitivity to pros-
thetic stimulation persists in human vestibular implant users despite animal data suggesting that even brief  
bouts of  electrical stimulation engender long-term depression of  neural VOR circuits (41), we examined 
responses after 8 weeks of  continuous, 24 h/d motion-modulated electrical stimulation. Each subject was 
tested using sinusoidally modulated prosthetic stimulation while the subject’s head was stationary on a bite 
block in darkness to measure eye movements elicited solely by prosthetic stimulation without contributions 
from residual natural vestibular function, vision, neck proprioception, or other cues not originating from 
primary vestibular afferent activity. Each canal’s active electrode was modulated alone, while active elec-
trodes in the other canals maintained constant pulse rate and current. Pulse rate and amplitude were mod-
ulated over 5%–100% of  the dynamic range of  pulse rate/pulse amplitude modulation defined by the stim-
ulation parameter map programmed into the subject’s PCU (Figure 2, H–K, and Supplemental Table 3).

As was true on the first day of  device use, stimulation elicited binocular responses with peak eye 
velocity magnitude that grew with depth of  pulse rate and/or pulse amplitude modulation. For example, 
Figure 6 shows responses of  the left (Figure 6, A–C) and right (Figure 6, D–F) eyes of  subject MVI002, 
for whom stimuli targeting any 1 canal elicited eye movements predominantly aligned with that canal’s 
axis. Similar results were observed for all other subjects (Supplemental Figure 4). These data indicate 
that although adaptation suppresses nonhuman primate central vestibular neuron sensitivity to prosthet-
ic stimulation within minutes of  stimulation onset and suppressed our human subjects’ VOR responses 
within an hour after device activation, prosthetic input remains able to drive eeVOR responses even after 
8 weeks of  continuous 24 h/d stimulation.

Figure 4. MVI002 VOR response magnitude depends on electrode location and stimulus intensity. Peak left eye excit-
atory slow phase velocity component about the target canal’s axis as a function of percentage of current amplitude 
intensity during initial stimulation of subject MVI002 via all functional electrodes in the left (A) posterior, (B) horizon-
tal, and (C) anterior semicircular canals using 2-Hz–modulated, 40% duty cycle pulse train alternating between 0 and 
200 pps. Each data point depicts mean ± SD for n = 7–19 (median 14) cycles. Current intensity 10% denotes minimum 
current that evoked a detectable eye movement response; 100% denotes maximum current tested for that electrode 
contact and phase duration. E11 not tested due to a high impedance (>25 kΩ). Supplemental Table 3 shows complete 
mappings of current intensity to pulse amplitude in microamps for each subject. For each ampulla in MVI002, 1 of 3 
electrodes clearly outperforms other contacts 700–1100 μm away.
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Concurrent modulation via multiple electrodes encodes 3D head rotational velocity. A vestibular implant 
intended to provide artificial 3D sensation of  head movement should decompose and encode head rota-
tion about any specified head rotation axis by eliciting proportionate activity on the 3 implanted canals’ 
ampullary nerves, which the brainstem subsequently combines to compute an estimate of  the head 
rotation axis. Approximate 3D vector summation of  individual responses driven by multiple canals 
has been demonstrated in many nonhuman species (14, 26, 33). To determine whether the same effect 
can be relied upon when programming a vestibular implant for long-term use in humans, we recorded 
3D eye movements of  head-fixed subjects after 8 weeks of  continuous motion-modulated stimulation 
during stimulation via individual canal electrodes (Figure 7A) and then via pairs of  electrodes coordi-
nated to represent head rotation about the +x axis (roll axis, parallel to the naso-occipital axis) and +y 
axis (pitch axis, coincident with the interaural axis). Stimuli were trapezoidally modulated pulse trains 
(50-ms onset/offset ramp, 150-ms plateau, 250-ms intertrapezoid interval) from 0% to 50% modulation 
depth presented in darkness with the subject’s head fixed on a bite block.

Stimulation via subject MVI002’s electrodes E6, E9, and E3 individually evoked 3D eye velocities 
predominantly aligned in each case with the target canal’s axis (Figure 7, B–D, respectively). Concurrent 
excitatory modulation via LP canal electrode E3 and LA canal electrode E9 produced roll eye movements, 
consistent with the vector sum of  responses to excitation via E3 and E9 alone (Figure 7E). Concurrent 
excitatory modulation via posterior canal electrode E3 and inhibitory downmodulation on posterior canal 
electrode E9 elicited a downward pitch eye movement, which is positive by the right-hand rule display con-
vention used in Figure 7, F–H. Observations in all other subjects further corroborated the ability of  MVI 
stimulation to encode 3 linearly independent, approximately canal-aligned components of  3D rotational 
motion, alone and in linear combinations (Supplemental Figure 5 and Supplemental Video 1). The pitch 
3D VOR response in Figure 7F demonstrates the importance of  acclimating subjects to a tonic baseline 
level of  prosthetic input below which the MVI can downmodulate to decrease neural activity. Prosthetic 
encoding of  a purely pitch head rotation would have been impossible to achieve with a unilateral implant 
constrained to only increase, not decrease, activity on the left labyrinth’s 3 ampullary nerves. By adapting 
the subject to tonic stimulation and then downmodulating from that baseline to encode inhibition on 1 or 

Figure 5. Initial MVI activation elicited robust nystagmus that decayed within 30 minutes. Three weeks after 
implantation, continuous electrical stimulation was initiated in subject MVI002 using at 100 pps 100 μs/phase 
biphasic, charge-balanced current pulses on electrodes in the LP (E3, 599 μA), horizontal (E6, 151 μA) and anteri-
or (E9, 599 μA) canals (black bar at top of figure). Eye movements were monitored for 5-minute cycles of about 1 
minute in darkness, then about 4 minutes in light with an Earth-fixed visible target for more than 35 minutes. Each 
point represents 1 slow phase nystagmus segment. Second-order exponential fits to left eye slow phase velocity 
in darkness produced dominant time constant estimates of 28.2, 3.33, and 3.0 minutes for roll, pitch, and yaw 
components, respectively (RMSEx = 6.6°/s, RMSEy = 2.7°/s, and RMSEz = 2.7°/s). Insets show (A) robust nystagmus 
dominated by positive slow phase torsional component at onset of stimulation, (B) extinction of the horizontal 
nystagmus component in darkness by t = 1 minutes, (C) suppression of all but the ~18°/s torsional response during 
lights-on testing, and (D) a reduction of the torsional component to ~5°/s by t = 30 minutes.
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more of  3 canals, the MVI can encode head rotations that normally inhibit at least 1 left canal, as is the case 
for 87.5% of  all possible head rotation directions.

Prosthetic stimulation improves VOR responses to whole-body rotation. To assay system performance during 
natural rotational stimulation, we measured gain and phase lead of  horizontal VOR responses in darkness 
during 100°/s and 0.1-, 0.2-, 0.5-, 1-, and 2-Hz whole-body passive sinusoidal rotation before implantation 
(“preop”), 3 weeks after implantation but before device activation (“postop”), and while using the MVI at 
each subject’s most recent visit (after 812, 738, 782, and 354 days of  continuous use for MVI001, MVI002, 
MVI003, and MVI004, respectively). To isolate the effect of  motion-modulated prosthetic stimulation, 
rotary chair testing was performed with the MVI in its usual mode of  operation (“modulation ON”), then 
repeated on the same day with the device programmed to provide only a constant pulse rate and amplitude 
(“modulation OFF”), which conveys no motion information apart from falsely signifying that the head is 
not moving. Complete data sets were obtained for subjects MVI002–MVI004. Having already undergone 
preoperative rotary chair testing for 0.16, 0.32, and 0.64 Hz at another institution, yielding VOR gains of  
0.01–0.06, MVI001 was not retested at our institution before implantation.

Figure 8 summarizes horizontal VOR gain and phase lead data for MVI002, MVI003, and MVI004, who 
were tested preop, postop, and during both motion-modulated and constant-rate MVI stimulation at their most 
recent visits. Data are shown in comparison to normative data for VOR responses to 50°/s whole-body rotary 
chair rotations reported by Wall et al. for 20 normal subjects of age uniformly distributed over 40–69 years, the 
age range that encompasses our subjects (49). Supplemental Figure 6 shows data for each subject individually.

All subjects tested preoperatively had abnormally low VOR gain and abnormally high phase lead (i.e., 
leftward slow phase VOR response velocity leading rightward chair velocity). Postop data reveal a further 
drop in VOR gain, consistent with electrode implantation worsening native canal function. With the MVI 
working in its usual operating mode (modulation ON) at the most recent visit, VOR gain was significantly 
better than preop over all tested frequencies for MVI003 and MVI004, whereas MVI002’s gain improved 
for 0.1–0.5 Hz but decreased for 1–2 Hz (ART repeated-measures ANOVA, then Wilcoxon’s rank-sum test: 
P < 0.05 for every comparison). Modulation ON VOR gain was also significantly better than modulation 
OFF gain at every frequency for every subject, including MVI001 (Wilcoxon’s rank-sum: P < 0.01 for every 
comparison). Preop VOR phase lead was abnormally high compared with Wall et al.’s (49) normative data 
over 0.1–1 Hz and improved toward normal under the MVI modulation ON test condition. Phase changes 
at 2 Hz did not reveal a consistent trend across subjects.

Subjects wear MVI systems 24 h/d. To the extent that compliance with a course of treatment correlates with 
a subject’s perceived benefit rather than placebo effects or blind adherence to the prescriber’s recommendation, 

Figure 6. Electrically evoked eye movement responses remain stable after 8 weeks of continuous motion-modulated 
stimulation. Peak excitatory half-cycle slow phase 3D eye velocity of MVI002’s (A–C) left and (D–F) right eyes during 
stimulus modulation emulating 2-Hz sinusoidal head rotation (with head actually stationary) at modulation depth 
5%–100% (representing 20–400°/s head velocity) about axes of left posterior (A and D, electrode E3), horizontal (B 
and E, E6), and anterior (C and F, E9) canals, which would ideally drive conjugate (same for both eyes), purely RALP, 
horizontal LHRH, and LARP responses, respectively. Stimulus parameters are detailed in Supplemental Table 3. Each 
data point depicts mean ± SD for n = 9–19 (median 15) cycles.
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the frequency, consistency, and duration of MVI system use are objective metrics of subjects’ perceived benefit. 
As of when this report was submitted for publication, all 4 subjects had worn their MVI systems continuously, 
24 h/d, for more than 1 year, apart from removal for showering, device maintenance, and experimental testing. 
Each requested, and the US Food & Drug Administration (FDA) approved, continued long-term use beyond 
the end of the originally approved 8-week period of stimulation.

Subjects report more stable vision and decreased postural unsteadiness. Visual acuity during head motion, 
objective measures of  posture and gait, quality-of-life surveys, and other performance metrics are beyond 

Figure 7. Coordinated multi-electrode input encodes 3D head rotation axis. Simultaneous selective stimulation of multiple ampullary nerves scaled to 
represent the 3 canal axis components of 3D head rotation can drive 3D VOR responses about an axis that approximates the head rotation axis encoded by 
the implant. (A) Anatomic canal axes (+LARP, +RALP, +LHRH), naso-occipital (+x) axis, and interaural (+y) axis. Trapezoidal 50% modulation depth equiv-
alent head velocity stimulation via MVI002’s (B, electrode E6) LH, (C, E9) anterior, and (D, E3) posterior canals individually each evoked 3D eye velocities 
approximately aligned with target canal axis. Data are shown as mean ± SD for n cycles. (E) Simultaneous in-phase stimulation via LA E9 and LP E3 yields 
roll eye response aligned with +x axis, and (F) counter-phase stimulation yields pitch response aligned with +y axis. (G) In each case, mean response axis 
for each eye aligns approximately with intended head rotation axis as viewed in 3D (H, same data from top-down view). Elliptical cones illustrate eigenval-
ues of response axis covariance matrices.
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the scope of  this report; however, the 3D VOR data presented here were corroborated not only by com-
pliance with therapy but also by categorical improvements in subjects’ perceived ability to see during 
head motion and to walk and navigate independently, as objectively evidenced by resumption of  activi-
ties they had not performed since onset of  vestibular hypofunction despite participation in standard-of-
care rehabilitation therapy. Although resumption of  such activities might also have been driven in part 
by placebo effects (such as increased confidence or just a strong desire to perform better after undergoing 
implant surgery), subjects would have already benefitted from whatever placebo effects accrued from 
participation in standard-of-care rehabilitation therapy.

Despite being an experienced driver and long-distance runner until his gentamicin-induced vestibular 
loss 4 years before implantation, subject MVI001 ceased driving entirely after the onset of  BVL and avoid-
ed sitting in the front of  a car because oscillopsia (illusory movement of  the visible world during head 
movement) made the scene through the windshield dizzying. Although still working out daily through 
weight-lifting and other activities that required little head movement, he had given up outdoor activities, 
such as jogging, sports, and hunting. He relied on a walking stick during travel. Vestibular rehabilitation 
exercises provided subjective benefit that plateaued within a year.

At 3 weeks after activation MVI001 reported that his oscillopsia while walking down a long hallway 
had reduced by 25%–50%, he had resumed sitting in the front of  vehicles, and he felt able to drive (despite 
adherence to recommendations against driving while using the MVI). He hiked on sandy terrain, without 
falling, while hunting for the first time in 4 years. At 3 months after activation, he stopped carrying a walking 
stick and had resumed treadmill jogging. At 5 months after activation, he ran a 5K outdoor race with no 
falls (though he reported that jogging still caused oscillopsia). He subsequently mastered jumping rope and 
took up recreational boxing. At 13 months after activation, he reported: “I walked my daughter down the 

Figure 8. Prosthetic stimulation enhances VOR response to whole-body rotation in darkness. Mean ± SD horizontal 
VOR responses to 100°/s peak velocity 0.1–2 Hz 100°/s sinusoidal whole-body rotations in darkness on an Earth-
vertical axis rotary chair were tested for subjects MVI002–MVI004 before surgery (preop); 3 weeks after surgery, just 
before implant activation (postop); and at the most recent study visit (after 812, 738, 782, and 354 days of continuous 
stimulation, respectively) with MVI motion modulation on (modulation ON) or with a placebo constant-rate stimulus 
(modulation OFF). VOR (A) gain and (B) phase lead are shown individually for each subject. Each data point is the cycle-
averaged mean for n = 2–32 (median 12.5) cycles. Phase lead is positive when rightward eye velocity leads leftward head 
velocity and was computed when VOR responses were more than 1.5°/s. Population mean ± SD is shown when data 
are present for all 3 subjects. Normal mean and ranges within ± 1 SD and ± 2 SD are shown for normal 50- to 69-year-
old subjects as reported by Wall et al. (49). Supplemental Figure 6 details data individually for each subject, including 
MVI001, who did not undergo preoperative testing with this paradigm.
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aisle and had the father/daughter dance without issue and without a walking stick!! Friends and family were 
amazed at how well I’m doing.” Double-blinded testing to rule out recovery of  hair cell function confirmed 
that under the “modulation OFF” condition his symptoms returned to preoperative levels.

Similarly, subject MVI002 reported that continuous use of  the MVI improved his ability to read signs and 
perceive faces while walking. He reported that, for the first time in years, he felt comfortable walking without 
focusing downward at his feet. MVI003 transitioned from reliance on furniture, walls, or her husband’s arm 
for balance to walking unaided and traveling independently. MVI004 ceased use of  an assistive walking stick 
and realized her goal of  resuming independent travel. All subjects reported that they felt able to resume driv-
ing. All requested and were granted FDA approval for long-term use of  their vestibular implants beyond the 
originally planned 8-week trial, and each has used the system continuously since activation.

Discussion
Binocular 3D oculographic data measured in the first 4 human subjects to receive prolonged, continuous, 
24 h/d head motion–modulated pulsatile electrical stimulation of  all 3 semicircular canal vestibular nerve 
branches in the Multichannel Vestibular Implant Early Feasibility Study provide strong evidence that pros-
thetic stimulation using a vestibular implant is a feasible and effective approach to providing artificial sensa-
tion of  3D head rotation to individuals disabled by chronic BVL caused by hair cell injury.

Although previous work with animals and human subjects demonstrated the ability to evoke eye 
movements in response to occasional experimental sessions of  electrical stimulation, results of  those 
prior studies raised concerns that continuous, long-term prosthetic stimulation might be thwarted by 
degradation of  electrode-neuron coupling, atrophy of  neuronal processes, inability to selectively mod-
ulate activity on all 3 ampullary nerves, and/or suppression at central vestibular neuron synapses (35, 
39, 40). The data presented here confirm persistence of  electrically evoked eye movement responses 
after 350–812 days of  continuous, 24 h/d stimulation. Moreover, whereas prior studies in humans 
were limited to 2D video-oculographic measurements, which do not provide sufficient information to 
accurately determine whether eye movements driven by prosthetic stimulation align with the axis of  
the targeted canal, the binocular 3D data presented here quantify all 3 canal axis components of  the 
eeVOR response and therefore provide quantitative insight into the relative excitation of  each canal. 
Although we cannot directly assay vestibular afferent fiber activation in human subjects, characterizing 
evoked eye movements in 3D rather than 2D allowed us to estimate relative effects of  current spread 
from each electrode to each of  the 3 ampullary nerves. The resulting data are consistent with prior 3D 
oculography in animals (32, 33, 42) and 2D measurements in humans (39, 40, 50–52, reviewed in ref. 
37), but use of  binocular 3D oculography revealed disconjugacy inconsistent with the expected effects 
of  purely selective ampullary nerve stimulation. The disconjugate eye movements we observed may 
reflect stimulus current spreading to the utricle and/or saccule.

Does current targeting ampullary nerves spread to the utricle or saccule? Isolated mechanical stimulation of  1 
or more ampullary nerves, without modulation of  utricular or saccular nerve activity, produces binocular 
vestibulo-ocular responses that are conjugate in 3D (i.e., similar in 3D axis and speed for the left and right 
eyes) and characterized by an angular velocity component that fades within a few minutes (52, 53). In con-
trast, natural modulation of  utricular and/or saccular nerve activity, as occurs during a static head tilt, cen-
trifugal stimulation, or translational head acceleration, can elicit disconjugate eye movements, persistent 
eye position deviation, and perception of  head tilt or translation (54). Disconjugacy, static eye deviation, 
and head tilt or translation percepts can therefore serve as indicators of  utricular and/or saccular activity in 
a stationary test subject instructed not to voluntarily activate vergence, eccentric gaze, or other nonvestibu-
lar oculomotor systems that elicit disconjugate and static eye deviations.

In the present study, prosthetic stimulation targeting ampullary nerves typically produced approxi-
mately conjugate nystagmus eye movements without static deviation of  eye angular position or percep-
tion of  tilt or translation. This finding supports a conclusion that prosthetic stimulation via electrodes 
in the ampullae can effectively drive canal-ocular reflexes while avoiding significant activation of  utric-
ular- or saccular-ocular reflexes. However, if  intense enough to modulate activity in the utricular or 
saccular nerves, current spread from ampullary electrodes should drive otolith-ocular reflexes that drive 
disconjugate eye movements. Examples of  this were observed in MVI001 (Supplemental Figure 1, A 
and C) and MVI002 (Figure 3, A and C), for whom stimulation via electrodes in the anterior and poste-
rior canals elicited disconjugate eye movements not only during the initial testing but also after 8 weeks 
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of  continuous motion-modulated stimulation (Figure 6 and Supplemental Figure 4). Interestingly, the 
pattern of  disconjugacy was both electrode and eye dependent. For example, stimulation via MVI002’s 
LP canal electrode elicited left eye movement aligned with the RALP plane, but right eye movement 
more nearly aligned with the pitch axis (Figure 3A and Figure 6A). An analogous but opposite pattern 
was observed during electrical stimulation via an electrode in the LA canal (Figure 3C and Figure 6C). 
The physiologic basis for this pattern, which was consistently observed in MVI001 and MVI002 but not 
in the other 2 subjects, is unclear. Video-oculography system artifact was excluded because calibration 
recordings made during LARP, RALP, and LHRH head rotations with 3 normal subjects viewing an 
Earth-stationary full-field distant scene in light yielded conjugate eye movements with a mean angle 
between the left and right eye 3D rotational velocity axes of  9.0 ± 6.7°, 8.1 ± 6.1°, and 9.9 ± 9.3° for 
velocities at least 5°/s and 7.2 ± 4.3°, 6.5 ± 4.1°, and 7.8 ± 6.0° for all measured velocities at least 20°/s. 
Those calibration data reflect measurement noise, are all similar to misalignment angles measured using 
3D scleral coils in normal humans (55) and during single-canal mechanical stimulation (53), and are 
significantly less than the 30.5 ± 10.2° evident in Figure 6C (unpaired t test: P < 0.001 for every com-
parison). It seems likely that disconjugacy was caused by spurious utricular and/or saccular activation; 
however, the pattern of  utricular/saccular activity that would elicit such eye movement responses is not 
obvious. Another possibility is that a latent esotropia, which was observed in subject MVI002, caused 
convergence of  the eyes during testing in darkness. Previous work investigating the influence of  initial 
binocular 3D position on the angular VOR showed that vergence leads to disconjugate responses during 
natural stimulation of  the posterior and anterior canals (56).

Subjects adapt quickly after initial onset of  continuous MVI stimulation. All components of  the slow phase 
3D VOR response to sudden onset of  tonic prosthetic vestibular stimulation decayed to less than 5°/s with-
in about 30 minutes for every subject (Figure 5 and Supplemental Figure 3), with yaw and pitch decaying 
much faster than roll. These data support the hypothesis that retinal slip error caused by roll nystagmus 
does not drive compensatory VOR adaptation as effectively as retinal slip due to horizontal and vertical 
nystagmus components because the former tend not to displace a fixation target from the retinal foveae 
whereas the latter do (57–60). They are also consistent with previously reported data acquired using 2D 
video-oculography (38, 39, 61, reviewed in ref. 37). In subjects MVI003 and MVI004, prosthetic stimula-
tion onset evoked a yaw nystagmus component of  about –3°/s that reversed direction during the first min-
ute (Figure 5, B and C, respectively). This may represent a nystagmus reversal analogous to that observed 
for normal subjects during prolonged constant-velocity whole-body rotation (62–66). The data also indicate 
that even the roll/torsional component of  nystagmus adapts to a low enough level over a short enough time 
after activation that it should eventually be feasible to accomplish an initial vestibular implant program-
ming session within about 2 hours (the typical duration of  an initial cochlear implant activation visit at 
Johns Hopkins), if  3D eeVOR video-oculography data analysis can be sufficiently automated.

All subjects reported briefly intense vertigo for less than 5 minutes immediately upon onset of  stimula-
tion, and all described perception of  yaw and roll head movement, consistent with the expected vector sum 
of  roughly equal components about the axes of  the 3 implanted/excited canals. The motion percept faded 
rapidly and ended less than 10 min after onset of  stimulation. Starting about 35 minutes after stimulation 
onset, each subject was able to walk around the clinic, initially assisted but then completely independently 
less than 60 minutes after stimulation onset. Each subject was discharged from the outpatient clinic on the 
activation day, without requiring overnight inpatient observation, parenteral medications for treatment of  
vertigo, or other costly interventions that would otherwise pose financial barriers to broad adoption of  ves-
tibular implantation into clinical practice.

Directional plasticity. In comparison with the other 2 subjects, MVI003 and MVI004 produced more mis-
aligned responses during stimulation via LH canal electrode E6 on the first day of testing (Supplemental Figure 
1, H and L). Even after 8 weeks of adaptation to continuous motion-modulated stimulation, MVI004’s respons-
es to stimulation via E6 included a prominent LARP component (Supplemental Figure 4C). Previous studies in 
chinchillas (28) and nonhuman primates (32) showed that VOR directional plasticity can rapidly and significant-
ly minimize off-axis VOR components over the first 7 days of continuous, motion-modulated prosthetic stimula-
tion, presumably via the same sort of neuronal learning mechanisms that reorient VOR direction when a normal 
subject views the world through prisms or other optical manipulations that cause the visual scene to rotate about 
an axis other than the head rotation axis (67–70). In this study, MVI004’s responses did not show this cross-axis 
adaptation effect. One potential reason could be that plasticity effects occurred but plateaued before the 1-week 
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post-activation assessment. Differences in stimulus-encoding scheme may also have played a role. Our animal 
studies of directional plasticity used pulse rate modulation of constant current amplitude stimulus pulses to 
encode head rotations (28, 32). In contrast, subject MVI004’s device was programmed to modulate both pulse 
rate and current amplitude, with the latter possibly causing sufficient current spread to dynamically alter the 
relative activity in different vestibular nerve branches with head motion in a way that interfered with neuronal 
circuits that normally mediate directional plasticity.

Study limitations. All subjects described herein suffered BVL due to apparent ototoxic injury after 
administration of  aminoglycoside antibiotics. We started with this well-defined group because we could 
be reasonably sure that bypassing dysfunctional hair cells through electrical stimulation of  primary vestib-
ular afferent neurons would be effective. Whether favorable outcomes can be achieved in individuals with 
idiopathic vestibular areflexia cannot be predicted from these data with high confidence because the site 
of  dysfunction in idiopathic cases could be downstream from the vestibular nerve. Unlike sensorineural 
hearing loss, for which otoacoustic emissions provide a direct, specific clinical assay of  cochlear health, 
there is no test of  vestibular labyrinth sensation that is independent of  central nervous system circuits and/
or downstream effectors, such as extraocular and postural control muscles.

Another limitation of  the present study is that stimulation parameters were set and adjusted over 
time on a subject-by-subject, canal-by-canal, and electrode-by-electrode basis, with each subject’s stimulus 
parameters adjusted at least once in an effort to identify his/her optimal settings (Supplemental Tables 3 
and 4). This constrains our ability to combine and generalize results across subjects, canals, and electrodes. 
The data presented here should therefore be interpreted as outcomes of  an intention-to-treat study (71), 
with the intended treatment in this case including adjustments of  device settings similar to the routine 
clinical practice of  adjusting cochlear implant stimulus parameters over time. Holding stimulus parameters 
constant throughout the assessment period would have offered a cleaner assay of  how VOR responses 
evolve over time independent of  such interventions, but the ethical imperative to seek the best possible 
outcome for each study participant required a trade-off  between enforcing consistency and striving for the 
best achievable clinical outcome.

Eye movement response velocities evoked in human subjects were small compared with those of  
nonhuman primates (30–35), chinchillas (25–29), and guinea pigs (19–23). The cause of  this interspecies 
disparity, which has been noted in prior studies (37, 39), is unclear. Rodents typically have lower natural 
VOR gains than humans, while the natural VOR of  nonhuman primates closely approximates ours (72). 
Species-specific differences in sensitivity to aminoglycoside antibiotics could play a role, as could differ-
ences in gentamicin dose, route of  delivery to the labyrinth, subject age, and duration since the onset of  
ototoxic injury. However, adult nonhuman primates treated with gentamicin at doses sufficient to perma-
nently wipe out natural VOR responses can still have robust electrically evoked 3D VOR responses years 
later, despite postmortem histologic exam revealing absence of  type I hair cells and absence of  stereocilia 
on type II hair cells (12). Human subjects in this study may have had even more severe hair cell lesions, 
but the presence of  some natural VOR responses to whole-body rotation preoperatively suggests that 
they had at least some hair cell and afferent neuron survival. Identifying key determinants that result in 
nonhuman primates having stronger eeVOR responses compared with our human subjects may reveal 
paths to improving clinical vestibular implant performance.

We implanted the single reference electrode in the common crus based on favorable results of  experi-
ments in nonhuman primates using that approach (30–33). Placing it elsewhere might yield more effective 
stimulation. As a modified cochlear implant with 12 stimulating electrodes but a single stimulation refer-
ence electrode, the MVI’s implanted stimulator cannot perform bipolar stimulation (i.e., between 2 adjacent 
electrodes within 1 ampulla), which should achieve more focal stimulation.

The implanted stimulator relies on power and signals transmitted from the external HWU, which is sus-
ceptible to motion relative to the skull and decoupling from the scalp. Every subject experienced occasional 
HWU decoupling, typically while sleeping. Incorporating a motion sensor and battery in the implanted 
stimulator to make it autonomous would enhance stimulus fidelity and reliability.

Reports of  changes in symptoms must always be considered in the context of  potential for placebo 
effects or other biases. For example, hoping for symptom improvement could bias subjects toward experi-
encing and reporting it. However, the VOR data presented here are objective measures of  prosthetic stim-
ulation efficacy, as is resumption of  balance-dependent activities that a subject did not perform before 
implantation despite standard-of-care treatment, such as MVI001’s resumption of  treadmill jogging.
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Methods
Study design. The Multichannel Vestibular Implant Early Feasibility Study (ClinicalTrials.gov: NCT02725463) 
is a first-in-human, nonrandomized, self-controlled, longitudinal early clinical feasibility study to assess safe-
ty and tolerability of  the Labyrinth Devices MVI as a treatment for BVL in a convenience sample of  adults 
with symptoms and signs of  chronic BVL. Each subject served as his/her own control. The focus of  the 
present report is characterization of  electrically evoked 3D VOR responses with the head held fixed on a 
bite block, a condition in which eye movement responses temporally correlated with prosthetic input can be 
attributed to that input because any residual natural mechanosensory function in the subject’s semicircular 
canals should report an absence of  head motion. Complementing those data are responses during whole-
body rotation in darkness about an Earth-vertical axis with prosthetic input that is either motion modulated 
or constant rate. The former is the implant’s normal operating mode; the latter is a control condition that 
assays responses to residual natural horizontal canal mechanosensation.

Details of  methods are presented in the Supplemental Methods.
Statistics. All data are reported as mean ± SD. Tests of  normality indicated most data residuals signifi-

cantly deviated from a normal distribution (Anderson-Darling test, 95% CI). We used the ART procedure 
(73–75) to perform a nonparametric multifactorial repeated-measures ANOVA and evaluate differences in 
evoked responses across each stimulus condition. This was typically performed with factors of  MVI stimu-
lator condition (“preoperative,” “postoperative and prestimulation,” “modulation ON,” and “modulation 
OFF”) and frequency (0.1–2 Hz). Post hoc pairwise comparisons were made using 2-sided Wilcoxon’s 
rank-sum tests. Statistical significance for all tests was set at P < 0.05.

Study approval. This study was conducted under a protocol approved by the JHU Institutional Review 
Board (IRB study number NA_00051349) and registered on the ClinicalTrials.gov database (NCT02725463). 
The MVI system used in this study was developed and manufactured through a collaboration between 
Labyrinth Devices, LLC, and Med-El GmbH. The devices were provided by Labyrinth Devices, LLC, to 
the JHU study team for use only in this study under FDA Investigational Device Exemption G150198. 
Informed consent was obtained after the nature and possible consequences of  the studies were explained. 
Written informed consent was also obtained for all subject images in this manuscript.
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