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A BS T R AC T
BACKGROUND

Bilateral vestibular hypofunction is associated with chronic disequilibrium, postural
instability, and unsteady gait owing to failure of vestibular reflexes that stabilize the
eyes, head, and body. A vestibular implant may be effective in alleviating symptoms.
METHODS

Persons who had had ototoxic (7 participants) or idiopathic (1 participant) bilateral
vestibular hypofunction for 2 to 23 years underwent unilateral implantation of a
prosthesis that electrically stimulates the three semicircular canal branches of the
vestibular nerve. Clinical outcomes included the score on the Bruininks–Oseretsky
Test of Motor Proficiency balance subtest (range, 0 to 36, with higher scores indicating
better balance), time to failure on the modified Romberg test (range, 0 to 30 seconds),
score on the Dynamic Gait Index (range, 0 to 24, with higher scores indicating better
gait performance), time needed to complete the Timed Up and Go test, gait speed,
pure-tone auditory detection thresholds, speech discrimination scores, and quality of
life. We compared participants’ results at baseline (before implantation) with those at
6 months (8 participants) and at 1 year (6 participants) with the device set in its usual
treatment mode (varying stimulus pulse rate and amplitude to represent rotational
head motion) and in a placebo mode (holding pulse rate and amplitude constant).
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RESULTS

The median scores at baseline and at 6 months on the Bruininks–Oseretsky test were
17.5 and 21.0, respectively (median within-participant difference, 5.5 points; 95%
confidence interval [CI], 0 to 10.0); the median times on the modified Romberg test
were 3.6 seconds and 8.3 seconds (difference, 5.1; 95% CI, 1.5 to 27.6); the median
scores on the Dynamic Gait Index were 12.5 and 22.5 (difference, 10.5 points; 95%
CI, 1.5 to 12.0); the median times on the Timed Up and Go test were 11.0 seconds
and 8.7 seconds (difference, 2.3; 95% CI, −1.7 to 5.0); and the median speeds on the
gait-speed test were 1.03 m per second and 1.10 m per second (difference, 0.13; 95%
CI, −0.25 to 0.30). Placebo-mode testing confirmed that improvements were due to
treatment-mode stimulation. Among the 6 participants who were also assessed at 1
year, the median within-participant changes from baseline to 1 year were generally
consistent with results at 6 months. Implantation caused ipsilateral hearing loss, with
the air-conducted pure-tone average detection threshold at 6 months increasing by 3
to 16 dB in 5 participants and by 74 to 104 dB in 3 participants. Changes in participant-reported disability and quality of life paralleled changes in posture and gait.
CONCLUSIONS

Six months and 1 year after unilateral implantation of a vestibular prosthesis for
bilateral vestibular hypofunction, measures of posture, gait, and quality of life
were generally in the direction of improvement from baseline, but hearing was
reduced in the ear with the implant in all but 1 participant. (Funded by the National Institutes of Health and others; ClinicalTrials.gov number, NCT02725463.)
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pproximately 1.8 million adults
worldwide have severe bilateral vestibular
hypofunction that results in chronic disequilibrium, oscillopsia, postural instability, and
unsteady gait owing to failure of vestibular reflexes that stabilize the eyes, head, and body.1
Because affected persons must devote conscious
effort to walking without falling, they have cognitive distraction, a risk of falling that is 31 times
greater than that of an unaffected person, and the
social stigma of “walking like a drunk.”2 They
also have a disease-related economic burden and
a reduction in health-related quality of life that
are similar to those caused by adult-onset severe
bilateral hearing loss or renal insufficiency.3
Current practice involves instructing these patients to perform vestibular rehabilitation exercises, to avoid the use of ototoxic medications
such as aminoglycosides and sedating medications such as meclizine and benzodiazepines,
and to avoid activities that increase the risk of injury (e.g., swimming, walking in poorly lit areas,
and driving). Noninvasive devices that use sound,
skin vibration, or galvanic stimulation4-7 can convey enough information regarding body motion
and orientation to reduce postural instability;
however, they do not facilitate gait.5
A total of 22 patients at three other centers
were reported to have undergone implantation of
modified cochlear implants that use electrodes
to electrically stimulate branches of the vestibular nerve; such devices have been tested exclusively
in the laboratory setting.8-12 We conducted a study
to measure the clinical effects of a unilateral
vestibular implant that provides long-term artificial sensation of head motion 24 hours per day
by electrically stimulating vestibular nerve branches that innervate the semicircular canals.13
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bones, internal auditory canals, and brain. Exclusion criteria were causes of vestibular reflex dysfunction unrelated to the labyrinth such as acoustic neuroma and cerebellar atrophy, the current
use of substances that suppress the vestibular
reflexes, and conditions expected to preclude safe
participation in the study.14 Eight participants
underwent implantation of the device. A ninth
participant completed the screening process but
did not undergo implantation of the device and
was therefore excluded from the analyses. The
eight participants were the only persons who
received these implants at our institution.
Study Oversight

This single-center study, conducted at Johns Hopkins Hospital, was a prospective, nonrandomized, single-group study in which participants
served as their own controls. It was designed by
the investigators with input from the sponsors,
including Labyrinth Devices, MED-EL (which, with
Labyrinth Devices, jointly developed the device
evaluated in the study), and the National Institutes of Health (NIH). Reviewers from the NIH,
the Food and Drug Administration, the institutional review board at Johns Hopkins School of
Medicine, and an independent data and safety
monitoring board also provided input on the
study design. Labyrinth Devices provided the
implant systems, equipment, and funding to
cover the participants’ travel expenses. MED-EL
manufactured the implanted devices and some
external components. The first six authors, the
ninth and tenth authors, and the last author collected the data. The first, second, and last authors analyzed the data and wrote an earlier
version of the manuscript. All the authors vouch
for the accuracy and completeness of the data
and analyses and for the fidelity of the study to
the protocol, which is available with the full text
Me thods
of this article at NEJM.org. Confidentiality agreeParticipants
ments were in place between the sponsor and
Persons who had had adult-onset bilateral ves- Johns Hopkins University.
tibular hypofunction for at least 1 year and had
undergone at least 6 months of vestibular reha- Study Design
bilitation therapy were eligible for enrollment if Testing was performed in an otolaryngology
they met the following criteria: severe bilateral clinic at baseline (<1 week before surgery) and
vestibular hypofunction confirmed by clinical repeated approximately 3 weeks after unilateral
examination and objective tests of semicircular implantation of the device. The device was then
canal function; hearing in at least one ear that activated to begin electrical stimulation to each
was adequate to support communication; and of the three semicircular canal branches 24 hours
normal findings on magnetic resonance imag- per day, as described below. Testing was reing and computed tomography of the temporal peated 6 months and 1 year after implantation.
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Active stimulation occurred continuously between
visits. At the post-activation visits, we performed
posture and gait tests both with the device set in
its usual treatment mode (in which it provided
information on the rotational velocity of the
head) and during placebo-mode stimulation (when
pulse rate and amplitude were kept constant,
regardless of head motion). The tests were performed during each of the two stimulation modes
on the same day, in random order, with participants and assessors unaware of stimulation mode.

The power and control unit is typically worn on
a lanyard (Fig. 1; and Fig. S1 in the Supplementary Appendix, available at NEJM.org) and uses
a rechargeable battery that is exchanged daily.
The surgery involves creating a subperiosteal
pocket and bone well to hold the stimulator and
its inductive receiver, creating a path for the
electrode leads of the stimulator to run through
the temporal bone to the labyrinth, inserting the
electrode arrays through holes (approximately
0.6 mm in diameter) drilled into each semicircular canal ampulla, and packing fascia and bone
Device and Implantation Surgery
chips around the arrays. A reference electrode is
The device is a self-contained system that pro- placed either in the labyrinth common crus or in
vides artificial sensation of head rotation by a subperiosteal pocket. All the operations were
electrically stimulating the three semicircular performed by one surgeon (the last author).
canal branches of the vestibular nerve (Fig. 1).
The design of the device, the surgical technique, Outcomes
and the stimulation protocols and adjustments There were five outcomes related to posture and
have been described previously.13 Similar to a gait; four participant-reported outcomes related
cochlear implant system, the device comprises to dizziness, disability, and quality of life; and
an implanted stimulator, an electrode array, and four outcomes related to hearing. Published minian external processor. The stimulator is implant- mally important differences between two meaed unilaterally behind the ear that has poorer surements at different times (defined as half the
baseline hearing and vestibular function. The pro- standard deviation for normative data15) were used
cedure is performed in a single operation while to provide context for the interpretation of indithe patient is under general anesthesia. Electri- vidual and median within-participant changes.
cal pulses are delivered to the semicircular canal
branches of the vestibular nerve through three Posture and Gait
stimulating electrodes (chosen from a total of The balance subtest (Balance Subtest 5) of the
nine electrodes implanted in the three canals) Bruininks–Oseretsky Test of Motor Proficiency,
and one reference electrode. The rotational veloc- Second Edition, comprises seven standing tasks
ity of the head is encoded in three dimensions (standing on the floor on one foot and on both
by the modulation of pulse rates and amplitudes feet and on a low balance beam on one foot,
of stimulation through the electrodes. At the time each with eyes open and with eyes closed; and
of device activation and at subsequent testing standing heel to toe on a low balance beam with
sessions, stimulation settings are adjusted as eyes open) and two walking tasks (walking forneeded to maximize strength and selectivity of ward on the floor, with and without touching
vestibular nerve–branch stimulation, as indicated heel to toe.16 For each task, the better of two
by the speed and direction of the perceived head attempts is scored on a scale of 0 to 4 on the
motion and reflex head and eye movements.
basis of time (standing tasks) or step count
The external processor includes two compo- (walking tasks) until failure (i.e., moving from
nents: a head-worn unit and a power and control the set position, opening the eyes when they
unit. The head-worn unit, which is held on the should be closed, or stepping off the line). The
scalp by three magnets, senses angular and lin- sum of the scores across the nine tasks ranges
ear head motion (only the former is used for the from 0 to 36, with higher scores indicating betprosthesis) with a three-axis motion sensor and ter performance. The minimally important diftransmits power and commands wirelessly across ference is 1.55 points for young adults.16 We
the scalp to the implanted stimulator. The power found no published normative data for adults
and control unit sends data to a computer to older than 21 years of age.
allow for adjusting the device settings, controls
The modified Romberg test involves having
and provides power to the unit worn on the the participant stand for as long as possible on
head, and alerts the user when its battery is low. a foam pad with feet together, arms crossed,
n engl j med 384;6
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A The Multichannel Vestibular Implant System
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Figure 1 (facing page). Components and Mechanism
of a Vestibular Implant.
To bypass damaged hair cells in dysfunctional semicircular canals, a vestibular implant electrically stimulates
vestibular nerve branches with the use of electrical current pulses that vary in rate and amplitude depending
on head rotation speed and axis. The multichannel vestibular implant system (Panel A) comprises an implanted
stimulator with electrodes designed for insertion in the
semicircular canals; an external head-worn unit, which
senses head rotation and transmits power and command
signals to the stimulator with the use of a transcutaneous inductive link; and a power and control unit that
houses a battery and a microprocessor that stores stimulus settings and controls pulse timing. To mimic nerve
activity patterns that normally represent the speed and
three-dimensional axis of head rotation, the system separates head rotational velocity into three components,
each aligned with the axis of one semicircular canal, and
then stimulates each canal separately (Panel B).

and eyes closed. The time to failure (i.e., moving
out of position or opening the eyes) is measured
for a maximum of 30 seconds for each of two
attempts, and the longer duration of the two is
reported.17 The minimally important difference
is 4.21 seconds.18
The Dynamic Gait Index assesses walking on
a level surface (with the participant’s usual gait
and while changing gait speed, turning the head
left and right, moving the head up and down,
stepping over obstacles, stepping around obstacles, or making an abrupt 180-degree pivot) and
walking up and down stairs.19 Each of the eight
conditions is scored with the use of a standardized manual on a scale of 0 to 3; the sum of the
scores ranges from 0 to 24, with higher scores
indicating better gait performance. The minimally important difference is 0.75 points.20
In the Timed Up and Go test, a seated participant is instructed to rise, walk 3 m, turn
around, and return and sit down.21 The mean
completion time (in seconds) for three attempts
is recorded, with shorter durations indicating
better performance. In a study involving 413
women 65 to 85 years of age, the completion
time on the Timed Up and Go test was less than
12 seconds for 92% of the women and less than
20 seconds for all the women.22 The minimally
important difference is 1.3 seconds.23
Gait speed is measured during four attempts
of walking 10 m in a well-lit, straight corridor
at a comfortable pace. The time to traverse the
middle 4 m is measured and reported as the mean
n engl j med 384;6

velocity in meters per second; a faster speed indicates better performance. In a study involving
558 older adults, the mean (±SD) gait speed was
1.00±0.23 m per second.24 The minimally important difference is 0.12 m per second.24
Participant-Reported Outcomes

The Dizziness Handicap Inventory determines
how often respondents have dizziness-related difficulty or distress in 25 scenarios, each on a scale
that ranges from 0 (no distress) to 4.25 The overall score is the sum of all the responses; scores
range from 0 (no respondent-perceived dizziness
handicap) to 100. On the Vestibular Disorders
Activities of Daily Living questionnaire, respondents rate their perceived disability for 28 activities on a scale of 1 (“independent”) to 10 (“too
difficult; no longer perform”). The overall score
is the median response, which ranges from 1
(least disability) to 10 (most disability).26,27 The
minimally important difference for the Dizziness
Handicap Inventory is 18 points; a minimally
important difference is not specified for the
Vestibular Disorders Activities of Daily Living
questionnaire.28
The 36-Item Short-Form Health Survey (SF-36)
assesses general health-related quality of life on
the basis of responses to 36 questions.29 Its scoring protocol does not specify a composite score.
However, SF-36 data can be transformed to a
health utility index score (SF-36 utility; scores
range from 0.3 [worst] to 1.0 [best]).30-32 The
Health Utilities Index Mark 3 is a 15-question
survey that is intended to measure health utility
on a scale of 0 (death) to 1 (perfect health).33 The
Health Utilities Index Mark 3 applies greater
weight to hearing than does the SF-36 utility, but
both yield similar scores for changes in health
utility. The minimally important difference for
each index is 0.03 points.33,34 To obtain aspects
of the participant experience that were insufficiently described by participant-reported outcome
questionnaires (none of which are specific to
bilateral vestibular hypofunction), we recorded
structured interviews.
Audiometry

We measured air- and bone-conducted pure-tone
detection thresholds and open-set word discrimination scores (the percentage correct among sets
of 50 consonant–nucleus–consonant monosyllabic
words35). The words were presented to the participant through earphones while the participant
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was in a sound-isolation booth. A masking noise
was played to the contralateral ear at 40 dB
above its bone-conduction threshold if that
threshold was at least 10 dB better than that of
the testing ear. We computed pure-tone average
detection thresholds at 500, 1000, 2000, and
4000 Hz.
To simulate real-world conditions, we measured sentence recognition scores on the AzBio
sentences-in-noise test (scores range from 0 to
100%, with higher scores indicating better performance).36 During this speech perception test,
a prerecorded list of 20 sentences, chosen at random without replacement from a set of 15 such
lists, is presented through a speaker in front of
the participant at a moderate volume (a sound
pressure level of 60 dB), along with simultaneous
noise (comprising the sum of ten other sentences) at a sound pressure level of 55 dB. We
performed ocular and cervical vestibular-evoked
myogenic potential testing to assess the function of the utricle and saccule, respectively, by delivering air-conducted 500-Hz tone bursts through
earphones at a sound pressure level of 125 dB.37
For ocular vestibular-evoked myogenic potential
testing, the normal range is 0 to 17 μV peak-topeak amplitude, with higher values indicating
greater utricle sensitivity to sound. For cervical
vestibular-evoked myogenic potential testing, the
normal range is a score of 1.3 to 3 (a dimensionless ratio of response amplitude to rectified prestimulus electromyographic activity), with higher values indicating greater saccule sensitivity to
sound.
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Statistical Analysis

The main results of each outcome are presented
as medians and 95% confidence intervals of the
within-participant change from preoperative baseline to 6 months and 1 year after implantation,
during treatment-mode stimulation.38 We also
used descriptive statistics to summarize the results obtained during placebo-mode stimulation
at 6 months and 1 year after implantation. Missing data after implantation were imputed to the
median of that participant’s previous postimplantation results; no preimplantation data were
missing or imputed. Because there was no prespecified plan to adjust confidence intervals for
multiple comparisons, the end points are presented only as point estimates with unadjusted
confidence intervals.

R e sult s
Participant Characteristics and Stimulation
Settings

Three men and five women were enrolled in the
study and underwent unilateral implantation of the
device. The median age was 59 years (range, 50 to
66), and all the participants had adult-onset bilateral vestibular hypofunction that had been caused
by the use of an aminoglycoside, with one exception: Participant 7 had idiopathic hypofunction
(Table 1). Baseline testing occurred at a median of
4 years (range, 2 to 23) after the onset of symptoms. Two participants did not undergo testing
at 1 year because of difficulty traveling as a result
of the pandemic of coronavirus disease 2019.

Table 1. Participant Characteristics.
Participant No.
(Sex, Age)

Cause of Bilateral Vestibular Hypofunction
(Year of Symptom Onset)

Date of Device
Activation

Implant Surgery

Date of Most
Recent Test

Days
of Use*

Ear

Date

1 (M, 61 yr)

Gentamicin, intravenous infusion (2012)

Left

Aug. 12, 2016

Sept. 7, 2016

Oct. 29, 2018

812

2 (M, 57 yr)

Streptomycin, bilateral intratympanic injection (2007)

Left

Nov. 4, 2016

Nov. 30, 2016

Nov. 12, 2018

738

3 (F, 63 yr)

Gentamicin, intravenous infusion (2015)

Left

Feb. 3, 2017

Feb. 23, 2017

March 27, 2019

782

4 (F, 62 yr)

Gentamicin, intravenous infusion (2015)

Left

Dec. 15, 2017

Jan. 4, 2018

Dec. 3, 2018

354

5 (F, 50 yr)

Gentamicin, bilateral intratympanic injection (2009)

Right

Aug. 24, 2018

Sept. 12, 2018

Feb. 26, 2020

532

6 (F, 66 yr)

Gentamicin, intravenous infusion (2016)

Right

Aug. 31, 2018

Sept. 26, 2018

March 11, 2020

532

7 (F, 52 yr)

Cause unknown (2015)

Left

Jan. 14, 2019

Feb. 6, 2019

July 1, 2019

145

8 (M, 55 yr)

Gentamicin, intravenous infusion (1996)

Right

Sept. 13, 2019

Oct. 9, 2019

March 4, 2020

147

*	The days of use were calculated on the basis of the date of the participant’s most recent test.
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The median duration of the surgery was 285
minutes (range, 246 to 305). The reference electrode was inserted in the labyrinth common
crus in seven participants and in a subperiosteal
pocket in Participant 8. Three participants were
discharged the same day; the remaining five
were discharged the morning after surgery.
Summaries of the electrical stimulation settings that were chosen during the outpatient programming visit 3 weeks after implantation and
at 6 months and 1 year after implantation are
provided in Tables S1, S2, and S3.13 As of the
date of each participant’s most recent test, all the
participants had used their devices in treatment
mode every day since activation (median duration of use at last assessment, 532 days; range,
145 to 812). All the participants wore the external unit 24 hours per day for at least 6 months.
Participant 2 began taking it off at bedtime 2 years
after implantation, and Participants 5, 7, and 8
began taking it off at bedtime at 6 months.
Outcomes

The following missing data from individual participants were imputed to the median of that
participant’s previous postimplantation results:
the response on one question each on the 3-week
and 6-month postimplantation Dizziness Handicap Inventory for Participant 2; the scores on
the AzBio sentences-in-noise test at 6 months for
Participants 1 and 2; and the results of audiometric testing at 6 months for Participant 8. The
missing 1-year data for the two participants who
had been unable to complete testing as a result
of the pandemic were not imputed.
Table 2 summarizes outcome results at baseline, at approximately 3 weeks after implantation (but before activation of the device), and
during treatment-mode stimulation at 6 months
and 1 year after implantation. Figure 2 shows
individual and median within-participant changes in posture and gait measurements relative to
baseline during both treatment-mode stimulation and placebo-mode simulation. During treatment-mode stimulation, the median within-participant change at 6 months was positive (in the
direction of improvement) for all five tests, and
confidence intervals included zero for three of
the five tests. The median score on the balance
subtest of the Bruininks–Oseretsky Test of Motor Proficiency changed from 17.5 at baseline to
21.0 at 6 months after implantation (median
n engl j med 384;6

within-participant difference, 5.5 points, 95%
confidence interval [CI], 0 to 10.0), and the median time on the modified Romberg test changed
from 3.6 to 8.3 seconds (difference, 5.1; 95% CI,
1.5 to 27.6). The median score on the Dynamic
Gait Index changed from 12.5 to 22.5 (difference, 10.5 points; 95% CI, 1.5 to 12.0), the median time on the Timed Up and Go test from
11.0 to 8.7 seconds (difference, 2.3; 95% CI, −1.7
to 5.0), and the median speed on the gait-speed
test from 1.03 to 1.10 m per second (difference,
0.13; 95% CI, −0.25 to 0.30). Among the six participants who were also assessed at 1 year after
implantation, the median within-participant
changes from baseline to 1 year were generally
consistent with results at 6 months. The median
within-participant changes from baseline during
placebo-mode stimulation were small, with confidence intervals crossing zero (Fig. 2, Tables S7
through S9, and Videos 1 through 8).
The results of the assessments of participantreported dizziness, disability, and quality-of-life
measures are shown in Table 2 and Figure 3. The
median within-participant change at 6 months
was in the direction of improvement for all four
measures related to these outcomes, and confidence intervals included zero for two of the four
measures. The median score on the Dizziness
Handicap Inventory changed from 79 at baseline
to 19 at 6 months after implantation (median
within-participant difference, 50 points; 95% CI,
16 to 66), and the median score on the Vestibular Disorders Activities of Daily Living assessment changed from 4 to 1 (difference, 2 points;
95% CI, 0 to 4). The median score on the SF-36
utility changed from 0.70 to 0.82 (difference,
0.10 points; 95% CI, 0.06 to 0.24), and the median score on the Health Utilities Index Mark 3
changed from 0.74 to 0.72 (difference, 0.07 points;
95% CI, −0.22 to 0.18). Among the six participants who were also tested at 1 year after implantation, the median within-participant changes from baseline were similar to those observed
at 6 months. Figure S1 shows participants using
their devices in daily life, and Videos 1 through 8
show structured interviews of all eight participants.
The results of the audiometric outcomes are
presented in Table 2 and Figures S2 and S3. Implantation caused a bimodal distribution of
hearing loss relative to baseline in the ear containing the implant; the air-conducted pure-tone
average detection threshold 6 months after im-
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80 (0 to 100)
94 (68 to 100)

96 (78 to 100)
92 (90 to 99)

53.8 (22.5 to 114.0)

13.1 (9.0 to 47.5)
38.1 (16.0 to 67.5)

0.71 (0.53 to 0.85)
0.47 (−0.04 to 0.83)

0.70 (0.56 to 0.83)
0.74 (0.42 to 0.85)

11.3 (7.5 to 35.0)

4 (1 to 6)

4 (1 to 6)

13.5 (9.5 to 22.0)
11.4 (7.5 to 19.3)
1.08 (0.56 to 1.37)

12.5 (9.0 to 22.5)
11.0 (8.2 to 19.5)
1.03 (0.55 to 1.27)
79 (40 to 94)

2.5 (0.9 to 8.4)

3.6 (2.0 to 8.9)

79 (32 to 92)

13.5 (7.0 to 21.0)

Before Activation,
Approximately 3 Wk after Implantation (N = 8)

17.5 (9.0 to 20.0)

Baseline,
1 Wk before
Implantation (N = 8)

Treatment Mode,
1 Yr after
Implantation (N = 6)

84 (0 to 100)
96 (82 to 100)

47.5 (5.0 to 69.0)

35.0 (14.0 to 85.0)

0.84 (0.72 to 0.90)
0.74 (0.35 to 0.97)

1 (1 to 6)

26 (0 to 40)

22.0 (21.0 to 24.0)
9.3 (7.3 to 14.0)
1.22 (0.85 to 1.27)

14.5 (3.5 to 30.0)

25.5 (12.0 to 27.0)

−9 (−100 to −8)
−3 (−18 to 6)

−15.0 (−57.5 to 1.3)

−14.4 (−100.0 to −2.5)

0.10 (0.06 to 0.24)
0.07 (−0.22 to 0.18)

2 (0 to 4)

50 (16 to 66)

10.5 (1.5 to 12.0)
2.3 (−1.7 to 5.0)
0.13 (−0.25 to 0.30)

5.1 (1.5 to 27.6)

5.5 (0 to 10.0)

−5 (−96 to 12)
2 (−16 to 10)

−11.9 (−56.3 to 2.5)

−8.1 (−72.5 to −1.3)

0.11 (0.05 to 0.28)
0.11 (−0.45 to 0.18)

2 (0 to 4)

49 (32 to 70)

9.5 (−0.5 to 11.0)
2.1 (0 to 5.5)
0.13 (−0.08 to 0.30)

11.0 (1.5 to 25.1)

7.0 (3.0 to 13.0)

Within-Participant Change from Baseline
in the Direction of Improvement†
Treatment Mode, 6 Mo Treatment Mode, 1 Yr
after Implantation (N = 8) after Implantation (N = 6)

of

81 (0 to 96)
88 (80 to 100)

36.9 (10.0 to 66.3)

46.9 (17.5 to 112.5)

0.82 (0.68 to 0.90)
0.72 (0.26 to 0.97)

1 (1 to 6)

19 (6 to 76)

22.5 (21.0 to 24.0)
8.7 (6.8 to 14.5)
1.10 (0.81 to 1.35)

8.3 (4.4 to 30.0)

21.0 (11.0 to 28.0)

median (95% CI)

Treatment Mode,
6 Mo after
Implantation (N = 8)

n e w e ng l a n d j o u r na l

*	The widths of the confidence intervals (CI) have not been adjusted for multiple comparisons and cannot be used to infer a treatment effect.
†	Median within-participant changes in the direction of improvement relative to baseline (before implantation) are shown. The sign of within-participant change relative to baseline was inverted
for the following outcomes, for which lower values indicate better performance: the Timed Up and Go test, the Dizziness Handicap Inventory, the Vestibular Disorders Activities of Daily Living
assessment, the pure-tone average conducted through air, and the pure-tone average conducted through bone. The median within-participant difference is not necessarily equal to the difference between the baseline and postimplantation median scores.
‡	Total scores on the balance subtest of the Bruininks–Oseretsky Test of Motor Proficiency range from 0 to 36, with higher scores indicating better performance.16 Time to failure on the modified
Romberg test ranges from 0 to 30 seconds, with longer durations indicating better performance.17
§	Scores on the Dynamic Gait Index range from 0 to 24, with higher scores indicating better gait performance.19 For the Timed Up and Go test, shorter durations indicate better performance.21
For gait speed, a faster speed indicates better performance.
¶	Scores on the Dizziness Handicap Inventory range from 0 to 100, with lower scores indicating a lower respondent-perceived dizziness handicap.25 Scores on the Vestibular Disorders Activities
of Daily Living assessment range from 1 to 10, with lower scores indicating lower respondent-perceived disability.27
‖	Scores on the health utility index derived from data from the 36-Item Short-Form Health Survey (SF-36 utility) range from 0.3 (worst) to 1 (best).29 Scores on the Health Utilities Index Mark 3
range from 0 (death) to 1 (perfect health).33
**	Air- and bone-conducted pure-tone detection thresholds were measured in the ear containing the implant; lower threshold levels indicate better hearing. Scores on the consonant–nucleus–
consonant (CNC) word discrimination test range from 0 to 100%, with higher scores indicating better performance.35 Sentence recognition scores for sound field presentation to both ears with
added noise on the AzBio sentences-in-noise test range from 0 to 100%, with higher scores indicating better performance.36

Posture‡
Bruininks–Oseretsky Test of
Motor Proficiency balance
subtest score
Modified Romberg test — sec
Gait§
Dynamic Gait Index score
Timed Up and Go test — sec
Gait speed — m/sec
Dizziness and disability¶
Dizziness Handicap Inventory
score
Vestibular Disorders Activities of
Daily Living assessment score
Quality of life‖
SF-36 utility score
Health Utilities Index Mark 3 score
Hearing**
Pure-tone average, air-conducted
— dB
Pure-tone average, bone-
conducted — dB
CNC word discrimination test — %
AzBio sentences-in-noise test — %

Outcome

Table 2. Study Outcomes.*
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Participant No.:

1

2

3

4

5

6

7

Median change relative
to baseline value

8

Minimally important
difference

A Posture Tests

Change in Bruininks–
Oseretsky Test Score

Treatment Mode
15

10

10

5

5

0

0

−5

Change in Modified
Romberg Test Performance (sec)

Placebo Mode

15

0

0.5

−5

1.0

30

30

20

20

10

10

0

0
0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

Years since Implantation

B Gait Tests

Change in Dynamic
Gait Index Score

Treatment Mode
10

10

0

0

Change in Timed Up and Go
Test Performance (sec)

−10

0

0.5

−10

1.0

−5

−5

0

0

5

5

0

Change in Gait Speed
(m/sec)

Placebo Mode

0.5

1.0

0.4

0.4

0.2

0.2

0

0

−0.2

−0.2

−0.4

−0.4

−0.6

0

0.5

−0.6

1.0

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

Years since Implantation
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Figure 2 (previous page). Changes in Posture and Gait.
Panel A shows within-participant changes in posture tests
during both treatment-mode stimulation and placebomode stimulation relative to baseline values measured
before implantation. Total scores on the balance subtest
of the Bruininks–Oseretsky Test of Motor Proficiency
range from 0 to 36, with higher scores indicating better
performance.16 Time to failure on the modified Romberg
test ranges from 0 to 30 seconds, with longer durations
indicating better performance.17 Panel B shows withinparticipant changes in gait tests during both treatmentmode stimulation and placebo-mode stimulation relative to baseline values measured before implantation.
Scores on the Dynamic Gait Index range from 0 to 24,
with higher scores indicating better gait performance.19
For the Timed Up and Go test, shorter durations indicate better performance.21 For gait speed, a higher speed
indicates better performance. In both panels, data are
shown for all eight participants at 6 months after implantation and for six participants (all except Participants 7
and 8) at 1 year after implantation. Gray shading denotes ±1
minimally important difference. Brackets depict the 95%
confidence intervals of the medians, which are equivalent to the ranges. The widths of the confidence intervals have not been adjusted for multiple comparisons
and cannot be used to infer a treatment effect. The y axis
for the Timed Up and Go test is inverted so that a relative
increase in performance is upward for all the outcomes.

plantation increased (worsened) by 74 to 104 dB
in three participants and by 3 to 16 dB in five
participants. Word discrimination scores 6 months
after implantation, assessed in the ear containing the implant, were 0% in the three participants with greater hearing loss and within 10%
of the baseline scores for the other five participants. Sound-field AzBio sentences-in-noise recognition scores, which were based on the presentation of sentences to both ears, remained
within 18% of the baseline score for all the
participants, a finding that reflects intact contralateral hearing. No participant had detectable
responses on vestibular-evoked myogenic potential testing of the ear containing the implant
before or after surgery, with the exception of
Participant 4, who had a cervical vestibularevoked myogenic potential score of 1.02 at baseline and 1.00 after implantation.
Adverse Events

Adverse events other than hearing loss included
tinnitus, transient imbalance, dysgeusia, facial
twitch, and tingling that stopped when the stimulus current was reduced (Table S10). One participant reported two falls after sudden discontinuations of stimulation related to a software
error that was subsequently corrected. One par530
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ticipant reported a fall while walking with her
device unpowered. One participant fractured his
clavicle after falling while riding a bicycle with
the device in treatment mode.

Discussion
In eight participants with adult-onset bilateral
vestibular hypofunction, prosthetic electrical
stimulation of the semicircular canal branches
of the vestibular nerve to convey an artificial
sensation of rotational head movement resulted
in changes in the direction of improvement from
baseline in two of the five measures of posture
and gait and in two of the four participantreported outcomes related to dizziness, disability,
and quality of life at 6 months. The results at
1 year after implantation were similar. Changes
in the other three posture and gait measures and
the other two participant-reported outcomes were
generally in the direction of improvement, but
the confidence intervals for the differences from
baseline included zero at 6 months. Participants
reported improvements in outcomes while using
the devices continuously, since the time of device activation, at home during activities of daily
living; thus, such findings are not limited to
laboratory testing. The direction of improvement
on these tests was corroborated by participant
reports of subjective improvement in the ability
to perform activities of daily life that require
stable posture or walking without exerting conscious effort to avoid falling.
Posture and gait tests performed during
placebo-mode stimulation showed changes at
6 months and at 1 year that were not significantly different from baseline measurements.
Although this study was not powered to support
statistical inference regarding the absence of
placebo-mode stimulation effects, these data are
consistent with an interpretation that changes in
posture and gait performance observed during
treatment-mode stimulation are not a result of
placebo effects or spontaneous recovery.
Hearing loss in the ear containing the implant occurred in seven participants, with three
having severe hearing loss and four having diminished hearing but retaining useful hearing
in the ear with the implant. One factor that may
have contributed to the hearing loss is hypersensitivity to bone-conducted sound, which can result from the presence of superior canal dehiscence or other conditions in which holes in the
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Participant No.:

1

2

3

4

Median change relative
to baseline value

5

6

7

8

Minimally important
difference

Change in Dizziness
Handicap Inventory Score

A Dizziness and Disability
0
−20
−40
−60
0

Change in Vestibular
Disorders Activities
of Daily Living Score

Figure 3. Changes in Dizziness, Disability, and Quality
of Life.
Panel A shows within-participant changes in assessments of dizziness and disability relative to preimplantation scores. Scores on the Dizziness Handicap Inventory range from 0 to 100, with lower scores indicating
a lower respondent-perceived dizziness handicap.25
Scores on the Vestibular Disorders Activities of Daily
Living assessment range from 1 to 10, with lower scores
indicating lower respondent-perceived disability.27 Panel B shows within-participant changes in quality-of-life
assessments relative to preimplantation scores. Scores
on the health utility index derived from data from the
36-Item Short-Form Health Survey (SF-36 utility) range
from 0.3 (worst) to 1 (best).29 Scores on the Health
Utilities Index Mark 3 range from 0 (death) to 1 (perfect health).33 Data are shown individually for each of
the eight participants at 6 months after implantation
and for all but two participants (those who most recently underwent implantation) at 1 year. Gray shading
denotes changes within ±1 minimally important difference as defined by published standards for each test.
Brackets depict the 95% confidence intervals of the
medians, which are equivalent to the ranges. The widths
of the confidence intervals have not been adjusted for
multiple comparisons and cannot be used to infer a
treatment effect.

0.5

1.0

0.5

1.0

0
−1
−2
−3
−4
0

Years since Implantation
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0.3
0.2
0.1
0.0
0

Change in Health Utilities
Index Mark 3 Score

bone walls of the labyrinth alter the fluid dynamics of the inner ear.39,40 Surgically opening
the ampullae to insert vestibular-implant electrodes may increase cochlear sensitivity to intraoperative drilling noise. Preserving a thin bone
layer over each ampulla until all drilling is done
and then opening each without a drill may reduce the risk of intraoperative noise-induced
hearing loss.
In eight participants with severe bilateral vestibular hypofunction who received artificial sensation of head movement through prosthetic
vestibular stimulation for more than 6 months,
some measures of posture, gait, and participantreported quality-of-life outcomes improved from
baseline and others were generally in the direction of improvement. Surgery for the implantation resulted in reduced hearing in the ear with
the implant in seven participants.

Change in SF-36 Utility
Score

B Quality of Life

0.5

1.0

0.5

1.0

0.2
0.0
−0.2
−0.4
0

Years since Implantation
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