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Abstract.

BACKGROUND: Treatment with a cochlear implant (CI) poses the risk of inducing a behaviorally unmeasurable air-bone
gap leading to false negative absence of cervical and ocular vestibular evoked myogenic potentials (c(VEMPs, oVEMPs) to
air conducted sound (ACS).

OBJECTIVE: To investigate VEMP response rates to ACS and bone conducted vibration (BCV) in CI patients and the
applicability of the B81 transducer for BCV stimulation.

METHODS: Prospective experimental study including unilateral CI patients, measuring cVEMPs and oVEMPs to ACS and
to BCV, comparing response rates, signed asymmetry ratios, latencies, and amplitudes.

RESULTS: Data of 13 CI patients (mean age 44 £ 12 years) were analyzed. For the CI side, oVEMP and cVEMP response
rates were significantly higher for BCV (77% cVEMP, 62% oVEMP) compared to ACS (23% cVEMP, 8% oVEMP). For the
contralateral side, no difference between response rates to ACS (85% cVEMP, 69% oVEMP) and BCV (85% cVEMP, 77%
oVEMP) was observed. Substantially higher asymmetries were observed for ACS (88 = 23% for cVEMPs, —96 & 11% for
oVEMPs) compared to BCV (12 £ 45% for cVEMPs, 4 &= 74% for oVEMPs).

CONCLUSIONS: BCV is an effective stimulus for VEMP testing in CI patients. The B81 is a feasible stimulator.

Keywords: Cochlear implant, vestibular function, VEMP, air conduction, bone conduction, transducer, air-bone gap, asym-
metry

1. Introduction et al. [5]. Later, VEMP recordings from contralateral

extraocular muscles were reported (ocular, oVEMPs)

The recording of vestibular evoked myogenic
potentials (VEMPs) has become a routine clinical test
for the assessment of the otolith organs in the periph-
eral vestibular system. The recording of VEMPs from
the ipsilateral steronocleidomastoid muscle (SCM;
cervical, cVEMPs) was first described by Colebatch
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[20, 37, 42]. Air conducted sound (ACS) with large
sound pressure level is used as a common stimulus for
activating the otoliths. Recordings in squirrel mon-
keys showed that saccular afferents had the lowest
phase locking threshold to sound [46]. The threshold
of saccular afferents to ACS is approximately 15 —
20 dB lower than for utricular afferents. Later it was
found that bone conducted vibration (BCV) leading
to a series of head accelerations is also a very effective
VEMP stimulus. The thresholds of both utricular and
saccular afferents are lower to BCV compared to ACS
with reference to hearing levels [7, 9]. Differentiation
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between saccular and utricular function is clinically
possible due to differences in neural projections. The
saccule has an ipsilateral inhibitory projection and
the utricle has an ipsilateral inhibitory as well as a
contralateral excitatory projection to the SCM [24].
Projections to the inferior oblique muscle are more
complex but predominantly of utricular origin. Due to
the differences in neural projections and differences
in thresholds, ACS is a common stimulus used for
cVEMP measurements [9], evaluating saccular func-
tion. Utricular function can be assessed by recording
the excitatory potentials from the contralateral ocular
muscles (0VEMPs). For BCV, activating both saccu-
lar and utricular afferents at low stimulation levels,
the differentiation is not as clear but cVEMPs indi-
cate predominantly saccular function and oVEMPs
indicate predominantly utricular function [8].

While VEMP measurements with ACS are also
applicable in patients with profound sensorineural
hearing loss, they cannot be elicited in patients with
even mild conductive hearing loss. The impairment
of sound transmission through the middle and/or
inner ear causes reduced VEMP amplitudes or absent
responses [39, 48]. As an alternative, BCV is a feasi-
ble otolithic stimulus for cVEMP as well as oVEMP
testing in these patients.

Cochlear implantation is also attributed to causing
air-bone gaps [4, 27, 34]. The possible underlying
mechanisms can be changes in middle ear but also
inner ear mechanics. Changes in middle ear mechan-
ics include fibrous tissue formation after surgery,
reaction to the foreign body, and disruption of the
ossicular chain [34]. However, Mattingly et al. [27]
have shown that the incidence of postoperative air-
bone gaps did not correlate to abnormalities in
tympanometry. Alterations of inner ear mechanics are
therefore likely to causing air-bone gaps in cochlear
implant (CI) patients. Air-bone gaps of inner ear ori-
gin are known from other inner ear pathologies such
as large vestibular aqueducts, or semicircular canal
dehiscence [16, 29]. In CI patients, alterations of
inner ear mechanics leading to air-bone gaps can be
the presence of the electrode as a foreign body itself,
inflammatory reactions to the electrode or damage to
intracochlear structures leading to fibrosis, and alter-
ing compliance of the round window and therefore
stapes motion [3, 17, 23, 32]. Also, changes in vol-
ume regulation, i.e., endolymphatic hydrops due to
the surgical procedure and/or the cochlear implant
(CI) array, can occur and affect inner ear mechanics
[15, 40]. In patients with traditional CI indication,
i.e., profound sensorineural hearing loss, the air-bone

gap following cochlear implantation cannot be mea-
sured behaviorally by standard audiometric tests due
to the limited maximum output of BC transducers,
especially at the low frequencies. Another problem
at the low frequencies is the interference with tactile
thresholds which makes the interpretation of hear-
ing test results difficult [11]. However, VEMP testing
in CI patients is often desirable. Due to the close
anatomical proximity of the cochlea and the otolith
organs in the vestibule, they are suggested to be at
risk with cochlear implantation. In a meta-analysis,
Ibrahim et al. [18] reported a detrimental effect of CI
surgery on VEMP results. However, they observed
that most studies utilized ACS and measured only
cVEMPs. Only a few studies measured cVEMPs to
BCYV or to both ACS and BCV [1, 6, 10, 35, 43],
and even less studies included oVEMP testing [2,
25, 45]. The observed response rates and pathologic
asymmetries differ substantially (range 17 to 80%,
[18]) between studies and are most likely attributed
to the different methods used. In CI patients, absent
VEMP responses to ACS could be the result of altered
middle and/or inner ear mechanics, i.e., altered sound
transmission, rather than loss of otolith function. This
poses the risk of misdiagnosis of vestibular dysfunc-
tion and thus inaccurate patient counseling, e.g., if a
patient is considering implantation on the contralat-
eral side but fears bilateral vestibular loss. Merchant
et al. [28] measured VEMPs to ACS and BCV as
well as wideband acoustic immittance responses to
test for air-bone gaps in CI patients. They reported
that response rates to BCV were higher than to ACS.
They also showed that those patients with absent ACS
responses but present BCV responses demonstrated
the largest decrease in low-frequency absorbance,
i.e., possibly mechanical changes in the middle and/or
inner ear induced by the CI leading to air-bone gaps
and thus the absence of VEMPs to ACS.

BCV stimuli can be generated by audiometric BC
transducers, e.g. B71 or B81 (Radioear, New Eagle,
USA), large vibratory shakers such as the Mini-
Shaker 4810 (Bruel & Kjar Sound & Vibration Mea-
surement A/S, Denmark) or tendon hammers. With
its high maximum output force, the Mini-Shaker has
been used successfully in many studies to measure
VEMPs but is rather heavy and bulky and is not
approved as a medical device in the EU or the USA.
The shaker is originally intended for accelerometer
calibration, vibration testing of small objects, and
mechanical impedance and mobility measurements.
Tendon hammers only allow to assess whether a
VEMP response is present or absent. The procedure
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cannot be calibrated with reference to force level,
since manual tapping is difficult to control. This
makes threshold measurements and comparisons dif-
ficult. The relatively new audiometric BC transducer
B81 is a powerful BC transducer based on the bal-
anced electromagnetic separation transducer (BEST)
principle which can produce higher output levels
with less harmonic distortion than the B71. Fredén
Jansson et al. [22] investigated the electroacoustic
performance of the two transducers and found a 7
dB higher output for the B81 at 500 Hz when the
transducers were driven by an input voltage of 1
Vrums. For audiometric applications, the maximum
output which can be generated by the transducers is
defined as the output which is generated while the
harmonic distortion is<5.5% and the input voltage
is not exceeding 6 Vrys (the maximum voltage at
which the transducers can be safely operated continu-
ously), whichever occurs first. Harmonic distortion is
the limiting factor at the low frequencies. At 500 Hz, a
typical frequency used for VEMP measurements, the
maximum output by the B81 is approximately 15 dB
higher compared to the B71, if the distortion levels are
toremain below 5.5%. The recording of VEMPs is not
intrinsically covered by standards required for audio-
metric testing. However, audiometric standards were
applied in this study because the same instrument
(B81) is being used for both audiometry and VEMPs.
The lower output by the B71 compared to the B81
could theoretically be (partially) compensated for by
increasing drive voltages, if audiometric standards
were neglected. However, clinical recording systems
using the B71 or B81 are calibrated according to
the audiometric standard and are limited in drive
voltage with respect to the specific transducer [19].
Higher drive voltages exceeding the manufacturer’s
specifications (6Vrms) might be used in research
applications. Higher drive voltages without heating
of the devices could potentially be possible with inter-
mittent driving as used during VEMP measurements.
These limits would have to be defined in a specific
data sheet for VEMP applications. However, a stan-
dard for VEMP measurements does not exist so far so
that audiometric standards were applied in this study.

The B71 was used to elicit VEMPs in previous
studies [21, 36]. Only a few data are published about
the use of the B81 for VEMP measurements. Mueller
et al. [30] measured oVEMPs in healthy subjects but
did not include cVEMPs. In a previous study, we
showed that the B81 placed on the mastoid was fea-
sible to elicit cVEMP and oVEMP responses in a
group of healthy subjects [13]. The response rates

for cVEMPs were 100%, and for oVEMPs, response
rates were 83% and 92% (left and right sides) and
thus, on average, higher than the response rates to
ACS (87% and 78% for the left and right sides). To
date, there are no studies about the applicability of the
B81 on the mastoid to measure VEMPs in patients
with (inner) ear pathologies, especially CIs posing
the risk of causing an unknown air-bone gap.

The objectives of this exploratory study were to
investigate cVEMP and oVEMP response rates to
ACS and BCV in CI patients and the applicability
of the B81 transducer as an approved medical device
placed on the mastoid for BCV stimulation. There-
fore, unilateral CI patients were included and the
contralateral sides were considered as within-subject
control measures.

2. Methods
2.1. Study design and participants

The study was designed as a prospective compa-
rative experimental study at a single tertiary refer-
ral center, including patients who were unilaterally
implanted with a CI for at least 8 weeks. The
patients’ medical charts were reviewed, exclud-
ing patients with known vestibular/neurotologic
disorders (e.g. vestibulopathy, Menicre’s disease,
vestibular migraine), cochleovestibular schwan-
noma, cochlear malformations, and fibrosis. Surgical
protocols were also reviewed to ensure that the ossic-
ular chain was intact after cochlear implantation. All
participants had to be free of active ear infection for
the study tests. Otoscopy had been performed in all
patients and only patients with an air-bone gap < 10
dB at 500Hz on the contralateral non-implanted
side were included. Screening audiograms were con-
ducted before inclusion to the study.

Written informed consent was obtained from all
participants. The study protocol was reviewed and
approved by the responsible institutional review
board (approval number: 2019-099), and conducted
according to the Declaration of Helsinki.

2.2. VEMP testing

All VEMP recordings were collected and analyzed
using the Eclipse recording platform (Interacous-
tics A/S, Middelfart, Denmark). After the skin
was prepared to provide impedances of 5k or
less, self-adhesive Ambu Neuroline 720 surface
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electrodes (Ambu A/S, Ballerup, Denmark) were
used to record the electromyogram (EMG). EMG
signals were recorded in a —20 to 80 ms time win-
dow relative to the onset of the stimulus and were
bandpass filtered between 10-1000 Hz. The artifact
rejection level was set to 400 V.

The CI was turned off during all VEMP measure-
ments to avoid electrical co-stimulation of vestibular
structures due to current spread from the CI. The
audio processor was not worn during any VEMP
recordings.

For c¢VEMP measurements, the electrodes were
placed over the middle of the sternocleidomastoid
muscle ipsilateral to the stimulated side and over the
sternum. The patients were sitting on a chair and
were asked to turn their head to the shoulder con-
tralateral to the stimulated side for sufficient tonic
muscle contraction [33]. The background EMG was
calculated from the root mean square (RMS) of the
EMG signal averaged over the pre-stimulus window
and for each recording frame for this purpose. The
signal was constantly monitored and feedback was
provided by the examiner, if the tonic muscle con-
traction was dropping below a minimum of 50 wV or
exceeding a maximum of 200 wV. If the patients could
not hear the instructions due to insufficient hearing
on the contralateral side and with the CI turned off
during the measurements, the feedback was given
visually by hand signals. The background EMG was
also applied to normalize the cVEMP p13-n23 peak-
to-peak amplitude to the tonic muscle activation in
order to reduce the impact of muscle contraction on
cVEMP amplitudes.

For oVEMP recordings, the electrodes were placed
as bipolar montage on the infra-orbital ridge 1cm
below the lower eyelid contralateral to the stimulated
side and about 2 cm inferior to the first electrode. The
patients lay in supine position and were asked to look
up to maintain an upward gaze of 20-30°.

VEMP responses were averaged to at least 200
stimuli for cVEMPs and oVEMPs. The stimuli were
short 500 Hz tone bursts (0-1-0, i.e.: 0 cycles rise/fall
time, 1 cycle plateau). For stimulation by BCV, the
B81 transducer was fitted with the standard P333
steel spring headband (Radioear, New Eagle, USA)
and placed on the ipsilateral mastoid. The stimulus
polarity was chosen to produce compressive initial
movement, i.e., a force towards the head. For ACS
stimulation, ER-3A insert earphones (3M, St. Paul,
MS, USA) were used. The maximum stimulus inten-
sity for BCV with the B81 and the Eclipse was 142
dB peVFL (peak-to-peak equivalent vibratory force

levels). For ACS, the maximum stimulus intensity
was 100 dB nHL. The initial stimulus intensity was
set at the maximum intensity for all VEMP record-
ings. To detect the VEMP thresholds, the stimulus
intensity was reduced in steps of 5 dB until no
response could be recorded. If no response could be
recorded at the maximum intensity, at least two trials
were completed to avoid false negative results.

The cVEMP and oVEMP responses were recorded
for stimulation by ACS and BCV on both the side
implanted with the CI (CI side) and the contralateral,
non-implanted side. The contralateral side was used
as a within-subject control measurement.

2.3. VEMP data analysis

The VEMP data were analyzed in OtoAccess soft-
ware (Interacoustics A/S, Middelfart, Denmark) by
two examiners. When the response was clearly larger
than the pre-stimulus waveforms, i.e., the background
noise, a VEMP was judged to be present.

The amplitudes were measured as peak to peak,
i.e., p13-n23 for cVEMPs, and n10-p15 for oVEMPs.
The asymmetry ratio (AR) in % was calculated from
the peak to peak amplitudes by diving the differ-
ence between the amplitude of the CI side and the
contralateral non-implanted side by the sum of the
amplitudes multiplied by 100. Therefore, a signed AR
was used to account for the implanted side (CI) and
the contralateral non-implanted side. Positive values
of the AR indicate larger responses of the CI side,
negative values indicate larger responses of the non-
implanted side, respectively. The amplitude was set to
0 for cVEMPs and 0 nV for oVEMPs, if no response
could be discerned. Thus, the AR was 100% for uni-
lateral responses on the CI side only and —100% for
unilateral responses on the non-implanted side only.
If no responses could be recorded bilaterally, the AR
was 0%.

2.4. Statistical analysis

The cVEMP and oVEMP response rates to ACS
and BCV were calculated for the CI side and the con-
tralateral side, respectively. Differences between the
response rates to ACS and BCV were analyzed using
the Chi-square test. A confidence level of 95% or
above was considered to be significant (p <0.05).

Descriptive statistics were used to report latency,
amplitude, threshold, and asymmetry data. Quantita-
tive data were presented as mean, standard deviation
(£), and range (minimum and maximum). For the
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calculation of group means, only valid responses
were considered. Amplitude values of 0 or O wV and
AR values of 0% (no response) were not included in
the calculation but were displayed in figures by spe-
cial symbols to show all results, i.e., the total number
of included patients.

SPSS statistics (IBM, Armonk, New York, USA)
was used for all statistical analyses. If appropri-
ate, qualitative data were presented as graphs using
GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA).

3. Results

Thirteen Patients, nine females, four males (mean
age 44 £ 12, range 18 to 60) were included in the
study. The mean contralateral AC pure tone average
at 500, 1000, 2000, and 4000 Hz (4PTA) was 46 & 26
dB HL. Six patients had the CI on the right side, in
seven patients the left side was implanted. The demo-
graphic data as well as the etiology of hearing loss,
implant type, and surgical approach are summarized
in Table 1. One patient (ID 13) was re-implanted after
device failure, the data in Table 1 apply to the new
implant.

The response rates to ACS and BCV for cVEMPs
and oVEMPs are illustrated in Fig. 1 for the CI and
the contralateral side, respectively. On the contralat-
eral side, cVEMPs were present to ACS in 11 patients
(85%) and to BCV in 11 patients (85%). On the CI
side, cVEMPs to ACS could be obtained in 3 patients
(23%) and to BCV in 10 patients (77%). Ocular

CVEMP OVEMP
* *
15 — — responses:
. : mm contralateral
g ] mm jpsilateral (Cl)
§ 10
g no response
ey
© -
3
2 5
£ 4
= 4
z 4
o
ACS BCV ACS BCV

Fig. 1. cVEMP and oVEMP response rates as absolute numbers
for the contralateral (control) side (black) and the ipsilateral (CI)
side (dark gray) for stimulation by air conduction (ACS) and bone
conduction (BCV) with the B81 on the mastoid. Absent responses
are illustrated in light gray. Chi-square tests showed that for the
ipsilateral (CI) side the oVEMP and cVEMP response rate was
higher for BC stimulation compared to AC stimulation (p <0.05,
marked by asterisks).

Table 1
Demographic and clinical data of the 13 included CI patients

Contralateral
4PTA AC (dB HL)

Surgical

Implant Type

Etiology Implanted Time since
Side

Gender

Age

ID

Approach
RW
RW
RW
RW
RW

Implantation

2 Years

75

Mi1200 FLEX28

CI532

Right
Right

Susac-syndrome

Unknown

Female

Male

41

7 Months

45

23

CI522
CI532

1.5 Years
7 Months

2 Years

Right
Left

Meningitis

Female

34
59
55

74
31

Congenital

Female

Male

HiRes Ultra

Right

Sudden Hearing Loss

HiFocus Midscala

Mil000 FLEX28

CI532
CI512

28

Cochleostomy
RW
RW
RW
RW
RW
RW
RW

7 Years

Left
Left

Female Mumps

48

71

1 Year

Unknown

Female

46

3 Years

Right
Left
Left
Left

Unknown

Female

Male

60
27

48

Mi1200 FLEX28

CI522

8 Months
2 Years

Cholesteatoma

48

Sudden Hearing Loss

Congenital

Female

60

10

11

88

CI532
CI512

2.5 Years

1 Year

Female

4

14

11

Right
Left

Progressive Hearing Loss

Trauma

Female

36
Male

12
13

CI24RE

7 Years

18

359

RW: Round window, 4PTA: pure tone average at 500, 1000, 2000, 4000 Hz; AC: air conduction.
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VEMPs on the contralateral side to ACS were mea-
surable in 9 patients (69%) and to BCV in 10 patients
(77%). On the CI side, oVEMPs were present to ACS
in 1 patient (8%) and to BCV in 8 patients (62%).
For the CI side, the Chi-square test showed an
association between the stimulation mode, i.e., ACS
vs. BCV, and the response rate for cVEMPs (X 2(1) =
7.54, p=0.006) and for oVEMPs (X%(1) = 8.33,
p=0.004). No effect of the stimulation mode on the
response rate was observed for the contralateral side.
The amplitudes, asymmetry ratios (ARs), and lat-
encies including means and standard deviations are
shown for cVEMPs in Fig. 2. The mean normal-
ized p13-n23 amplitudes to ACS were higher for
the contralateral side (0.9+0.5, n=11) compared
to the CI side (0.3 £0.2, n=3). To BCV, the ampli-
tudes were 0.6 &= 0.4 (n=11) on the contralateral side
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and 0.5£0.3 (n=10) on the CI side. The AR data
show that cVEMPs were absent bilaterally to ACS
in 2 patients (15%; AR=0%) and absent unilater-
ally, on the CI side only (AR =—100%), in 8 patients
(62%). To BCYV, bilateral absence was observed in 2
patients (15%) and unilateral absence, on the CI side
only, in 1 patient (8%). The mean AR was therefore
lower for ACS (—88 £ 23%,n=11) compared to BCV
(-12£45%, n=10). The p13 latencies for the con-
tralateral and the CI side were 14.5+1.9ms (n=11)
and 14.1 & 1.3 ms (n=3) for ACS, and 15.1 2.3 ms
(n=11)and 16.0 & 2.0 ms (n=10) for BCV. The n23
latencies to ACS were 22.8 +2.4ms (n=11) for the
contralateral side and 21.24+1.9ms (n=3) for the
CI side. To BCYV, the latencies were 25.0 £+ 1.5ms
(n=11) and 24.9 4+ 2.4 ms (n=10), respectively. The
cVEMP thresholds to ACS were 914+7 dB nHL

Asymmetry Ratio (%)

= e contralateral
n23 ® psilateral (Cl)
|| ||
ACS BCV

Fig. 2. Overview of cVEMP data for the contralateral (control) side (black) and the ipsilateral (CI) side (dark gray) for stimulation by
air conduction (ACS) and bone conduction (BCV) with the B81 on the mastoid. Each data point represents the result of a single patient.
Horizontal lines show the means and standard deviations. a) Normalized p13-n23 amplitudes. Patients without responses are represented by
empty symbols at 0. b) Signed Asymmetry ratios. Patients with unilateral responses at the contralateral side only are shown at —100%, with
responses on the ipsilateral (CI) side only at 100%, and patients with bilaterally absent responses are represented by empty symbols at 0%.

¢) p13 and n23 latencies.
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Fig. 3. Overview of oVEMP data for the contralateral (control) side (black) and the ipsilateral (CI) side (dark gray) for stimulation by
air conduction (ACS) and bone conduction (BCV) with the B81 on the mastoid. Each data point represents the result of a single patient.
Horizontal lines show the means and standard deviations. a) Normalized n10-p15 amplitudes. Patients without responses are represented by
empty symbols at O wV. b) Signed Asymmetry ratios. Patients with unilateral responses at the contralateral side only are shown at —100%,
with responses on the ipsilateral (CI) side only at 100%, and patients with bilaterally absent responses are represented by empty symbols at

0%. c) n10 and p15 latencies.

(n=11) for the contralateral and 95+5 dB nHL
(n=73) for the CI side. To BCV, the thresholds were
135+ 6 dB peVFL (n=11) and 136 +4 dB peVFL
(n=10), respectively.

The oVEMP amplitudes, ARs, and latencies with
means and standard deviations are illustrated in
Fig. 3. Only one patient showed an oVEMP response
to ACS on the CI side with an amplitude of 1.4 pV
which was lower than the mean amplitude on the con-
tralateral side (3.5 = 1.9 wV,n=9). To BCV, the mean
amplitude was 2.2+ 1.7 wV (n=10) on the contra-
lateral side and 4.0 &= 3.1 wV (n=38) on the CI side.
The AR data show bilaterally absent oVEMPs to
ACS in 4 patients (31%) and unilateral absence,
on the CI side only, in 8 patients (62%). For BCYV,
oVEMPs were absent bilaterally in 2 patients (15%)

and unilaterally on the CI side in 3 patients (23%).
In 1 patient (8%), the response was absent unilat-
erally on the contralateral side. For ACS, the mean
AR was lower (<96 & 11%, n=9) compared to BCV
(4+74%, n=11). The mean nl10 latencies to ACS
were 10.2 +0.8 ms (n=9) for the contralateral side
and 11.0 ms (n = 1) for the CI side. To BCV, the laten-
cies were 11.44+1.0ms (n=10) and 9.7+ 1.0ms
(n=38), respectively. The p15 latencies for the con-
tralateral and the CI side were 14.9 4+ 1.3 ms (n=9)
and 17.3ms (n=1) for ACS, and 15.8 £01.0ms
(n=10) and 15.0+1.6ms (n=8) for BCV. The
thresholds for oVEMPs were 95 £+ 6 dB nHL (n=9)
and 95 dB nHL (n=1) for the contralateral and the
CI side to ACS, and 135 £+ 3 dB peVFL (n=10) and
132+ 5 dB peVFL (n=8) to BCV.
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4. Discussion

The BCV VEMPs in this study were measured
using the B81 transducer with audiometric standards
applied for operation levels of the transducer. This
was done because clinical recording systems using
the B81 are calibrated according to the audiomet-
ric standard IEC 60645-1 and are limited in drive
voltage with respect to the specific transducer [19].
Higher limits for drive voltage with intermittent driv-
ing could theoretically be defined by the manufacturer
specifically for VEMP measurements. As a standard
for VEMP measurements does not exist so far, we
applied audiometric standards in our study to operate
the transducer within clinically approved limits, i.e.,
as an approved medical device.

The results from this study show that — for the
implanted (CI) side — the stimulation mode had a
significant influence on VEMP response rates. For
cVEMPs as well as oVEMPs, the response rate
increased by 54% for stimulation by BCV compared
to ACS. Response rates also showed tendency to be
higher to BCV compared to ACS for oVEMPs on
the contralateral non-implanted side but no statistical
association could be observed in this case.

One aspect which has to be considered when inter-
preting cVEMP response rates is that BCV acts on the
saccule and the utricle and utricular afferents project
to the SCM (see introduction). Thus, higher response
rates for cVEMPs to BCV may be due to an action
on the utricle. However, cVEMP response rates for
the contralateral side were not higher to BCV (85%)
compared to ACS (85%) but the additional activation
and influence of utricular afferents should be present
in the healthy side as well, if it was a confounding
factor. A methodological difference between ACS
and BCV in this study was the maximum stimulation
level. With respect to the mean cVEMP and oVEMP
thresholds to ACS, the maximum AC stimulus was +5
dB above threshold. For BCV, the maximum BC stim-
ulus was, +6 dB above the mean cVEMP threshold
and +10 dB above the mean oVEMP threshold. How-
ever, this difference of +3 dB on average between the
maximum BC and AC stimulus with respectto VEMP
thresholds was rather small and was therefore not
considered to have a major effect on the results. The
latencies and thresholds were not different between
BCYV and ACS for both the contralateral and the CI
side, indicating that the responses to BCV on the CI
side were valid VEMP responses, enabling the assess-
ment of vestibular function on the implanted side.
In those patients where responses to ACS could be

obtained on the CI side, the cVEMP and oVEMP
amplitudes to ACS were smaller compared to BCV.
Small amplitudes or absent responses, i.e., cVEMP
amplitudes of 0 and oVEMP amplitudes of OV,
caused high pathological asymmetries to ACS. To
BCYV, the asymmetries were lower with mean cVEMP
and oVEMP ARs in a normal physiological range
(-124+45%,n=11 for cVEMPs and 4 + 74%,n=11
for oVEMPs). However, the standard deviations and
data distributions show that the variability was very
high. Thus, normal values for the ARs represent-
ing normal otolith function have to be established
to define the cut-off criteria for pathologic ARs in CI
patients. High variability of ARs was also observed
in a prior study in healthy subjects, especially for
oVEMPs [14]. The variability is most likely attributed
to the stimulation site, since the VEMP to stimulation
on the mastoid is sensitive to small changes of trans-
ducer placement and results in larger ranges of ARs
[36, 38]. Compared to healthy subjects, the AR vari-
ability in the CI patients in this study was found to
be even higher. However, several aspects have to be
considered for clinical interpretation of ARs in these
patients. If otolith function is impaired after implanta-
tion, the amplitudes can be reduced, as was shown by
negative ARs in our study. However, cochlear implan-
tation can also lead to endolymphatic hydrops [15,
40]. It has been shown, that hydrops can also affect
VEMPs leading to enhanced VEMP amplitudes, e.g.
in patients with Meniere’s disease [26, 31, 41, 44,
47] or other inner ear pathologies [12]. Frequency
specific VEMP measurements can be used in these
cases [31, 41].

Although the interpretation of amplitudes and ARs
is an important point to consider, results of this study
showed very clearly, that the absence of VEMPs due
to the use of ineffective stimuli is the major prob-
lem. The use of ACS can result in absent VEMPs or
small amplitudes and therefore in misinterpretation
of vestibular function and inaccurate patient counsel-
ing. CI surgery bears the risk of inducing alterations
in middle and/or inner ear mechanics and therefore
sound conduction [2, 27, 34]. Many patients have also
undergone previous middle ear surgeries before treat-
ment with a CI or the etiologies leading to profound
hearing loss or deafness, and therefore CI indication,
can also be associated with inhibiting sound transmis-
sion themselves. Since the air-bone gap in patients
with profound hearing loss cannot be quantified
with standard audiometric methods, the use of ACS
for VEMP measurement is an ineffective diagnostic
method to evaluate otolith function in these patients
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and should be avoided. BCV should be used instead.
As the response rate to BCV was substantially higher
than to ACS, it gives more accurate results.

Stimulation by BCV for VEMP testing is not avail-
able and therefore not routinely used in all clinics.
Large vibratory shakers such as the Mini-Shaker 4810
are effective transducers but not approved as medical
devices. They are also costly and have to be calibrated
by the examiners themselves. The results from this
study showed that the B81 as a standard audiomet-
ric bone conduction transducer and approved medical
device is a feasible alternative which can be used in
any clinical set-up. It can be calibrated to any evoked
potential recording system in routine calibration pro-
cedures so that only safe stimulation intensities can
be used by the examiners. During VEMP testing, the
transducer can be coupled to the mastoid using the
standard steel spring headbands.

The drawbacks of this exploratory study include
the limited sample size with respect to the some-
how expected inhomogeneity of CI patients and that
it cannot be ruled out that unknown etiologies (or
previous middle ear surgeries) had impacted the
mechanical sound transduction. The surgical pro-
tocols were reviewed for intact ossicular chains
but no previous tympanometry or screening ques-
tionnaire were performed to rule out confounding
middle ear abnormalities at the time of testing. The
patients were not asked whether they had a history
of dizziness or imbalance, the information was taken
from the patients’ medical charts to rule out known
vestibular disorders. Especially the patient who was
re-implanted after device failure would be at even
higher risk of surgical otolith damage. However, this
patient showed cVEMP and oVEMP responses to
BCV so that he was not excluded from the study.
Another drawback is that all patients were recruited
after implantation. Preimplantation data was there-
fore not available and the patients’ contralateral sides
were tested as within-subject controls. However, the
preoperative data would be of great value to deter-
mine the effect of cochlear implantation on otolith
function, i.e., to examine the changes in (BCV)
VEMP responses over time to discern whether the
vestibular dysfunction was pre-existing and related
to etiology or a direct result of cochlear implantation.
Pre- and postoperative VEMP measurements to ACS
and BCV should be performed to examine the effect
and to evaluate the influence of cochlear implantation
on vestibular function.

Regarding the influence of stimulus type, i.e., ACS
compared to BCV, on VEMP response rates in CI

patients, only very few data are available in the lit-
erature. In a study by Basta et al. [1], cVEMPs were
measured pre- and postoperatively in 18 CI patients.
To ACS, cVEMPs could not be measured in any
patient in their study and to BCV, cVEMPs were
present in 33% of patients. The study by Merchant et
al. [28] found cVEMPs to ACS in 41% and to BCV
in 67% of CI patients (increase of 26%). Their study
also investigated oVEMPs and recorded responses to
ACS in 15% and to BCV in 52% of patients (increase
of 37%). The results reported by Merchant et al. are
comparable to the results described in our study. Only
for oVEMP recordings, our study shows a consid-
erably lower response rate for ACS. This could be
due to the study drawbacks described earlier, i.e., the
inclusion/exclusion criteria of our study participants,
but also due to the use of different stimuli, record-
ing techniques, and equipment in general, making
comparisons difficult. All studies investigating the
difference between response rates to ACS and BCV,
including our study, show higher response rates to
BCYV and therefore underline the importance of using
an effective stimulus for VEMP testing in CI patients.

5. Conclusion

ACS is not an effective stimulus to test otolith func-
tion by recording VEMPs in patients treated with
a cochlear implant (CI). In contrast, BCV was fea-
sible to elicit higher response rates and thus more
reliable results. While the use of ACS bears the risk
of false negative results, BCV is an effective stimu-
lus enabling the assessment of utricular and saccular
function in CI patients. Absent VEMP responses
to ACS must be interpreted with caution and BCV
should be implemented as the standard stimulation
mode to test these patients. The B81 as a stan-
dard audiometric bone conduction transducer and
approved medical device has proven a feasible stim-
ulator to provide the BCV stimulus.

BCV should also be considered as an alternative
and effective stimulus in any patient with absent
VEMPs to ACS. The B81 as a BCV stimulator should
be used in other studies and groups of patients to
evaluate its feasibility.
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