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Objective: Bone conduction (BC) stimulation is rarely used for clinical testing of vestibular
evoked myogenic potentials (VEMPs) due to the limitations of conventional stimulation
alternatives. The aim of this study is to compare VEMP using the new B250 transducer with
the Minishaker and air conduction (AC) stimulation.

Methods: Thirty normal subjects between 20 and 37 years old and equal gender distribution
were recruited, 15 for ocular VEMP and 15 for cervical VEMP. Four stimulation conditions
were compared: B250 on the mastoid (Fy;); Minishaker and B250 on the forehead (Fz); and
AC stimulation using an insert earphone.

Results: It was found that B250 at Fy; required a statistically significant lower hearing level
than with AC stimulation, in average 41 dB and 35 dB lower for ocular VEMP and cervical
VEMP, respectively, but gave longer n10 (1.1 ms) and n23 (1.6 ms). No statistical difference
was found between B250 at Fy; and Minishaker at F.

Conclusion: VEMP stimulated with B250 at Fy; gave similar response as the Minishaker at
F7 and for a much lower hearing level than AC stimulation using insert earphones.
Keywords: bone conduction, vestibular evoked myogenic potential, B250

Introduction

Vestibular evoked myogenic potential (VEMP) is an electro-physiological test procedure
in the field of vestibular diagnostics, used for objective testing of the otolith organs
(utriculus and sacculus) of the vestibular system. VEMP has shown to be an efficient
compliment to the conventional methods, such as caloric and head impulse tests, and is
used for diagnosis of almost any peripheral vestibular disorder including superior semi-
circular dehiscence syndrome, vestibular Schwannoma and Meniere’s disease.' > The
procedure to perform VEMP requires specific experience and the method has been
developed over time. A short summary will follow, but for a recent extensive overview
of methods, pitfalls and clinical applications, see Rosengren et al 2019.*

In VEMP testing, the vestibular system can be stimulated by both air conduction
(AC) sound and bone conduction (BC) vibration, like the auditory part of the ear,
but with tone bursts and clicks instead of pure or warble tones.” At a certain sound
or vibration level, a short stimulus will activate a muscular reflex, originating from
the vestibular organ. The muscular response can be recorded by surface electrodes
on the sternocleidomastoideus (SCM) muscle (cervical- or cVEMP) and on the
inferior oblique muscle beneath the eye (ocular- or oVEMP), first described by
Colebatch and Halmagyi 1992.° In practice, the stimulus can be applied via AC
using insert earphones or via BC using a vibrating transducer, a tendon hammer or
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an electro-mechanic impact device.*”'° A drawback with
AC stimulation is the hazardous high sound levels required

'L12 while BC can be suc-

to evoke an oVEMP response,
cessfully used at considerably lower and for the cochlea
safer levels.'> Also, BC stimulation is advantageous in
patients with conductive hearing loss as the mechanical
vibrations induced in the skull bone can by-pass any
obstruction in the outer or the middle ear.* Even though
there are potential advantages with BC stimulated VEMP,
it is rarely used in clinical settings since today’s transdu-
cers are either not powerful enough or impractical to use.
Audiometric transducers, such as Radioear B71 and BS§1
(Interacoustics A/S, Assens, Denmark) are easy to use, but
have limited output power and generate too much harmo-
nic distortion at 250 Hz."*"'7 Murofushi et al and Handzel
and Himmelfarb have shown that occlusion can be used to
increase the cVEMP and oVEMP response when using
B81.'"%!” Another option for BC stimulated VEMP is to
use the Minishaker B&K4810 (Briiel & Kjar, Denmark).
Even though the Minishaker is powerful enough for
VEMP, it requires an additional power amplifier and is
not optimal for clinical use as it needs to be handheld due
to its weight and size. Recently, a new BC transducer
called B250 (Figure 1) was introduced for BC stimulated
VEMP (prototypes manufactured by Ortofon A/S,
Nakskov, Denmark). The B250 generates high output

power with low distortion at 250 Hz and can evoke clinical
viable BC-VEMP responses at relatively low stimulation
level (Hékansson et al 2018). For comparison, the
Minishaker weighs 1.1 kg which is about 13.8 times
more than the B250 which weighs only 80 grams. Also,
the B250 is about 30 times smaller in size and can easily
be attached to the mastoid by using a standard steel spring
head band, see Figure 1. The Minishaker is more com-
monly placed on the forehead and being handheld because
of its size and weight. However, forehead stimulation can
evoke symmetrical and bilateral VEMP responses from
both vestibular organs simultaneously, but not all VEMP
platforms support bilateral recordings which requires five
electrodes. Also, it is difficult to attain a sufficient EMG
signal from both SCM muscles simultaneously in cVEMP.
When using a steel spring head band with B250, the
mastoid position would be more comfortable and practical
in the clinical setting as it is more like the procedure of
using AC stimulated VEMP or ordinary BC audiometry,
where each side is measured separately. Following the
positive outcomes in the first pilot study using B250,
presented by Hakansson et al 2018,"* we now aim to
investigate the VEMP responses on a larger group of
normal subjects using B250 at the mastoid position and
compare the results with the Minishaker on the forehead,

and AC stimulation.

Figure | The B250 transducer appearance and how it is attached to the mastoid with a steel spring headband prior to cVEMP testing.
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Aim of Study

The overall aim of this study was to measure VEMP
responses using the B250 transducer placed on the mastoid
on a group of normal subjects and to compare the results
with both AC stimulation using insert earphones and
forehead BC stimulation using the Minishaker.

In more detail, one sub-aim is to extract normative
VEMP data explicitly for the B250. A second sub aim is
to compare the data obtained with B250 on the mastoid
with the data obtained with AC
Minishaker on the forehead, which are assumed to be the

stimulation and

present standards for cVEMP and oVEMP, respectively.
A final sub-aim is to compare the B250 with the
Minishaker applied in the same position, ie at the
forehead.

Methods

Regarding the procedures for both cVEMP and oVEMP
measurements, the recommendations as described by
Rosengren et al 2019 are followed.”*

Subjects

In total 30 volunteers, considered to have normal vestibu-
lar and hearing function, of ages 20-37 years old and of
equal gender distribution, participated in the study and
were divided into two groups where 15 subjects were
tested for oVEMP (8m, 7f) and 15 subjects for cVEMP
(7m, 8f). Average age was 28 years (21-33 years) in the
oVEMP group and 27 years (20-37 years) in the cVEMP
group. To save time and complete the investigation for
each subject during one session, only one vestibular organ
was tested per subject. The recruitment of these subjects
was made consecutively after an announcement at our
University with inclusion of “normal” subjects. The inclu-
sion criteria being “normal” was based on normal hearing
thresholds (better than 20 dB HL (hearing level) at all
frequencies tested) and that they confirmed not having
any experience of vertigo episodes or previous hearing
problems. Audiograms were measured before VEMP-
testing comprising both AC and BC tone thresholds at
audiometric standard frequencies between 250 and 8000
Hz using an AC40 audiometer from Interacoustics A/S
(Assens, Denmark). This clinical study was approved by
the Regional ethical review board in Gothenburg (537-18)
and performed in accordance with the declaration of
Helsinki. All participants signed a written informed con-
sent before entering the study.

Stimulation
AC sound is naturally side-specific, while BC vibrations
induced in the skull bone give bilateral cochlear

stimulation.?® Therefore, the AC sound was applied only to
the ear-canal ipsilateral to the vestibular organ under test,
while the BC stimulation with B250 was applied both from
ipsilateral mastoid (Fy;) and from the forehead midline posi-
tion (Fz) just below the hairline. The Minishaker was only
used on the forehead as it required to be handheld and
applied with a static force of approximately 10-12 N, cre-
ated by its own weight. To ensure the same size of the area
attached to the skin for both B250 and Minishaker,
a specially designed adapter was connected to the
Minishaker, see Figure 2. The adaptor had a circular and
slightly concave surface with a diameter of 30 mm, designed
to replicate the shape of the B250 surface attached to the
skin. Also, the B250 transducer was applied with a static
force of approximately 10 N, using a steel spring headband
P-3333 (Briiel & Kjar) when attached to the mastoid, and
with an elastic head band when applied to the forehead.
Normally, P-3333 is assumed to give 5—6 N static force
according to the audiometric standard (5.4 N), but by the
attachment to the B250, which has a more protruding hous-
ing compared to B71/B81, some extra 4-5 N will be applied
to the skin surface, ie in total approximately 10 N.

For AC stimulated VEMP, the most clinically used fre-
quency for VEMP is 500 Hz. For BC-VEMP, Welgampola
et al and Chihara et al have shown that tone burst stimulation
at 250 Hz is more efficient than at 500 Hz,?"** which was
further confirmed using B250 in Hakansson et al.'?

Some studies suggest that BC-VEMP can be efficiently
evoked at frequencies even lower than 250 Hz,**** but
then the risk of involving response peaks without vestibu-
lar origin is increased. Rosengren et al recommended the
stimulus duration not to exceed 6 ms, which otherwise
may have a negative effect on the response in terms of
decreased amplitudes and prolonged latencies.* With
respect to stimulus duration, 1-cycle stimulus at 250 Hz,
which corresponds to a duration of 4 ms, was assumed to
be more appropriate than 125 Hz, ie a duration of 8 ms
duration. Therefore, to achieve a fair comparison between
the AC and the BC stimuli, a 2-cycle tone burst at 500 Hz
was chosen for AC and a 1-cycle tone burst at 250 Hz was
chosen for BC, resulting in a 4 ms long duration for both
stimuli.

BC-VEMP response is known to depend on the stimu-
lation signal polarity and position on the skull. When the
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Figure 2 The transducers B250, Radioear B8| and the Minishaker (BK4810)
showing their appearances and size differences. An adapter with the same shape
as the B250 surface touching the skin is attached to the Minishaker.

signal polarity for the first half period is set to generate
a force towards the head, it is referred to as “positive”
(condensation), and when it is inverted and outwards, it is
referred to as “negative” (rarefaction). For oVEMP, which

AC:
2-cycle tone burst@ 500 Hz

Polarity: Positive

| B250 F,:

Polarity: Negative

4ms

: 1-cycle tone burst@ 250 Hz

is most critical in terms of low amplitudes, a positive
polarity is known to be most efficient for the forehead
stimulation, while negative polarity gives higher ampli-
tudes for the ipsilateral mastoid stimulation.” The same
polarity dependence was confirmed in a pre-test performed
with the B250 at 250 Hz, and therefore in this study, the
forehead stimuli was always applied with positive polarity
and the mastoid stimuli with negative polarity, see
Figure 3 for the different electrical source signals.
According to Westin and Brantberg (2014), using 125 Hz
gives a delay of 3—4 ms in the oVEMP latencies, but that
was not obvious at 250 Hz in our pre-testing.’ It should be
mentioned that the actual mechanical stimulation signal
from BC transducers will not exactly follow the shape of
the electrical stimulation signal due to ramp up and ringing
effects. Therefore, all ramp up delays were calibrated for,
and the ringing amplitude was verified to be significantly
decreased after 6—8 ms avoiding overlapping of the VEMP
response.

All VEMP measurements were performed with the
A/S  (Assens,
Denmark). The B250 was able to generate an output
force level up to 150 dB rms FL re 1 uN at 250 Hz
when driven directly connected to the Eclipse output,
verified by an artificial mastoid B&K4930. As the B250
has similar electrical impedance as audiometric transdu-
cers the B71/B81 (approximately 4 ohm DC), it does not
require any additional power amplifier to achieve its max-

Eclipse system from Interacoustics

imum output levels.

Calibration of BC Devices Using the
Artificial Mastoid B&K4930

To calibrate each BC device around 250 Hz, first the artificial
mastoid B&K4930 had to be calibrated, including adjust-
ment for the different adaptor surfaces of the B71/B81 (flat

I BK4810 & B250 F,;:
: 1-cycle tone burst@ 250 Hz

| Polarity: Positive

4 ms

4 ms

Figure 3 The 4 milliseconds (ms) long electrical tone burst signal for generating, from left to right, air conduction (AC) stimuli with insert earphone, bone conduction (BC)
stimuli with B250 on the mastoid (Fy) and BC stimuli with B250 and Minishaker on the forehead (Fz).

228 https:

Dove!

Medical Devices: Evidence and Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Fredén Jansson et al

1.75 cm?) and the B250 (concave 7.10 cm?). It was found
that the calibration factor at 250 Hz was the same for both
surfaces and differences were only seen for frequencies
above 1 kHz. The curves in Figure 4 were then used when
the frequency responses in Figure 5 were measured.

Figure 5 shows the frequency responses of all transdu-
cers measured on a calibrated artificial mastoid B&K4930
over the frequency range 100—10,000 Hz when the input is
normalized to 1 Volt. The driving signal voltage to the

-16

Artificial Mastoid 4930
LA B B A

Minishaker was amplified by 20 dB using an external
power amplifier (LPAO1 Laboratory Power Amplifier,
Newtons4th Ltd., UK) to generate the same force levels
as the B250. The maximum intensity of the AC stimuli
was in this study limited to 129 dB peak SPL for the tone
bursts to avoid hazardous sound levels.

The B&81 is anticipated to be the new standard audio-
metric transducer for BC hearing testing and comprises

a transducer of balanced electromagnetic separation

RIS
o]
T

)
S
T

N
N}
T

[N
S
T

250 Hz

Pad sensitivity (dB V/N)

N}
>
T

IN)
>
T

-30

i |

o TG —B250 adapter
_ - S — -B81 adapter

102

10° 10*

Frequency (Hz)
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transducer (BEST) type,'* which allows for higher output
levels and reduced distortion in the lower audiometric
frequency range. Even if B81 is a great improvement for
audiometry, the 250 Hz tone burst will be significantly
distorted at the level required to evoke a proper VEMP
response, ie harmonics at 500 Hz and higher multiples of
250 Hz will be superimposed.'® Also, at 250 Hz where the
B250 has its resonance frequency, the output level of the
B81 is 31 dB lower for the same input voltage, see
Figure 5. Therefore, the output of B81 is not sufficient
for consistent VEMP measurements at this frequency with
the voltage available from Eclipse.'® For these reasons, the
B250 and the Minishaker were the only BC devices used
in this study and B81 was disregarded.

Recordings

All VEMP parameters were extracted from the responses
obtained at a fixed super threshold stimulation level, which
was 140 dB peak FL (65 dB nHL) for BC-VEMP and 124
dB peak SPL (100 dB nHL) for AC-VEMP. Both levels
were chosen as approximately the middle between the
average oVEMP thresholds and the maximum used stimu-
lation intensity. The VEMP threshold was defined by the
lowest stimulation level where a clear biphasic VEMP
response appeared and the maximum stimulation intensity
was 75 dB nHL (150 dB peak FL) for BC and 105 dB nHL
for AC (129 dB peak SPL). One balance organ per subject
was tested for both AC- and BC-VEMP and was chosen as
the side with the best AC threshold at 500 Hz. In subjects
with equal AC thresholds on both ears, the test side was
chosen to obtain an equal left-right side distribution among
the tested subjects. The recordings were bandpass filtered
from 10 to 1000 Hz and recorded with a sample rate of
3000 Hz. The stimulation signal was applied at a repetition
rate of 8 Hz with 100 recordings for oVEMP and 100-200
recordings for cVEMP, depending on how quickly the
waveform was stabilized.

In the cVEMP measurements, the signal electrode was
attached 1 cm above the mid portion of the ipsilateral SCM.
The reference electrode was attached on the upper sternum
and the ground electrode on the midline of the forehead. In
cVEMP, the SCM muscle must be under tension in order to
measure the inhibitory reflex. In this study, this was done by
turning and slightly tilting the head away from the stimuli
side. During the whole cVEMP procedure, electromyography
(EMG) control was used where the patient was asked to keep
the EMG signal within 80 to 140 uV to reduce its influence

on the cVEMP response. Furthermore, all cVEMP

recordings were normalized in amplitude using the EMG
scaling function in the Eclipse software.

In the oVEMP testing, the signal electrode was
attached beneath the contralateral eye, as it is a side-
crossing reflex, in order to measure the excitation response
from the inferior oblique muscle of the eye.” In this study,
the signal electrode was placed just below the eyelid and
vertically in line with the pupil, whereas the center of the
reference electrode was placed approximately 2 cm below
the center of the signal electrode and the ground electrode
was placed on the upper part of the sternum. With these
electrode attachments for cVEMP and oVEMP, a negative
peak corresponds to muscle relaxation (p15-oVEMP, p13
¢-VEMP) and a positive peak corresponds to muscle con-
traction (n10-oVEMP, n23-cVEMP).

The investigational parameters extracted from the
VEMP waveforms were time instances (latencies) for
the biphasic contraction/relaxation peaks, amplitudes of
these peaks, and stimulation level at the VEMP response
threshold. Whereas the peak parameters were extracted
at supra threshold levels, the response threshold was
determined using 5 dB steps with descending intensity
and defined as the lowest stimulation intensity where the
bi-phasic peak-to-peak amplitude is greater than the
background noise. In clinical practice, when investigat-
ing patients with a possible vestibular disorder, the
asymmetry ratio is often of more interest than the ampli-
tudes but does not add to the evaluation of different
transducers. Asymmetry ratio is more related to indivi-
dual differences between both sides rather than the sti-
mulation modality being used, which motivates the
evaluation of only one side per subject in this study.

Hearing Level Correction

The threshold is presented in units of normalized hearing
level (dB nHL), which is defined as the dB HL value
corrected for the reduced perceived loudness when
a stimulus becomes shortened in time even if the ampli-
tude is fixed. The corrections from dB SPL/FL to dB nHL
are incorporated in the Eclipse software for a “ramp up-
plateau-ramp down” proportion of “2-1-2” tone bursts.
For BC at 250 Hz and AC at 500 Hz, the correction is pre-
programmed to 74.5 dB and 23.5 dB, respectively.

It should also be noted that the tone bursts of this study
have a different “ramp up-plateau-ramp down” proportion,
ie is following “0-1-0” for BC and “0-2-0” for AC. This
gives a total stimuli length of 4ms, which is shorter than the
“2-1-2” stimulation length of 10 and 20 ms for 500 and 250

2 3 o https:

Dove!

Medical Devices: Evidence and Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Fredén Jansson et al

Hz, respectively. In other words, a “2-1-2” tone burst might
be perceived either louder than or equal to the “0-1-0” and
“0-2-0” tone bursts. In this study, it was decided to keep the
pre-programmed correction values also for the shorter tone
bursts in order to include a margin of safety to our compar-
ison between AC and BC in dB nHL.

Statistics

Based on a power analysis, it was found that at least 13
subjects were needed to show possible statistically signifi-
cant difference between AC and BC stimulation hearing
level to reach VEMP thresholds.

For the different simulation alternatives, VEMP laten-
cies and amplitudes, as well as stimulation hearing levels,
are analyzed by means and standard deviations (SD), and
significance is tested using the #-test for “paired two sam-
ple for means”. A probability value of p < 0.05 was
considered for rejecting the null hypothesis, ie that there
is a statistically significant difference.

Results

In all 30 subjects, clear cVEMP and oVEMP responses were
measured and all parameters could be extracted in all stimu-
lation modalities, comprising B250 on the mastoid (Fyy),
Minishaker and B250 on the forehead (F7), and AC stimula-
tion using an insert earphone. A typical oVEMP and
cVEMP response is shown in Figures 6 and 7, respectively,

for B250 at the mastoid and AC via earphones. The latency
and peak parameters were extracted at a target stimulation
level of 65 dB nHL for BC and at 100 dB nHL for AC, see
Figures 6 and 7. In five of the subjects, the AC-oVEMP
parameters had to be extracted at 105 dB nHL as they had
thresholds above 95 dB nHL. The threshold was defined as
the lowest dB nHL stimulus where a VEMP response could
be identified. All latencies and the stimulation levels at
threshold are presented in Figure 8 for each subject, while
numerical mean values with SDs and VEMP amplitudes are
summarized in Table 1.

As can be seen in Figure 8 and in Table 1, all stimula-
tion modalities seem to give very similar latencies for both
cVEMP and oVEMP. All latencies were statistically tested
for the null hypothesis, ie that there is no difference with
reference to B250 Fy, stimulation, and the corresponding
p values are inserted in Table 1. It seems that the latencies
for oVEMP using the B250 at the mastoid are not statis-
tically different except when compared with AC stimuli-
nl0 (p=0.0023) and B250 F; — n10 (p=0.030) where the
null hypothesis is rejected. For cVEMP, the latency differ-
ences are not statistically different, except for AC stimuli-
n23 (p=0.0014) and B250 F; - pl3 (p=0.022).
Interestingly, there is no statistical difference in latencies
when comparing the B250 at the mastoid with the
Minishaker at the forehead, neither for cVEMP nor for
oVEMP (p >0.05).

BC-oVEMP @ 250 Hz with B250 F |

AC-oVEMP @ 500 Hz

105 dB nHL

/2\ 2 n10
Z Y N N, Ty
> 65 dB nHL > p15
=) p15 =)
Ao 60 dB nHL = w
[ [
E W\/\/\/'\l': 3 [ Threshold = 95 dB nHL |
= 55dBnHL | =
J ——
e e S
8 [ Threshold = 55 dB nHL | (El 208 nHL. |
LSS NPT
W
-5 0 5 10 15 20 25 30 35 40 45 50 -5 O 5 10 15 20 25 30 35 40 45 50

Time (ms)

Time (ms)

Figure 6 Typical clinically viable BC-oVEMP (left) on the mastoid Fy at 250 Hz and AC-oVEMP (right) at 500 Hz for different levels with the n10 and pl5 peaks marked.
Parameters were extracted at 65 and 100 dB nHL and threshold at lowest level where VEMP response was detected.
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BC-cVEMP @ 250 Hz with B250 F,

AC-cVEMP @ 500 Hz
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Figure 7 Typical clinically viable BC-cVEMP (left) on the mastoid Fy at 250 Hz and AC-cVEMP (right) at 500 Hz for different levels with the pI3 and n23 peaks marked.
Parameters were extracted at 65 and 100 dB nHL and threshold at lowest level where VEMP response was detected.
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Figure 8 The individual oVEMP and cVEMP latencies obtained at 65 dB nHL for BC-VEMP and 100 dB nHL for AC-VEMP for each subject using B250 on the mastoid (Fy in
blue), B250 on the forehead (Fz in grey), the Minishaker BK4810 on the forehead (Fz in red) and insert earphones (AC in black). The shown parameters are latency times in
milliseconds (ms) for n10 and p15 (oVEMP) and pl3 and n23 (cVEMP), and the lowest panels show the stimulation level in dB nHL at the VEMP thresholds.
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Table | Numerical Means and Standard Deviations for oVEMP and c¢VEMP Latencies (nl0, pI5, pl3, n23) and Thresholds Using B250
at Mastoid (Fnm) and Forehead (Fz), Minishaker B&K4810 at F; and Insert Earphone for All Subjects (N)

Parameter B250 Fp B250 F, B&K4810 F» Earphones
oVEMP | Amplitude nl0-pl5 58 3.1 54+30 6.6 +33 46+ 3.6 uv
=15 p=0.514 p=0.382 p=0.341
Latency nl0 108+ 1.3 120 + 1.2 105 +23 97%12 ms
p=0.030%* p=0.59 p=0.0023*
Latency pl5 15.0 +2.0 16.0 + 1.6 144 £ 29 145+ 1.7 ms
p=0.17 p=0.34 p=0.13
Hearing level at threshold 546 £ 5.6 55.0 £ 5.6 55778 953 + 6.9 dB nHL
p=0.77 p=0.50 p=3.6-10""*
cVEMP | Amplitude n23-pl3 122.8 + 38.6 103.4 + 25.1 128.6 + 41.3 154.6 + 57.8 uv
N=15 p=0.046* p=0.667 p=0.037*
Amplitude n23-p13 3.0+28 24+20 29+24 1.5+ 0.6 EMG scaled**
p=0.087 p=0.837 p=0.047*
Latency pl3 140 + 1.7 153+ 1.7 139+ 1.6 140+ 1.3 ms
p=0.022* p=0.841 p=0.895
Latency n23 245+ 1.7 238+ 19 236 %13 229+ 1.6 ms
p=0.077 p=0.096 p=0.0044*
Hearing level at threshold 49.0 + 6.2 50.6 +59 503 +59 843 +75 dB nHL
p=0.42 p=0.52 p=1.0-1077 *

Notes: The latencies and amplitudes were measured at 65 dB nHL for BC stimulation and at 100 dB nHL for AC stimulation. *Indicates a statistically significant difference

with p<0.05, and **where scaling was made by taking the amplitude pl-nl (peak to peak) and dividing by the RMS of the EMG signal during the pre-stimulus period.

Regarding peak-to-peak amplitudes for oVEMP, the
mean value of the B250 at the mastoid falls within the
ranges (mean = SD) of all the other test conditions, but
for cVEMP there is a statistically significant, but small
difference relative to B250 F; (p=0.046) and AC
(p=0.037), see Table 1. Notice how the statistically
significant difference relative to B250 F; and AC dis-
appears, respectively decrease (p=0.047), when EMG
scaling is applied. This indicates that variations in
SCM muscle tension may need to be compensated for
to not cause any statistically significant difference in
cVEMP amplitudes.

Regarding the stimuli level required to achieve the
VEMP threshold response, the BC modality systematically
required a lower level of sound than AC stimulation,
which is shown in Figure 8 (lower panels). This decrease
in perceived stimulation level in dB nHL, using B250 on

the mastoid, was in comparison to AC stimulation highly
statistically significant and on the average 40.7 + 8.6 dB
(p=3.6:10""") for oVEMP and 35.4 £ 9.6 dB (p=1.0-10"")
for cVEMP.

Discussion

The most important result in this study is that the sound
levels required for performing adequate cVEMP or oVEMP
investigations are on the average 35 dB and 41 dB lower,
respectively, when using a 250 Hz single sine cycle with the
B250 transducer compared to AC stimulation with two
cycles at 500 Hz. This result is in line with Welgampola
et al 2003 and McNerney and Burkard 2011,"*° who
pointed out this sensitivity advantage with BC vs AC sti-
muli, as well as in line with the first pilot study by
Hakansson et al 2018 showing similar results using B250
in three subjects (32 and 39 dB for cVEMP and oVEMP,
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respectively).'® This shows that the advantage of BC stimu-
lation being independent of an existing conductive hearing
loss also should hold for B250. When earphones are used,
the average AC stimulation level at threshold in oVEMP is
as high as 118.8 dB peak SPL (the correction factor of 23.5
dB added to the 95.3 dB in Table 1). Recalling that in
a typical VEMP investigation, the sound level should pre-
ferably be provided at a level 10—15 dB over the threshold,
these sound impulses are in the range of 130-135 dB peak
SPL. Therefore, AC stimulation is sometimes beyond
a comfortable hearing level and close to hazardous levels
for causing a hearing impairment.''-'%2¢

Under the assumption that the obtained VEMP responses
with the B250 transducer activates the same nerve fibers in the
otolithic organ (sacculus and utriculus) as the Minishaker
stimuli on the forchead, these responses will give similar
clinical information of the vestibular system. However, this
study does not address that question, but studies indicate that
cVEMP thresholds (sacculus) are normally lower than
oVEMP thresholds (utriculus), for both AC and BC stimula-
tion, which was noticed also in the present study using
B250.2"*

Parameters obtained from the VEMP responses in this
study can be compared with previous studies to confirm
the robustness of the data. There are several studies using
AC stimuli, but fewer presenting data from both AC
and BC stimuli. Rosengren et al measured both AC
and BC evoked cVEMP and oVEMP in 61 normal sub-
jects, using a B71 bone conductor at the mastoid and with
a stimulation frequency of 500 Hz instead of 250 Hz.*° As
shown in Table 2, comparing the results from Rosengren
et al 2011 with our results, there is generally a good
resemblance between AC and BC results in terms of
latencies and amplitudes for oVEMP and cVEMP.
For BC stimuli, latencies were mainly the same but the
VEMP amplitudes were a bit higher in the present study,
possibly related to the difference in stimulation frequency,
as 250 Hz is known to be more sensitive than 500 Hz. One
more difference, reported in the Rosengren study, was
that BC oVEMP and ¢cVEMP responses were obtained
only in 65%/62% of the 61 normal subjects. In a study
by Frohlich et al 2021 using B81 on 24 normal subjects at
500 Hz, the oVEMP response rate was 83-92% on the
mastoid and as low as 17-22% on the forehead, whereas in

Table 2 Comparison of oVEMP and c¢VEMP Parameters (nl0, p15, pl3, n23) in Present and Other Studies for AC and BC Stimulation
for Positive and/or Negative Polarity (+ pol) of the Leading Cycle at the Mastoid (Fy), Forehead (Fz) and/or Vertex (Fx)

oVEMP cVEMP Study
nl0 ms pl5 ms p-p bV pl3 ms n23 ms p-p corr
AC 9.7+1.2 14.5+1.7 4.6+3.6 14.0+1.3 22.9+1.6 1.5+0.6 Present
B250 F | 10.8+1.3 15.0+£2.0 5.8+3.1 14.0+1.7 24.5+1.7 3.0+2.8 AC: 500 Hz, 4 ms
m (-pol) .81, .02 .8+3. 01, S5+, .02, BC: 250 Hz, 4 ms
B250 Fz (+pol) 12.0+1.2 16.0+1.6 5.4%3.0 153%1.7 23.8+1.9 24+2.0
Minishaker Fz (+pol) 10.5+2.3 14.4+2.9 6.6+3.3 13.9+1.6 23.61.3 29+2.4
AC 9.340.5 14.0+1.0 45%23 14114 | 235424 1.0+0.6 Frohlich et al 2021."7
B-81 F | 9.5+1.0 14.6x1.0 5.8+3.7 14.5+1.6 24.6+2.0 1.3+0.5 AC: 300 Hz, 2 ms
- + + + + + + +
m (+pol) - - T - R : BC: 500 Hz, 2 ms
B-81 Fz (+pol) 12.0+0.7 16.6+0.2 1.5+0.7 - - - Right ear tested.
Minishaker Fz (+pol) 8.6£0.5 12.9%1.1 5.4+47 - - -
AC 9.9£1.0 154x1.8 3.843.1 14.9+1.9 22.5%2.2 1.4+0.6 Rosengren et al 2011.%°
B-71 Fy (% pol 10.9+1.7 16.3+2.2 29+24 15.5+1.8 24.1£2.5 1.3+0.6 AC: 500 Hz, 2 ms
- M (£ pol) 91, 342, 92, Sl 1$2. . BC: 500 Hz, 4 ms
Minishaker Fy (-pol) 13.4%1.5 18.1+2.0 19.3+13.0 - - - Westin and Brantberg 2014.”
BC: 125 Hz, 8 ms
Minishaker Fx (+pol) 15.1x1.3 19.4x1.2 12.7+6.6 - - -
Minishaker Fx (+pol) 14.3+2.4 18.7£2.5 10.0+6.2 - - - Holmeslet et al 2015.'°
BC: 125 Hz, 8 ms
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the present study, BC oVEMP and cVEMP responses were
found in all subjects at both positions using B250 at 250
Hz."” Also, they reported that approximately 10 dB higher
stimulation is required at the forehead in comparison with
mastoid when stimulating at 500 Hz, whereas in the pre-
sent study at 250 Hz the average difference was 0.4 dB
and not statistically significant. This shows that both the
mastoid and 250 Hz stimulation are more efficient for
evoking BC-VEMP responses than forehead position and
500 Hz stimulation.

Westin and Brantberg (2014) tested oVEMP on a group
of normal subjects, both from the mastoid Fy; and vertex
position Fx (midline top of head), using the Minishaker
and a single 125 Hz stimuli (8 ms). Their latencies are
delayed and their amplitudes are higher than in the present
study, considering both the B250 at the mastoid and the
Minishaker at the forehead. This might be explained by the
lower stimulation frequency at 125 Hz, where the stimulus
is longer (8 ms) as compared to 250 Hz (4 ms).

As BC stimulation at the midline of the skull is supposed
to have some advantages as the both sides are stimulated at
the same time, Holmeslet et al 2015 made an extensive study
of oVEMP from vertex Fx using the Minishaker at 125 Hz
single-cycle stimulation on 50 controls.'” Similar to the
findings by Westin and Brantberg (2014), their n10 and p15
latencies were longer and amplitudes higher than in the
present study compared both with B250 at the mastoid, and
the forehead position using the Minishaker, see the three last
rows in Table 2.” Also, in a study by Lin et al 2010, it was
concluded that Fx stimulation will give longer latencies and
lower amplitude than F,.*' The reason for suggesting Fy as
stimuli site for VEMP, instead of F; or Fyy, is that it simplifies
the attachment by balancing the Minishaker on top of the
head, giving approximately 10 N static force due to its
weight. However, when using the B250, only a steel spring
headband is needed.

It should also be noted that the vertex Fx stimuli in
Holmeslet et al 2015 used a positive inward stimulation
force (positive polarity), similar to the F polarity used in
the present study and opposite to the Fy; polarity
(negative).'” However, in several studies, it has been
pointed out that at low frequencies, an inward deflection
at the vertex will give an outward deflection at the mastoid,
ie a negative polarity should be used at Fy,.”'® This is yet
another reason for suggesting that the B250 transducer at
the mastoid should be moved to the other side when the
vestibular organ on that side should be investigated — then
the polarity will be correct in both cases. Also, the Eclipse

can only use four electrodes simultaneously, which means
that each side is already tested separately using the standard
electrode montage. However, a systematic latency differ-
ence was noticed between the B250 and Minishaker at F,
where the response peaks are delayed even though the
polarity of the stimulation signal was the same. This latency
difference behavior was seen also in Frohlich et al, 2021,
see Table 2, and may be due to the ringing and ramping up
effects of the variable reluctance type transducers in B250
and B81 as compared to the moving coil type transducer in
the Minishaker which stimulates more rapidly."’

Among the parameters investigated in this study, the
peak-to-peak amplitudes were found to have the largest
inter-subject variation (but not intra-subject), while laten-
cies and thresholds were more stable. This can be seen in
Table 1, where the SDs are often larger than 50% of the
mean values for the amplitudes, whereas for latencies, SDs
are often lower than, or around 10%, of the mean value. It
was observed during the tests that slightly different elec-
trode attachment from subject to subject could have a large
effect on the amplitude variability rather than the under-
lying VEMP response itself, especially for cVEMP due to
individual variations of the SCM tension. However, to
avoid some of these differences, the electrodes were
fixed on each subject while the source of stimulation was
changed. Thereby, the electrode position remained the
same throughout all measurements resulting in a more
robust relative comparison within each subject.

Conclusions
Mastoid stimulation using the bone conductor B250
applied with a standard steel spring head band was com-
pared with AC stimulation with an insert earphone and BC
stimulation with a handheld Minishaker on the forehead.

It was found that VEMP using the B250 on the mastoid
could be performed at a statistically significant lower
hearing level (on average 41 dB for oVEMP and 35 dB
for cVEMP) than AC stimulation using insert earphones.

There was not a statistically significant difference
when comparing Minishaker stimulation at the forehead
and B250 stimulation at the mastoid in terms of latencies
and stimulus hearing level at threshold, neither for
oVEMP nor for cVEMP. Comparing B250 at the mastoid
with AC stimulation in terms of latencies, there was only
a statistically significant difference for n10 and n23, which
occurred 1.1 ms and 1.6 ms later with the B250.

The procedure is also easier to perform using the B250
as compared to the Minishaker BK4810.
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In the next phase, clinical studies on real patient groups

will be investigated in order to show the clinical value and

to

determine sensitivity and specificity using BC-VEMP

with the B250.
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