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Background: Bone-conduction stimuli in oVEMP testing offer lower stimulus levels and independence of conductive hearing loss
but lack a clinically suitable transducer for excitation. A new bone-conduction transducer (B250) has been developed which is easy to
attach and can be directly connected to test stations.

Objective: To compare, in a pilot investigation B250, Minishaker and Tendon hammer excitation, used for oVEMP and mastoid
vibration measurements.

Methods: 0VEMPs in three subjects were measured using transducers driven by a 250 Hz condensation single sinus cycle and with a
Tendon hammer, all applied at forehead Fz/AFz. Corresponding mastoid velocity was measured using a laser Doppler vibrometer
(LDV).

Results: B250 and Minishaker often produced dual oVEMP peaks with an early nl (mean latency: 8.8 ms) and a late n2 response
(B250: 12.4/Minishaker: 13.3 ms), and with the Tendon hammer response in between. This finding was supported by a reinvestigation
of a previous study (n=15). LDV velocity shows several positive peaks for B250 and one positive peak for the Minishaker. The
acceleration response has two peaks 4 ms apart for both transducers, which seem to relate to the early and late oVEMP latencies.
Conclusion: B250 may serve as a potential alternative, pending validation in larger samples, to the Minishaker at the forehead, but
with care to polarity choice and latency interpretation.

Keywords: oVEMP, bone conduction transducer, forehead stimulus, laser Doppler vibrometry

Introduction
Balance disorders are quite common with a prevalence estimated between 20 and 56% in the adult population (Teggi et al,
2016"). These disorders can have many different origins and approximately 30 to 60% are caused by a dysfunction of the
balance (vestibular) organs in the inner ear (Muelleman et al, 2017% and Ferreira et al, 2025°). However, the diagnosis of
dizziness and vertigo remains challenging, and up to 15% of dizzy patients attending tertiary neurotology centers do not
receive a clear diagnosis for their symptoms (Verrecchia et al, 2019%).

For this reason, clinical vestibular tests are in continuous development. The function of all six semicircular canals is
commonly assessed by the video head impulse test (Curthoys et al, 2023°), while vestibular evoked myogenic potentials
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(VEMPs) are employed to assess the integrity of the otolith organs, ie utricle and saccule (Rosengren et al, 2019;°
Curthoys and Dlugaiczyk 20207). One unique feature of VEMP testing is the application of impulsive stimuli, ie air
conducted sound (ACS) or bone conducted vibration (BCV), to evoke a vestibular reflex. The responses are easily
recorded with surface electromyography at different muscle groups. Clinical standards are cervical VEMPs (cVEMPs)
recorded from the ipsilateral sternocleidomastoid muscle and ocular VEMPs (0VEMPs) recorded from the contralateral
inferior oblique muscle. Both c- and oVEMPs are considered to be tests of dynamic otolithic function, with cVEMPs
testing predominantly the ipsilateral inferior vestibular division (saccule, inferior vestibular nerve) and oVEMPs
predominantly the contralateral superior vestibular division (utricle, superior vestibular nerve) (Curthoys 2010%).

ACS is the most widely used VEMP stimulus, as it is easily set up with conventional evoked potential test systems
available at clinics. However, ACS stimuli have some major drawbacks: VEMP amplitudes may be reduced or even absent
in patients with conductive hearing loss (Frohlich et al, 2022%), and the high stimulus levels necessary to evoke a VEMP
response are unpleasant for the patient with a risk of hearing hazard due to noise exposure or overstimulation of the cochlea
(Rosengren et al, 2019%). As VEMP responses generally decline with age (Allen et al, 2016'° and Tseng et al, 2010'") while
the prevalence of balance disorders increases, a repeated high-intensity transient stimulus is needed to obtain robust and
reproducible responses with ACS VEMPs. Commonly, ACS VEMPs are obtained by averaging up to 200 sweeps,
stimulating monoaurally and separately for the two ocular recordings and the two cervical recordings (Rosengren et al,
2019%). A tone burst of 500 Hz and 6 ms stimulus duration at 125 decibel peak equivalent sound pressure level relative to 20
uPascal (dB peSPL) is the currently preferred stimulus in the clinic (Singh et al, 2019'?). With these settings, the cumulative
sound dose during an ACS VEMP session corresponds to 129 SPL dBA x 1 sec, which is close to the 131.6 SPL dBA x 1
sec recommended as the maximum sound exposure level to avoid transient or permanent cochlear damage (Asakura &
Kamogashira 2021;13 Colebatch and Rosengren, 2016;]4 Singh et al, 2019;'2 Stromberg et al, 201615). It has also been
shown that BCV stimuli applied by the B250 and the Minishaker can return the same valid responses as ACS stimulation,
but with up to 40 dB lower stimulus levels (Hakansson et al, 2018'¢ and Fredén Jansson et al, 2021'7). For both ACS and
BCV stimuli, 200 stimulus repetitions are recommended in the literature to obtain stable results (Rosengren et al, 2019°). In
general, the number of required sweeps is variable and depends on the signal-to-noise ratio of the VEMP response. Fewer
than 200 repetitions may be sufficient for large VEMP responses. As a rule of thumb, a recording can be terminated if the
VEMP responses no longer change for an increasing number of stimuli (Dlugaiczyk 2020'®).

Given the clinical inconveniences with ACS and the advances in BCV VEMPs, clinical interest in BCV stimulation
has been renewed in recent years. There are different possibilities of generating BCV stimuli for VEMP recordings. A
tendon hammer (Figure 1a) was originally used to produce a single mechanical impulse stimulus aimed at the forehead
(Halmagyi et al, 1995'%). Despite being a very effective BCV method to evoke VEMPs (Iwasaki et al, 2007°%), it is not

Figure | Bone conduction stimuli for oVEMPs provided by (a) Tendon hammer and (b) the Minishaker and the B250 in scale. This tendon hammer has been provided with a
trigger switch at the contact surface (see close-up) and an accelerometer (glued on shaft next to head) for excitation force measurement (Force=head mass * acceleration).
Bone conduction stimuli can be applied at several, places along the midline of the head, preferably at Fz and AFz as shown in (c) with arrows pointing inwards for
condensation stimuli at AFz/Fz, and the positions determined by the proportion (20% for AFz and 30% for Fz) of the total distance between Nasion (Nz) and Inion (1z), figure
modified from Govender & Colebatch, 2018.2 The LDV laser beam points to a self-adhesive reflector film attached to the skin over the mastoid behind the ear where a
positive velocity is directed outwards.
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commonly used in the clinic for several reasons: First, it requires repetitive manually induced excitations (in general 30
to 60 impulses) where synchronization (triggering) for averaging of VEMP signals is challenging. Second, it is hard to
define VEMP thresholds, and there is no possibility to test at different stimulus frequencies (Hecker et al, 2014°"). Other
BCV stimulus alternatives, such as conventional exciters/transducers for audiometric applications, for example the B81
(Hakansson 2003,22 Fredén Jansson et al, 201523) also have some limitations when used for VEMP testing. In particular,
the output force levels of audiometric transducers are too low for eliciting the VEMP reflex consistently at frequencies <
500 Hz (Clinard et al, 2020,%* Schiitz et al, 2025%%). In addition, low response rates when stimuli are applied at the
frontozygomatic suture (Fz) and insufficient power output are further reasons for the limited application of the B81 and
similar audiometric transducers for oVEMP testing in a clinical setting (Frohlich et al, 2022%). A more powerful
alternative for frequencies of 500 Hz and below is the Minishaker B&K 4810 (Briiel & Kjaer, Denmark), see
Figure 1b, which was developed and certified/approved for non-medical industrial applications. However, the B&K
4810 needs to be driven by a separate intermediate power amplifier to provide sufficient power output. A further
drawback of the B&K 4810 is its heavy weight (1.1 kg) which means that it usually needs to be handheld by an operator.

A new transducer has now been developed called the B250 (Figure 1b, photo in scale) with a design that is based on
the balanced electromagnetic motor of the B81, yielding high reliability and high output with low distortion (Hakansson
2003,* Hakansson et al, 2018,'® Fredén Jansson et al, 2015, 2021,'7 2024%7). In Hakansson 2003* the B250/B81
transducer principle is described in more technical detail, whereas in Hikansson et al 2018'° a first pilot study of VEMP
using the B250 on normal subjects is presented.

This transducer has some advantages as compared to the stimulators described above and the B250 has also been
used, not only on normal subjects, but also in clinical studies on patients (Plontke et al, 2021°* and Rahne et al, 2024°°).
First, the B250 can be directly connected to conventional VEMP testing equipment. Second, its weight is only 80 grams,
which is less than one tenth compared to the Minishaker, allowing it to be attached with a headband or steel spring over
the head. Third, the resonance of the B250 is chosen to be 250 Hz (giving its name B250) as a compromise between
transducer size/weight for convenient attachment and desired stimulation frequency for eliciting the VEMP reflex (ie, >
200 Hz to obtain specific stimulation of the otolith organs and not the semicircular canals, Dlugaiczyk et al, 2020°°).

Reducing the stimulus rise time to a minimum, results in increased amplitudes and decreased latencies for the
oVEMP nl0 response (Burgess et al, 2013°"). It has also been shown that changing the stimulus polarity affects n10
latency (Fredén Jansson et al, 2021'7 and Rahne et al 2025°?). In this context, it is important to consider that a force
stimulus acting initially inward towards the skull is defined as “condensation” and a stimulus force initially acting
outward from the skull is defined as “rarefaction”. The latter requires a static inward attachment force of at least 10
Newton due to counteract a desired stimulation level of 140 decibel peak equivalent force level relative to 1 pNewton
(dB peFL) with any BCV transducer used (Rosengren et al, 2010,** Fredén Jansson et al, 2021'7).

The mechanical stimulus itself can have a different time signature, for example burst (one or more sinusoidal cycles)
or impulse (monophasic transient), which will affect the VEMP response as well. Furthermore, the same electric
excitation signal to the transducers may result in different force output when comparing transducers of different generic
principles. For example, a given electric input to a Minishaker, which is of the moving coil type, will provide a different
force output than the same electric signal to a B250/B81, which are of spring-mass resonant variable reluctance type.
These force signatures are also very different from a tendon hammer which provides a monophasic single impulse. The
first and main aim of this pilot study is, therefore, to investigate how these differences in force stimuli between the
different transducers and tendon hammer influence oVEMP results.

Moreover, in previous studies with stimuli applied at the mastoid and forehead Fz (Fredén Jansson et al, 2021,"
Rahne et al, 2025%) it has been pointed out that the polarity of the transducers connected to different test systems needs
to be verified in each study to avoid biased results. For example, just switching the polarity of the detachable cable of the
B81 will reverse the polarity of the mechanical stimuli, ie, change a condensation to a rarefaction stimulus. In this
context, it should be particularly noted that the transducers are not always produced with specified polarity. Moreover,
there may be random polarity between samples depending on how coil wires were oriented when soldered and how the
biasing magnet(s) were mounted with respect to north and south poles. Thus, a polarity test of the whole test system as
proposed and used in this study is crucial to make VEMP results comparable among studies.
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Bone conduction stimuli can be provided at different locations of the skull, most commonly employed at the mastoid
of the tested side or at the midline of the skull. Many studies have been done at the mastoid, but there are some
advantages with providing a midline forehead stimulus (Fz/AFz) as it enables simultaneous and equally directed stimuli
to the left and right vestibules. Simultaneous stimulation of both sides is clinically valuable in identifying unilateral
utricular loss as pointed out by Iwasaki et al, 2008.** Stimulation at the midline can be applied at different locations on
the line between inion and nasion with Fz and AFz being most frequently used in previous studies (see Figure 1c for
definitions). A secondary aim of this study is therefore to clarify if AFz instead of Fz can be used with the B250 due to its
better retention with a neoprene band.

In Hakansson et al 2018'° the focus was limited to compare the hearing level, needed to elicit the VEMP reflex, when
using a burst signal (full cycle preceded by a ramp up cycle and proceeded by a ramp down cycle) at two different
frequencies (250 vs 500 Hz) as compared to using an air conduction (AC) stimulus. It was found that 250 Hz was more
efficient than 500 Hz in terms of hearing level and similar findings have also been presented by Welgampola et al 2003
and Chihara et al 2009.>® The current study is a natural next step comparing VEMP responses with B250, using the
preferred single cycle 250 Hz proposed by Hakansson et al 2018'® and Fredén Jansson et al 2021,"” with oVEMP
responses using previous clinically used bone conduction stimuli methods (tendon hammer and Minishaker) at two well
defined forehead positions Fz/AFz.

In Fredén Jansson et al 2021,17

it was also found that the first n peak using B250 was appearing at approximately 12
ms which is roughly 2 ms later than expected. To further study if the polarity of a mechanical response at the level of the
mastoid played any role in this latency shift, a laser Doppler vibrometer (LDV) was used to measure the velocity of the
outer skin surface over the mastoid without touching or mechanically loading the skin. The rationale behind also
introducing this measurement is that, as the temporal bone moves like a rigid body for frequencies up to 700-800 Hz
(Hakansson et al, 2020,%” Stenfelt 2011°®), it may be assumed to reflect the vibration sensed by the utricle otoconia. Thus
by aiming the LDV pointed in the medial direction towards the skin over the mastoid/temporal bone it measures the
vibration of the temporal bone, encapsulated the vestibular organ, in that direction (Grant et al, 2017°?). However, the
temporal bone can also move in other directions important for the VEMP reflex but as the temporal bone is assumed to
move as a rigid body for low frequencies, movements in all directions can be assumed to be approximately linearly
related. A 1D LDV measurement in latero-medial direction perpendicular to the mastoid at these low frequencies should
be sufficient for a comparison between different stimuli at the forehead. A third aim of the current study is, therefore, also
to measure mastoid movement with an LDV where the beam is pointing at a reflector film attached to the skin surface
over the mastoid, when using the same mechanical stimuli as used in the oVEMP measurements. The hypothesis is that
such information may be useful for evaluating VEMPs related to the polarity, amplitudes and timing (latencies) with

reference to the mechanical excitation at the forehead.

Aims of Study

The overall aim of this study is to compare oVEMP responses, when applying condensation stimuli from the B250, the
Minishaker and a Tendon hammer applied at forehead midline positions Fz and AFz, in relation to the LDV velocity
response at the skin over the mastoid.

Materials and Methods
Test Subjects

Three male members of our research group at Chalmers University (all three also co-authors in this study) with no known
vestibular impairment and no history of dizziness or vertigo episodes were test subjects of this study. The ages were 71
(S1), 36 (S2), and 38 (S3) years. More subjects would have been required for performing a statistical analysis. We were,
however, limited to testing ourselves due to new Medical Device Regulation (MDR) in Sweden and the fact that the
B250 is not yet CE marked (one further member of our research group had to be excluded due to a suspected vestibular
issue).
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In addition, a re-analysis of results from a previous study by Fredén Jansson et al, 2021,'” performed under Medical
Device Directive (MDD) - and before MDR became effective in the European Union - comprising 15 healthy subjects is
presented in the discussion. For the re-analysis, the influence of the transducer on nl, n2, pl and p2 latencies was
analyzed by paired t-tests (normality assumed). The level of significance was adjusted according to the Bonferroni
correction for multiple comparisons (p/4=0.0125).

All procedures were performed in accordance with the Declaration of Helsinki. Informed consent also includes a right
to publish all images. The clinical study was approved by the Regional ethical review board in Vastra Goétalandsregionen
(the clinical side of Sahlgrenska University Hospital) Gothenburg (537-18).

Measurement Set-Up
For VEMP measurements, an Eclipse EP25 (Interacoustics, Denmark) was used and the whole test set-up is shown in
Figure 2. For the B250 and the Minishaker (B&K 4810, Bruel and Kjaer, Denmark) driven from the Eclipse, the electrical
stimulus was a single full period sine wave at 250 Hz with zero ramp up and down and a 4 ms long plateau (0-1-0 cycles)
and the first positive output force cycle providing a condensation stimulus (pointing inward the head). The output levels in
oVEMP measurements were 135, 140 and145 dB peFL (calibrated on an artificial mastoid B&K 4930), and the oVEMP
response was determined as an average of 200 stimulus sequences as recommended by Rosengren et al, 2019.°

A slightly concave skin contact surface with a diameter of 30 mm was used for both the Minishaker and the B250.

The electrode montage in the oVEMP measurements as well as the application of the three stimulation modalities
B250, Minishaker and Tendon hammer are shown in Figure 3a—c. A neoprene band was used for retention of the B250
(Figure 3a) with a static attachment force of 10 Newton verified by a force gauge. For the Minishaker (Figure 3b), the
static force was exerted by its own weight of approximately 1 kg which corresponds to 10 N. Manual tendon hammer
hitting was operated from behind to avoid conscious involvement of the test person blinks (Figure 3c); a tip-mounted
switch was used as a trigger in the averaging procedure (Figure 1a).

Maximum impulse force from the Tendon hammer was found to be approximately 153 dB peFL with a pulse width of
approximately 4 ms, roughly corresponding to a single half cycle of a ~125 Hz sine signal (0-0.5-0 cycles). For the
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Figure 2 Test set-up for oVEMP and LDV measurements when the mechanical stimuli were applied at forehead positions Fz and AFz, respectively. The artificial mastoid
(B&K 4930) was used for calibration and to verify that a condensation stimulus from the VEMP test system really gives a first inward (toward the skull) positive-force half

cycle at FzZ/AFz. The impact force output of the tendon hammer was measured in situ with a built-in accelerometer. The LDV was used to objectively investigate latencies and
amplitudes of skin velocity and for providing the acceleration or jerk of the temporal bone encapsulating the vestibular organ by post processing of skin velocity.
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Figure 3 Excitation at Fz in oVEMP measurements shown with: (a) B250 (covered by a blue neoprene band), where the static force (10 N) is controlled by use of a
dynamometer; (b) Minishaker; and (c) Tendon hammer. In (d) the laser beam from the LDV is aimed at a reflector film attached to the skin over the mastoid bone measuring
the skin velocity perpendicular to the skin surface. Subsequent and identical measurements as for Fz were made with the excitation at position AFz (marked with “+” on the
subject’s forehead in c). oVEMP recording (red) and reference (white) electrodes are placed below the eye and the ground (GND, black) is placed just above the nasion at
the forehead, but sufficiently below AFz. The fourth and non-active electrode (blue) is placed just beside the GND electrode.

averaging using the Tendon hammer, 60 consecutive impacts were used (Hecker et al, 2014>"). The variation of the force
peak levels induced by manual hitting with the Tendon hammer was estimated to be within +5 dB.

The artificial mastoid B&K 4930 was used to verify polarity of the output force in all three stimulation modalities. As
the measuring system itself can also introduce a polarity inversion, it is important to check that system separately. In this
study, a digital oscilloscope (Picoscope 2000, from Pico Technology, UK) was used to measure the artificial mastoid
output to confirm that a condensation (inward) excitation produces a positive response in the measured response signal.

The skin velocity over the mastoid was measured by an LDV from Polytec, Germany (HLV-1000), which was pointed
at a sticky reflector film placed on the mastoid as shown in Figure 3d. The frequency range setting of the Polytech HLV-
1000 was set for a low-pass cut at “5S kHz”. The high-pass filter was disabled (“Off”), as the fixed high-pass cut-off
frequency at “100 Hz” for AC coupling was found to give additional ringing when a stimulus at 250 Hz was used.
Instead of AC coupling, the DC offset was removed by subtraction in the post-processing. The highest LDV sensitivity of
2 mV per m/s was used, and the interferometer accuracy scale was kept at >0.8 (scale 0—1) during each measurement.

Mechanical Stimulus

Besides polarity checking, the artificial mastoid was also applied to measure the mechanical output from the B250, as
shown in Figure 4a. The Minishaker, which is of the moving coil type, mainly produces one single force cycle with a first
positive peak at approximately 1.1 ms (there is a slight delay after the onset of the electrical signal of approx. 0.1 ms in
the transducer itself) and with a rather small ringing after the electrical signal is turned off at 4 ms after stimulus onset
(after a full 250 Hz cycle). The B250, on the other hand, is of the variable reluctance type with a spring-mass resonant
armature suspension tuned to approximately 250 Hz (to enhance the response in steady state at that frequency), and
generates an inductance and mass inertia depressed initial cycle followed by a maximum amplitude of the second cycle
and then a decaying oscillating sinusoidal force. In other words, a positive (compression) electrical stimulus produces
first an initial smaller compression peak followed by a larger compression peak with a rarefaction peak in between.
Moreover, a single-cycle electrical signal driving the B250 produces several mechanical compression “peaks” within the
clinically most important time window for the oVEMP measurement (20 ms after stimulus onset).

The Tendon hammer used in this study has an accelerometer incorporated, which is used to measure the excitation
force in situ (Figure 4b), while this is not possible for the B250 and Minishaker. Figure 4b illustrates that the force stimuli
from the Tendon hammer at Fz and AFz are approximately the same — independent of position, and considerably stronger
than for the B250/Minishaker.
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Figure 4 (a) Force output in Volts (not calibrated to physical force) measured by the artificial mastoid from the B250 (black) and the Minishaker (red) when electrically
driven by a one-cycle 250 Hz sinus (blue dashed line), and (b) the impulse force output measured by an accelerometer at the tendon hammer (TH) head in Volt when
exciting at Fz (black) and AFz (red). Please note the different scales in the Y axes are not comparable. In VEMP measurements, the B250 and Minishaker were triggered by the
electric drive signal (Vin=0, t=0 internally controlled in the Eclipse), whereas the TH excitation impulse was triggered by the electric-mechanic switch mounted on the
contact surface (dashed blue line in (b)), corresponding to an accelerometer (mounted on TH head) signal at 0.3 Volt, see vertical arrows pointing at t=0 sec in the oVEMP
measurements. In LDV measurements a trigger level of 0.1 V of the input voltage to the B250 and Minishaker and 0.1 V of the accelerometer signal for the TH were used, see
angulated arrows pointing at t=0 sec in the LDV measurements.

Results

oVEMP Responses

oVEMP responses from the three subjects (S1, S2 and S3) are presented in Figure 5 for B250, Minishaker and Tendon
hammer at positions Fz and AFz. Responses were measured at 135, 140 and 145 dB peFL for B250/Minishaker and an
estimated 153 dB peFL for the Tendon hammer.

For all oVEMP recordings, the characteristic biphasic responses could be identified. It was noted, that both early (n1-p1)
and late (n2-p2) responses were sometimes recorded for the B250 and the Minishaker, while the Tendon hammer always
generated one single n-p response with latencies in between nl and n2. Despite the presence of some ambiguous peaks (n)
and troughs (p) (regarded as absent or marked “?”), it was clear that both the B250 and the Minishaker produced early and
late responses. Generally, early nl potentials appear before and late n2 potentials after 10 ms for the B250 and the
Minishaker.

Table 1 shows all measured early and late amplitudes and latencies recorded from for the three subjects (S1-S3), the
two stimulus locations (Fz/AFz) and the three simulation modalities. Table 2 contains the mean values averaged over the
three subjects and stimulus locations. The average latency of the early nl response is 8.8 ms for both the B250 (range of
8.3-9.3 ms) and the Minishaker (range of 8.3-9 ms), which is a bit earlier than the average nl latency of the Tendon
hammer with 9.6 ms (8.7—10.7 ms). On the other hand, the average late latencies n2 are 12.4 ms (range of 12 to 13.7 ms)
for the B250 and 13.3 ms (range of 12 to 15.3 ms) for the Minishaker, whereas there is no n2 for the Tendon hammer.
Interestingly, the average of the nl and n2 latencies including measurements with both the Minishaker and the B250 are
8.8 ms (nl) and 12.7 ms (n2), respectively. The difference between the mean n2 and nl latencies is thus 3.9 ms,
corresponding to a full cycle of a 250 Hz sinus (4 ms). It is also noted that the average nl latency of the Tendon hammer
(9.6 ms) occurs 0.8 ms later than the corresponding latencies of the B250 and the Minishaker (8.8 ms). This is close to
the time difference of approximately 1.2 ms between maximum LDV velocity peaks in Figure 4b (peak at approx. 2.3
ms) versus 4a (peak at approx. 1.1 ms) with reference t=0 in the VEMP measurements.

Responses from the three test subjects showed considerable inter-individual variability (Figure 5). In particular, peak-
to-peak nl-pl amplitudes were generally a bit lower for S1 than S2 and S3, which is most likely age-related (71 vs 36/38
years). It should be noted that latencies and amplitudes in Table 1 are taken from the 145 dB peFL stimuli for the B250
and the Minishaker, whereas the manually applied Tendon hammer impulses were estimated to be 8 dB higher
(comparing LDV responses in Figure 6). The VEMP nl-pl amplitudes in Figure 5 are similar between Fz and AFz,
but with a tendency for AFz amplitudes to be a bit smaller.
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Figure 5 oVEMP responses for subjects S1-S3 when excited by a single-sinus condensation stimulus of 250 Hz (0 ms rise and fall time) using B250 and Minishaker (first two
columns) and by Tendon hammer taps (third column) at Fz and AFz, respectively. The amplitude scales (1tV) are shown with the vertical scale bar valid from left to right until
changed (S2 and S3). Time scales (x axis) cover the range from 5-20 ms after stimulus onset leaving the stimulus artifacts at 0—4 ms outside which were much higher for the
Minishaker than the B250. The first peaks of the oVEMP response were labeled “n1” and “n2”, while troughs were labeled “p1” and “p2”. “?” indicates doubtful peaks. Please
see Table | for latency and amplitude numbers.

From the average results in Table 2, the B250 has a stronger late n2/p2 response (29.8 uV) than nl/p1 response (4.5
uV), and from Table 1 it can be seen that the late response is more frequent. For the Minishaker, it is the opposite where
the early nl/pl potential occurs more frequently and with a higher amplitude (23.2 pV) than the late n2/p2 response
(16.7 uVv).

Table | All oVEMP Latencies and Amplitudes @145 dB peFL Stimulus Level

B250 Minishaker Tendon Hammer
Fz AFz Fz AFz Fz AFz
Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2)
Sl n latencies 9.3 12.3 9 13.7 87 153 9 137 9.7 10 ms
p latencies I 16.3 Nl 16.7 12 ? I 17 14.3 15 ms
n-p ampl 1.3 6.7 3.1 3.8 1.5 - 72 20 9.6 9.6 uv
(Continued)
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Table | (Continued).

B250 Minishaker Tendon Hammer
Fz AFz Fz AFz Fz AFz
Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2) Early (nl/pl) Late (n2/p2)
S2 n latencies ? 12 ? 12 9 ? 9 12 9.7 10.7 ms
p latencies - 16.7 - 16.3 1.3 - I 183 147 147 ms
n-p ampl - 14.6 - 12.3 10.5 - 9.3 26 19.6 1.9 "%
S3 n latencies 83 12.3 87 12 83 - 87 12 87 87 ms
p latencies 10.7 6.7 103 16 1.7 - I 13 127 13 ms
n-p ampl 7.1 79 6.3 62.6 75 - 25.7 4.2 150 107 "%
Notes: “?” implies that a tendency to peak exists but it is considered as too weak; “~” peak not identified.

Table 2 Average oVEMP Latencies and Amplitudes for Three Subjects and Fz/AFz (N=6)

B250 Minishaker Tendon Hammer

Early Late Early Late

Mean (SD) | Late (SD) | Mean (SD) | Late (SD)

Avg n 8.8 (0.4)* 12.4 (0.6) 8.8 (0.3) 133 (14 | 9607 | ms

Avg p 108 03y | 165(03) | 113 (04) | 161 @3y | 141(09) | ms

Avg n-p amp | 45 (24 | 298 (296) | 232(239) | 167 (9.2 | 513 (56.1) | uv

Notes: *N=4;**N=3 due to missing data in Table I.

LDV Velocity Mastoid Response

The skin velocity responses over the mastoid, measured using the LDV when stimulating at Fz and AFz with B250,
Minishaker and Tendon hammer for subjects S1, S2 and S3, are shown in Figure 6. All individual responses are shown
color-coded with the average in black bold line. As expected, the B250 has a ringing behavior where the second positive
peak is the highest, whereas the Minishaker produces only one cycle of velocity response at the mastoid. LDV velocity
patterns for the B250 and the Minishaker at the human mastoid are similar to the force output pattern measured at the

artificial mastoid (Figure 4a). Likewise, the single impulse behavior in the velocity response at the mastoid for the

Minishaker Tendon hammer

Uncalibrated Volt

Uncalibrated Volt
Uncalibrated Volt

04 —S1Fz—S1AFz—S2Fz  S2AFz——S3Fz——S3AFz===Average
05
-5 o 5 10 15 20 ) b
Timems Timems Timems

Figure 6 LDV velocity responses at the skin over the mastoid bone, where a positive value is the skin moving outwards towards the laser beam when condensation
stimulation is applied at Fz and AFz for B250, Minishaker, and Tendon hammer. When comparing the three panels, please note that y-scales are different, and that the TH
response is reduced by a factor of 4. Individual responses (S1-S3) at Fz and AFz are illustrated by different colors, the black line depicts the average of all measurements (see
inset in the first panel). The dashed lines represent the maximum positive slope of the velocity whose slope coefficients equal the corresponding peak accelerations.
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Tendon hammer (Figure 6) is also seen from the excitation force at Fz/AFz (Figure 4b). The response velocity levels are
approximately equal for positions Fz and AFz in all subjects. It should be noted that all LDV responses are recorded as a
single event. Some changes in force may occur when manually hitting the Tendon hammer, and minor body motions may
also affect the signal when the LDV signal is fading out after the initial stronger response.

Notably, the first peak for the B250 and Minishaker response on the human mastoid occurs approximately 0.7—1 ms
later than on the artificial mastoid which is assumed to be caused by a delay in transmission through skull-brain tissue
from Fz/AFz to the mastoid (compared with Figure 4a). The Tendon hammer velocity peak is arriving 2.5 ms later than
the first velocity peak using the B250/Minishaker, which corresponds to approximately the difference between LDV
trigger points (see “LDV” arrows) and first peaks in Figure 4.

Discussion

General Discussion

In previous studies by Hakansson et al, 2018'® and Fredén Jansson et al, 2021,

the equivalent sound load for evoking
oVEMPs could be considerably reduced by approximately 40 dB compared to ACS by using a bone conduction stimulus,
which is a huge improvement and reduction of the risk for hearing hazard. However, the BCV transducers used clinically
today are not optimal for obtaining reproducible oVEMP responses, mainly because these BCV transducers are designed
for audiometry, like the B81, and are not always powerful enough at low frequencies. The more powerful Minishaker on
the other hand, which was developed for general vibration purposes, is too bulky, requires a separate power amplifier and
is more expensive (9200 USD in total according to a recent offer) than the B250 (assumed costs 5 to 10 times lower). In
terms of patient safety, the B81 as well as the Minishaker are uncritical and have been used over the last 20 years in
vestibular and hearing testing without any adverse events reported that the authors know of. Therefore, it is encouraging
to see that the B250 generates similar oVEMP responses as the Minishaker. Dual responses may occur in both cases, with
an early nl-pl more frequent and with higher amplitude for the Minishaker and a late n2—p2 more frequent and with
higher amplitude for the B250, which will be further discussed below.

Using a tendon hammer, a much larger impact force level (peak level approximately 4 times higher, Figure 4) than
with the B250 and Minishaker can easily be achieved, simply because it was hard to hit with a lower amplitude
consistently with a mass of approximately 100 grams at the end on a long shaft. The Tendon hammer pulse also has a
lower frequency content than the 250 Hz single sinus (0/1/0) of the B250/Minishaker, as the impulse can roughly be
compared to a half sine with a duration of approximately 4 ms corresponding to a 125 Hz sinus signal with a “0-0.5-0
cycles” pattern (ramp up - full signal - ramp down, see Figure 4b). However, as the skull behaves rather linearly at these
low frequencies and vibration levels (Hakansson et al, 2020°7), these differences in stimulus levels and frequency content
are not assumed to qualitatively affect a comparison of LDV results between B250/Minishaker and Tendon hammer.

Regarding the AFz and Fz comparison in three subjects, despite here lacking statistic support, it seems that oVEMP
(Figure 5 and Table 1) as well as LDV (Figure 6) results are rather robust and differences do not indicate being of clinical
importance. This conclusion is further supported by Govender and Colebatch 2018,%® who came to the same conclusion
when comparing oVEMP with a 500 Hz stimuli at Fz and AFz in 10 normal young subjects.

Dual oVEMP Responses and Reinvestigation of Fredén Jansson et al
Given the stimulus signal in Figure 4, it was a bit surprising for us that VEMPs have a dual response with an early nl
(average 8.8 ms) and a late n2 (average 12.7 ms) when pooling all data for Fz/AFz from B250 and Minishaker, see
Table 2. These findings seem not to be related to the number of positive peaks in the stimulus signal, as the B250 has
several resonant oscillations/peaks (like being a longer sine burst), whereas the Minishaker has only one positive peak.
Notably, the difference between early and late n1/n2 latencies is around 4 ms, which corresponds to the time period of a
single sinus at 250 Hz.

We decided, therefore, to further investigate this finding by re-evaluating oVEMPs measured in 15 healthy subjects
(ages 20-37 yrs) with the B250 in a previous study from our lab (Fredén Jansson et al, 2021'7). In that study, the main
purpose was to compare threshold levels of oVEMPs with both B250 and Minishaker, and thus the results had not been
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analyzed so far regarding the potential existence of dual n-p responses. In the reinvestigation, a 5 dB higher level (150 dB
peFL or 75 dB nHL) was chosen, as such results were available and assumed to give more consistent results. The values
from the reanalysis are presented in Table 3 and reveal that early and late n1/n2 responses are also present in the majority
of the 15 subjects for both the B250 and the Minishaker. Here, the average of the early nl responses were 8 and 8.5 ms
and the late n2 responses were 11.6 and 13.2 ms for the B250 and Minishaker, respectively, with an overall average time
difference between nl and n2 of 4.1 ms. This difference is apparently very close to the difference of 3.9 ms found in the
present pilot study, further strengthening the notion that it may be related to the 4 ms period of the 250 Hz stimulus.
Furthermore, the re-analysis showed that within the distribution of early versus late responses, the highest peak-to-peak
amplitudes were late for all but one for the B250, whereas they were more evenly distributed for the Minishaker, see bold
values in Table 3. For n-latencies, significant differences were found between the B250 and Minishaker for n2 (t(10)=
—5.087, p<0.001) but not for nl. For p-latencies, the significant differences were observed for p1 (t(12)=—6.003, p<0.001)
as well as p2 (t(10)=—3.497, p=0.006).

With regard to oVEMP latencies and amplitudes, the results of the re-investigation with 15 subjects and of the present
study clearly indicate the importance of identifying early and late n1/n2 responses for clinical assessment of VEMPs and
to avoid incorrect values when averaging over subjects.

A recent study by Dyball et al, 2024*° investigated the occurrence of multiple later n peaks and p valleys (“troughs™)
in oVEMP recordings named nl, n2, n3 ... and p1, p2, p3, etc. The additional peaks (after nl) of their study should not
be confused with the dual responses appearing before 15 ms found in the present study, as they appear after 15 ms. The

Table 3 Reinvestigation of Condensation Latencies from Fredén Jansson et al 2021'7

150 dB pkFL | B250 Fz Condensation Minishaker Fz Condensation

Subject Early nl | Early pl | Late n2 | Late p2 | Early nl | Early pl | Late n2 | Late p2

| 7.7 9.7 1.7 15.0 8.0 12.3 - - ms
2 8.0 9.3 1.3 13.0 83 10.0 11.0 14.0 ms
4 8.0 9.0 12.7 16.0 9.0 11.0 13.7 17.0 ms
5 8.0 9.0 1.3 13.3 9.0 12.7 14.7 17.0 ms
6 83 10.0 12.0 16.3 8.7 12.0 - - ms
8 - - 10.3 13.3 - - 1.3 14.7 ms
9 7.7 8.7 1.3 12.7 83 9.3 14.7 18.0 ms
10 8.0 10.3 12.3 13.7 8.0 12.3 - - ms
12 8.0 10.0 1.3 15.0 8.3 1.7 - - ms
13 - - 1.3 16.7 9.0 1.3 14.3 19.7 ms
14 83 9.3 1.7 14.0 8.3 11.0 14.0 16.0 ms
17 8.0 9.7 1.3 13.3 9.3 10.3 12.7 15.3 ms
18 7.7 9.3 1.3 14.0 7.0 9.3 12.3 18.3 ms
25 83 10.3 12.0 16.7 8.7 12.0 14.0 16.7 ms
27 83 10.0 1.3 16.3 8.3 1.7 12.7 15.0 ms
Average 8.0 9.6 1.6 14.6 85 1.2 132 16.5 ms
SD 0.2 0.5 0.5 1.4 0.6 1.1 1.2 1.6 ms
N 13 13 15 15 14 14 I I

Notes: Bold values: responses having highest n/p peak-to-peak amplitude comparing early vs late n/p responses.

Medical Devices: Evidence and Research 2026:19 htps: 1



Hakansson et al

time interval of the dual nl and n2 found in our study is in the range of their first nl peak and is, as mentioned above,
most likely caused by a different time pattern of the stimuli produced by different transducer types. In Dyball et al,
2024,% square wave condensation pulses (1 ms duration) were applied as stimuli, similar to our Tendon hammer stimuli,
and thus only one positive slope is expected in the acceleration response - and no signal-related double n peaks. However,
also our Tendon hammer response has similar additional peaks at around 20 ms or later (their n2 etc), see Figure 5 for S1
and S3. According to Dyball et al, 2024,*° the origin of these later oVEMP responses seems to be of vestibular origin, but
the underlying mechanisms are still unclear.

Comparing LDV Response and oVEMP Latencies

In order to understand differences found in oVEMP latencies (Tables 1-3) for the same subjects, but with different
stimulation methods, the LDV velocity responses of the skin over the mastoid presented in Figure 6 might give some
clues. In order to compare VEMP latencies and LDV skin velocities, we need to make some assumptions:

First, it is assumed that compressing the cranial vault at Fz/AFz creates an almost immediate related lateral movement
of the mastoid/temporal bone enclosing the vestibular and cochlear spaces. This assumption is supported by the almost
immediate positive LDV response in the lateral (outward) direction in Figure 6. This initial outward movement was also
shown by Iwasaki et al, 2008** who used 3D accelerometers firmly attached over the mastoids when stimulated with a
tendon hammer at Fz. The rationale for this behavior is outside the scope of this paper, but a possible explanation could
be as follows. A compression excitation of the cranial vault of the skull requires lateral expansion like a ball to maintain
volume. This cranial vault compression also creates an almost immediate increase of pressure in fluids and soft tissues
(both mainly incompressible) in the brain cavity which further promotes pressing the lateral parts of the skull bone
outwards. Application of BCV to Fz/AFz might also per se involve a direct mechanism causing the intra-vestibular/
cochlear fluid to move, thus deflecting the stereocilia of the otolith organs (Curthoys et al, 2018*"). Any direct fluid
mechanism, if existing, may act simultaneously with bone movement, so it may not matter in this comparative analysis of
LDV and oVEMP latencies.

Second, it is assumed that the whole mastoid/temporal bone portion encapsulating the inner ear moves like a rigid
body at these low frequencies (Hakansson et al, 2020,%” Stenfelt 2011°%). This assumption is also supported by the very
fast initial response of the mastoid velocity in Figure 6a, which is almost the same as the stimulus force measured in the
artificial mastoid (Figure 4a). Further support for this notion comes from Iwasaki et al, 2008,* who used 3D
accelerometers and found that “relative amplitudes of the X, Y and Z components were basically similar across subjects”
ie X, Y, Z components were linearly related for low frequencies. This means that it may be sufficient to measure the
vibration response of the mastoid in one direction as other directions will move accordingly. Thus, a relative difference in
amplitude in one direction will probably be the same in other directions when comparing different stimuli and
transducers applied at the same distant point (Fz or AFz).

According to Curthoys et al, 2006,** 2018,*' the oVEMP response is elicited as a result of acceleration (or actually
the change of acceleration referred to as “jerk”), and not primarily the velocity pattern of the vestibular stimuli. The
acceleration pattern has thus been derived from the measured LDV response, by differentiating adjacent velocity values
in Figure 6 and a division by the time increment of 0.1 ms, as shown in Figure 7a. The acceleration pattern is presented
for the first 10ms after stimulus onset, as an average from all subjects and both Fz and AFz positions. First, note that both
the B250 and the Minishaker have an early acceleration peak that occurs approximately at the same time and 2 ms earlier
than the peak acceleration using the tendon hammer. Second, note that the second acceleration peak for the B250 and the
Minishaker occurs later than the peak of the tendon hammer. It is assumed that it is the positive slope of the acceleration
response (Figure 7a), representing the “jerk”, which might deflect the stereocilia in some way and thus elicit the VEMP
reflex (Curthoys et al, 2006, 2018*"). Most importantly in Figure 7a, both B250 and Minishaker have two positive
slopes in terms of acceleration, ie, both are prone to elicit dual (early and late) n-p responses when a single sinus is used
as a stimulus, reflected by dual nl-pl and n2-p2 responses in the present study.

The level at which the jerk is eliciting the reflex is unknown, but the point in time should be somewhere in the slope
between zero and the max peak of the acceleration response. In order to visualize the results from the oVEMP latencies
with the LDV acceleration response, the latency for nl is marked in Figure 7a by a filled square dot halfway up on the
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a) Acceleration response b) oVEMP response
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Figure 7 (a) Average acceleration responses of all subjects, from the LDV at the mastoid with Fz stimuli from B250 (red), Minishaker (green) and Tendon hammer (black).
The two transducers are excited by a 250 Hz condensation full cycle sinus and the Tendon hammer response is excited by a single impulse. Also, the results from the
corresponding oVEMP latencies are illustrated by filled square dots (early nl) and filled round dots (late n2). Open square dots are placed symbolically where a rarefaction
stimulus is expected to generate an early nl for B250/Minishaker. (b) oVEMP results from B250 at Fz on subject S3 with both a condensation (“Cond”, red) and a rarefaction

(“Rare”, blue) stimulus, the latter giving a dominant early n| “Rare” peak at around 10 ms. Corresponding p valleys are marked and used for Vpp amplitude calculation (9 and
73 pV for “Cond pk/pk” and 78 puV for “Rare pk/pk”). For details, see text.

first positive peak of the B250 and Minishaker acceleration responses. Then, a filled round dot was placed 3.6 ms (B250)
and 4.5 ms (Minishaker) later taken from the difference of nl and n2 in Table 2. This analysis is only based on three
subjects but gives a conceptual idea that dual early nl and late n2 peaks for both the B250 and Minishaker, driven by a
full sinus 250 Hz stimulus may occur with approximately 4 ms in time difference. It should be noted that the acceleration
response is obtained in one single registration, where the head with reflector should be as still as possible (minor
movements from breathing, heartbeat and unconscious movement are always present), whereas oVEMPs are more stable
and registered after averaging of EMG signals.

Outlook: Possible Implications of Condensation versus Rarefaction Stimuli at Fz

The analysis of the acceleration response in Figure 7a further suggests that a rarefaction stimulus might be a better
alternative than condensation for the B250 at Fz/AFz. This is because inverting the acceleration responses in Figure 7a
implies that a first positive peak will show up a bit later (see open square dots) and with a much higher slope (stronger
jerk), as this is elicited during the second half-cycle of the B250 response where the output force has built up a bit more
(see the response in Figure 4a).

In order to further investigate this assumption, a repeated oVEMP measurement was made on subject S3 with the
B250 at Fz, but now with a rarefaction stimulus. As seen in Figure 7b, with both the condensation and the rarefaction
results presented, a stronger first nl rarefaction response with a higher Vpp value now appears at 10 ms. This result
suggests that a rarefaction stimulus might be preferred if a 250 Hz full sinus is used at Fz (also AFz yielded a similar
result). In this situation, the normal oVEMP will be closer to the n10 obtained with the Tendon hammer and the issue
with dual early/late responses may disappear. The observation that a rarefaction stimulus gives a later nl was further
confirmed in the re-investigation of the Fredén Jansson et al, 2021 17 study, where a rarefaction stimulus was also used for
both the B250 and the Minishaker (Table 4): the average nl latency among the 15 subjects with rarefaction stimuli was
9.6 (SD 0.4) ms and 10.8 (SD 0.4) ms for the B250 and the Minishaker, respectively.

Most results in this pilot study are indicative and further studies are planned to validate the use of the B250 in VEMPs
by clinical randomized controlled trials as well as vibrometric and pressure probe studies of vestibular vibration
dynamics from mechanic stimuli on cadaver heads.
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Table 4 Reinvestigation of Rarefaction Latencies from Fredén Jansson et al 2021'7

150 dB pkFL | B250 Fz Rarefaction Minishaker Fz Rarefaction

Subject Early nl | Early pl | Late n2 | Late p2 | Early nl | Early pl | Late n2 | Late p2

| 9.0 1.7 14.0 17.0 11.0 16.3 - - ms
2 9.7 1.3 12.3 15.0 11.0 12.3 13.3 16.7 ms
4 10.3 1.3 13.7 16.3 1.3 14.7 - - ms
5 9.7 13.0 15.0 17.3 11.0 14.3 - - ms
6 10.0 13.3 15.3 20.0 11.0 16.7 - - ms
8 10.0 13.7 - - 10.7 12.3 14.0 17.0 ms
9 9.3 10.7 12.0 14.7 11.0 15.0 - - ms
10 9.7 14.3 - - 9.7 11.0 1.3 15.3 ms
12 9.3 12.7 - - 11.0 16.0 - - ms
13 9.3 1.3 13.7 15.7 11.0 15.7 - - ms
14 9.7 12.0 - - 10.3 13.7 - - ms
17 9.3 13.0 14.0 15.7 10.7 16.0 - - ms
18 8.7 1.0 13.3 15.3 1.3 14.3 15.3 16.7 ms
25 10.0 13.0 - - 11.0 16.0 - - ms
27 9.3 12.7 - - 10.3 16.0 - - ms
Average 9.6 12.3 13.7 16.3 10.8 14.7 13.5 16.4 ms
SD 0.4 1.1 1.1 1.6 0.4 1.7 1.7 0.7 ms
N 15 15 9 9 15 15 4 4

Notes: Bold values denote responses having highest n/p peak-to-peak amplitude comparing early vs late n/p responses.

Conclusion

The results of the present study suggest that the B250 may serve as a potential alternative to the Minishaker and tendon
hammer to evoke oVEMP responses in clinical practice, with forehead stimuli at AFz preferred over Fz for attachment
reasons.

This study further shows that dual oVEMP responses may occur with both the B250 and the Minishaker using a
condensation stimulus, one “early” (n1=8.8 ms for both transducers) and one “late” (n2=12.4/13.3 ms). This time
difference is close to the 4 ms time period of a 250 Hz stimulus. While the late oVEMP amplitude (n2p2) is higher than
the early response (nlpl) for the B250 in most cases, the situation is vice versa for the Minishaker. Furthermore, the
results show that polarity of the stimuli (condensation or rarefaction) affects the results. Thus, a polarity check of the
stimulus force is of utmost importance. It was also found that a rarefaction stimulus might be preferable over a
condensation stimulus for 250 Hz stimulus frequency of the B250 at Fz and possibly also for other nearby frequencies
and with the Minishaker as well.

More subjects are needed in future studies to validate the present results.
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