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Objective: To develop areliable, easy to use bedside, office, or field
system that allows the rapid measurement of cervical and ocular
vestibular evoked myogenic potentials (cVEMP and oVEMP) using
a bone-conduction stimulus.

Study Design: Prospective bioengineering design and proof of
concept of the test system with saccular and utricular otolith re-
sponse studies in human subjects.

Setting: Private practice, tertiary neurotology referral center.
Subjects: Twenty healthy adult controls without history of au-
ditory or vestibular dysfunction and 5 preoperative and postop-
erative patients with confirmed superior canal dehiscence (SCD)
participated.

Interventions: The subjects underwent auditory stimuli-based
cVEMP and oVEMP studies using a commercially available sys-
tem as well as testing with a novel bone-conduction cVEMP and
oVEMP head striker system.

Main Outcome Measures: Duration of each study, healthy sub-
ject and patient comfort, reproducibility, latency, and amplitude
of auditory and striker evoked cVEMP and oVEMP responses.
Results: The mean age of the healthy controls was 43.8, with
arange of 19 to 69 years (10 male and 10 female subjects). The
mean age of the SCD patient group was 46, with a range of
25 to 54 years; all female subjects. Although the cVEMP responses

were similar using either the auditory or head strike stimuli,
the healthy subjects preferred the latter, but the SCD patients became
more symptomatic. The oVEMP data showed more consistent
responses using the striker system. A statistically significant reduc-
tion in latency for the striker-evoked cVEMP occurred compared
with the auditory cVEMP evoked response in the 5 SCD pre-
operative patients. All normalized postoperatively.

Conclusion: Recording the cVEMP and oVEMP responses us-
ing the striker system was much more rapid than with auditory
stimuli and was more comfortable for the healthy subjects. The
striker system and the acoustic method elicited strong otolithic
receptor dysfunction symptoms in all SCD patients; however,
they preferred the shorter striker studies. The striker system, be-
cause of the statistically shorter latency of p13 during the striker
evoked cVEMP, which normalized after SCD closure, suggests
that this method may be useful in identifying SCD patients be-
fore imaging studies. In addition, based on our biomechanical
data, the striker was able to reliably produce a consistent and
defined head striker impact. Key Words: Cervical—Dizziness—
Endolymphatic hydrops—Latency—Ocular—Superior canal
dehiscence—Vestibular evoked myogenic potentials.
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It was over a century ago that Robert Barany began us-
ing caloric irrigation and his vertical axis rotational chair
to assess horizontal canal function, yet it was not until
1994 that Colebatch and colleagues developed the sound-
evoked cervical vestibular evoked myogenic potential
(cVEMP) (1) to study the gravitational receptors. Sound-
induced activation of the saccule leads to an inhibition of
the sternocleidomastoid muscle (SCM), and this inhibi-
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tory potential can be recorded as the cVEMP (review
[2,3]). The evoked potentials recorded from a number of
other muscles have been studied as well; however, it is the
SCM that is most consistently used in research and
clinical applications. It has also been shown that both an
ipsilateral and contralateral cVEMP can be recorded from
the SCM after ipsilateral stimulation (3,4).

In 1995, the first report that bone-conducted stimuli
produce cVEMP responses was published (5); however,
it was not until 2005 that bone-conducted stimuli were
found to evoke extraocular muscle electromyography poten-
tials (6). This led to the development of the ocular VEMP
(0VEMP) test. Many have contributed to understanding
the oVEMP response, particularly Ian Curthoys’ group (2).
Both acoustic and bone-conduction stimuli activate the
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saccular and utricular otolithic receptors; however, the
otolithic input to the sternocleidomastoid muscle is pre-
dominately from the saccular macula, whereas the oto-
lithic input to the inferior oblique muscle is predominately
from the utricular macula (2,3). Thus, quantitatively,
cVEMP tests saccular function, whereas oVEMP tests utric-
ular function. Another practical extension of these rela-
tionships is that the cVEMP reflects inferior vestibular
nerve function, whereas the oVEMP reflects the superior
vestibular nerve function.

The earliest reports of using a bone-conducted stimulus
to generate a cVEMP response used a reflex hammer (5)
or a Radioear B-71 bone conduction oscillator (Radioear,
New Eagle, PA, USA) (7). Since that time, a wide range
of stimuli have been used including tapping the forehead
with a reflex hammer, and other electromechanical de-
vices such as a modified mini-shaker (Mini-Shaker 4810;
Briiel & Kjeer, Naerum, Denmark) or custom-fabricated de-
vices (review (2,8,9)). John Carey’s group studied the test-
retest reliability of cVEMP and oVEMP testing using a
wide range of stimuli and age-related characteristics of
these tests (8). Although the reflex hammer tapping of the
forehead produces the most robust cVEMP and oVEMP
responses (8), there is no mechanism to standardize and
calibrate the stimulus. The use of bone-conducted stimuli
is desirable to study patients with conductive hearing

losses as well as to decrease the stimulus time needed for
the computer averaging of the responses.

Because of the limitations of the methods to induce a
bone-conduction cVEMP and o VEMP response that would
be of adequate magnitude and repeatability, we developed
a rapid, computer-controlled, calibrated, and hand-held de-
vice that can deliver up to 2 strikes per second and with
much greater strike intensity and consistency (Fig. 1). We
also developed an integrated oVEMP recording system
that can be rapidly used with multiple subjects (Fig. 1).
The system was also designed so that it is portable, can
be administered much faster than acoustic cVEMP and
oVEMP studies, and saturates the receptors so that inter-
aural differences are more accurate and consistent (re-
duced test-retest variability).

Nguyen et al. (8) provided an excellent review of path-
ologic conditions that have been studied using VEMPs. One
disorder that is especially interesting regarding cVEMPs
is superior canal dehiscence (SCD). These patients expe-
rience vertigo, oscillopsia, and/or sound-induced disequi-
librium (10). Clinically, there has been a wide range and
variability of symptoms associated with SCD, consistent
with a spectrum. Because cVEMP and oVEMP responses
have been reported to change when recorded preopera-
tively and postoperatively, we included SCD patients in
this study.

FIG. 1. Photographs of the striker cVEMP and oVEMP system (A). The entire portable system, from left to right includes the computer
interface, electrode goggles (foreground), laptop computer, hand-held striker (arrow), and foot petal trigger control (B). Detail of the elec-
trodes built into the goggles for recording oVEMP responses (C). The hand-held striker system has an outer sleeve (arrow) that is calibrated
to allow uniform pressure, ranging from 1 to 4 Ibs, of the end of the device (top right) to the patient’s forehead at Fz. (Published with

permission © 2012, Ear and Skull Base Center).
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METHODS

The procedures followed were in accordance with the ethical
standards of the responsible committee on human experimen-
tation and with the Helsinki Declaration. Our institutional re-
view board approved these studies.

Control Subjects

Twenty healthy adults (10 male and 10 female subjects, with
amean age of 43.8 and a range of 19-69 yr; male mean age, 42.8
[range, 19-54]; and female mean age, 44.7 [range, 33—69]) with
no hearing or vestibular deficits enrolled in the study. They were
recruited from our institution, and all subjects were evaluated
clinically including assessment of symptoms; however, a com-
prehensive auditory and vestibular diagnostic test battery was
not performed.

Patients

Five SCD patients (all female, with a mean age of 46 and a
range of 25-54 yr) were studied preoperatively and postoper-
atively. All 5 SCD patients underwent temporal craniotomy and
plugging of their SCD.

All 25 subjects underwent both acoustic and bone-conduction
(striker) stimuli studies to record cVEMP and oVEMP responses.
Comparisons were made regarding latency, amplitude, duration
of testing, and patient comfort.

Acoustic cVEMP/oVEMP Stimuli and
Recording Techniques

A commercial auditory evoked potential system (Software ver-
sion 6.2.1d, Bio-logic Systems Corp, Mundelein, IL, USA) was
used for acoustic VEMP testing. Sound stimuli were delivered
monaurally via intra-auricular transducer with foam E-A-R Link
Inset Earphones (Aearo Company Auditory Systems, Indianapolis,
IN, USA).

During the recording protocol, the subjects were seated up-
right. The skin, in areas of electrode placement, was cleansed

with alcohol preps before electrode placement. cVEMP measure-
ments were recorded using disposable, self-adhesive, pregelled,
electrodes (3M Red Dot Ag/AgCl, London, Ontario, Canada)
and lead wires from the Bio-logic Corp. The electrode montage
consisted of an active electrode on the top third of the sternoclei-
domastoid muscle, a reference electrode on the sternoclavicular
junction, and a ground electrode placed on the sternal notch.
oVEMP measurements were recorded using disposable, self-
adhesive, pregelled, electrodes (Ambu Neuroline 720, Care-
Fusion, Middleton, WI, USA) with attached safety lead wires
from Bio-logic Corp. The electrode montage consisted of an ac-
tive electrode placed approximately 3 mm below the eye and
centered beneath the pupil on the inferior ocular muscle, a ref-
erence electrode was placed approximately 2 cm laterally to
the eye/medial temple, and a ground electrode remained on the
sternal notch.

During the cVEMP instruction, patients were asked to rotate
their head toward the contralateral shoulder from the stimulus,
and tilt/angle approximately 30 degrees maximizing the con-
traction of the sternocleidomastoid muscle. The clinician applied
the maximum amount of manual resistance that each subject
could tolerate while visually confirming the SCM contraction
during stimulus delivery. During the oVEMP instruction,
patients were asked to maintain a maximum degree of gaze
upward during stimulation after which a break was permitted.

During the cVEMP and oVEMP measurements, air conducted
stimuli were delivered with 1000 Hz, 100 dBnHL tone burst of
positive polarity at a repetition rate of 4.3 per second (2-ms rise/
fall time, 2-ms plateau). Evoked myogenic potentials were am-
plified by 1000x and band-pass filtered (10—1,500 Hz). Aver-
age sweeps per test were approximately 80 to 200, although the
SCD patients were often unable to tolerate this many repetitions
because they became symptomatic and were unable to maintain
their gaze or head position.

The response parameters were defined as the cVEMP pl13
potential being the first distinctive trough in the waveform, oc-
curring approximately at the anticipated 10 to 14 ms, poststim-
ulus, and the n23 potential being the first distinctive peak in the
waveform, occurring approximately 19 to 23 ms after stimulus

FIG. 2. The striker impact was evaluated under three conditions (A). Direct impact on load cell (B). Impact through fresh porcine skin (C).
Impact-induced acceleration of a head surrogate suspended on Hybrid Ill neck. Head acceleration was measured in terms of linear
acceleration in anteroposterior direction (ay), irrespective of neck moments (M) and forces (F). (Published with permission © 2012, Ear and

Skull Base Center).
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TABLE 1. Normative data for acoustic-induced cervical and
ocular vestibular evoked myogenic potentials

Parameter Mean SD Range 95% CI
¢cVEMP pl3  13.81 1.03  11.44-15.12 13.26-14.36
n23  21.80 259 17.41-25.74 20.42-23.18

ILD 8.03 2.19 4.27-11.87 6.86-9.19

wV 5334 44.05 11.44-178.09  29.86-76.81

IAD  32.51% 24.62% 1.86%—68.52% 11.92%-53.09%

oVEMP  nl0 8.47 1.35 6.79-10.75 7.68-9.25
ple 1231 2.37 9.81-17.41 10.94-13.68
ILD 3.84 1.47 2.19-7.29 2.99-4.69
(Y% 5.46 3.55 1.52-14.34 3.41-7.51

IAD  32.03% 25.23% 0.00%—-63.10% 8.70%-55.37%

There were 20 healthy subjects (10 male and 10 female subjects)
studied. Amplitude of the p13-n23 response and the n10-p16 response
(nV); latency of the p13 and n23 [cVEMP] and n10 and p16 [oVEMP]
peaks are in milliseconds (ms).

CI indicates confidence interval, cVEMP, cervical vestibular evoked
myogenic potential; IAD, interaural amplitude difference; ILD, inter-
latency difference in milliseconds; oVEMP, ocular vestibular evoked
myogenic potential; SD, standard deviation.

onset. The oVEMP n10 potential was identified as the first dis-
tinctive and replicated peak in the waveform, poststimulus, at
the anticipated 8 to 12 ms. A pl6 waveform was identified as
the replicated trough following the peak p10 at approximately
16 ms poststimulus. Peak-to-peak amplitude was calculated us-
ing the Bio-logic software; after peaks were labeled and en-
compassing the amplitude difference between the 2 peaks. The
asymmetry ratio between a subject’s ears was calculated ac-
cording to the following formula and expressed as a percentage.

(Left amplitude —Right amplitude)
(Left amplitude-+Right amplitude)

AR (asymmetry ratio) = x 100

Striker cVEMP/oVEMP Stimuli and
Recording Techniques

We developed a novel evoked potential and recording sys-
tem that was used for the nonauditory cVEMP and oVEMP stud-
ies. Stimuli were delivered to each subject’s midline forehead
at Fz, while seated, via a handheld striker (Fig. 1). oVEMP
measurements were recorded using electrode plates, designed
and mounted to commercially available swim goggles, with at-
tached lead wires from the experimental evoked potential system
(Fig. 1). The electrode montage consisted of an active (negative)
electrode mounted in the goggles, aligning below the eye over-
lying the inferior rectus and inferior oblique muscles; a refer-
ence (positive) electrode was placed on the lateral portion of
the goggles, aligning with the lateral eye, and a ground elec-
trode, via disposable, pregelled, self-adhesive (3M Red Dot
Ag/AgCl London, Ontario, Canada) placed on the sternum.
The skin, in areas of the goggles, was cleansed with alcohol prep
and saturated with conductivity gel (Lectron II, Pharmaceutical
Innovations, Newark, NJ, USA) before electrode placement. The
cVEMP measurements were recorded using the same electrode
montage used for the acoustic cVEMP studies.

For the cVEMP instructions, the subjects were told to attempt
a head turn toward the recorded side, against hand-pushed re-
sistance, maximizing the contraction of the sternocleidomastoid
muscle. For the oVEMP instructions, the subjects were told to
maintain a maximum degree of gaze upward during stimulation.
Duration lasted 8 seconds per recording, and 2 recordings were
obtained per side.

For the cVEMP and oVEMP measurements, stimuli were de-
livered via 16 strikes to the midline forehead at the hairline (Fz)
at a rate of 2/second, and the responses were averaged. No in-
put filters were used on the acquisition system signals, thereby
leaving the signal amplitude and phase undisturbed.

The cVEMP and oVEMP response parameters, peak-to-peak
amplitudes, ILD and IAD (asymmetry ratio), were defined and
calculated as described earlier; however, the striker system soft-
ware was used to perform these calculations.

Acoustic and Striker cVEMP and oVEMP
Statistical Analysis

Generalized estimating equation models were formed to de-
termine the effect of acoustic or striker method on each pa-
rameter in turn, for each of cVEMP and oVEMP responses,
within the control subjects. This method accounts for the fact
that there were 2 measurements per individual, on the left and
right sides. Next, ordinary least-squares linear regression mod-
els were formed to determine the effect of method on the post-
operative SCD parameter values, for the treated and untreated
sides separately. Finally, the parameter values using the striker
method were compared preoperatively and postoperatively for
the SCD patients. In each case, the distribution of residuals was
plotted and approximately Gaussian, enabling these parametric
analyses to be valid. For statistical purposes, the interaural am-
plitude difference (IAD) was used as a positive value, thereby
removing right-left differences.

Striker Force Validation

The direct impact of the striker was measured using a com-
pression load sensor (1 kN capacity, Model 2527-620, Instron,
Canton, MS, USA) and the data acquisition system of a cali-
brated material test station (8841; Instron) (Fig. 2). Three sets of
experiments were designed to characterize the striker impact.
For all of these tests, 3 repeat impacts were performed, and the
resulting impact and acceleration results were averaged.

To quantify the striker impact when placed in direct contact
to a rigid load cell, the striker was placed in direct contact with
the load sensor (Fig. 2A). A static weight of 1.5 kg was used
to compress the striker onto the load sensor with a static preload
of 14.7 N (9). While maintaining this static preload, the im-
pact force generated by the striker was recorded at a sample rate
of 5 kHz with the 1 kN load cell. The peak impact force and
the duration of the impact were extracted from the recoded data.

TABLE 2. Normative data for striker-induced bone conduc-
tion cervical and ocular vestibular evoked myogenic potentials

Parameter Mean SD Range 95% CI
¢cVEMP  pl3 13.58 1.43 10.90-17.80 13.12-14.04
n23 2037 346 15.70-34.60 19.26-21.48

ILD 6.79  3.07 2.50-19.30 5.81-7.77
wV o 63.14 3470 10.30-157.70  52.04-74.24

IAD  15.58% 11.05% 0.78%-36.47% 10.41%-20.76%

oVEMP  nl0 8.46 1.06 5.20-11.40 8.12-8.80
ple 1175 1.55 7.90-15.60 11.25-12.25
ILD 329 097 1.70-6.00 2.98-3.60
A% 13.85 9.39 3.00-34.60 10.85-16.85

IAD  29.35% 24.85% 0.48%-84.00% 17.71%—-40.98%

There were 20 healthy subjects (10 male and 10 female subjects)
studied. Amplitude of the p13-n23 response and the n10-p16 response
(1V); latency of the p13 and n23 [cVEMP] and n10 and p16 [oVEMP]
peaks are in milliseconds (ms).
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FIG. 3. Acoustic cVEMP (left) and oVEMP (right) from a healthy control subject. (Published with permission © 2012, Ear and Skull

Base Center).

To quantify the striker impact delivered through skin and
to determine the amount of impact energy absorbed by skin, a
fresh porcine skin layer (10 x 10 cm [3-mm thickness], [11])
was placed between the striker and the load sensor to simulate
impulse absorption in vivo as the striker is compressed onto a
patient’s forehead (Fig. 2B). While maintaining a constant pre-
load of 14.7 N, the impact generated by the striker that pene-
trated through the skin layer onto the load cell was recorded.
The amount of impact absorbed by the skin layer was calculated
by subtracting the impact load measured with the skin layer
from the impact load measured without the skin layer. Statisti-
cal analysis on the effect of the porcine skin layer on impact
absorption was performed using 2-tailed, unpaired Student’s
t tests at a level of significance of a = 0.05.

To quantify the head acceleration caused by the striker, a head
and neck surrogate (International Organization for Standardi-
zation [ISO] headform, Hybrid III neck) was used representing
a reproducible and clinically relevant test scenario (Fig. 2C).
The striker was placed on the Fz of a head and neck surrogate.
This surrogate represents the mass and mass distribution of a
medium-sized head, whereby the neck surrogate provides con-
straints that ensure biofidelic head kinematics upon impact with
the striker. Head acceleration (front-to-back) was measured with
an acceleration sensor (Model 356B21; PCB Piezotronics, Depew,
NY, USA) mounted at the center of gravity of the head surro-
gate. The same porcine skin layer was placed between the striker
and the head surrogate. Using the hand-held compression scale
incorporated into the striker, a static preload of approximately
14.7 N was manually applied to compress the striker onto the
skin. The signal was filtered in accordance with Society of Auto-
motive Engineers standards (SAE J211), and the head accel-
eration peak value and duration in response to a striker impact
was recorded.

RESULTS

Tables 1 and 4 summarize the findings of the cVEMP
and oVEMP studies of human subjects. Although the
cVEMP responses were similar using either the auditory or
striker (nonauditory) stimuli, the healthy subjects preferred

Otology & Neurotology, Vol. 33, No. 8, 2012

the striker because of the rapidity of the test and the
avoidance of the perceived loud auditory stimulus. Tables 1
and 2 summarize the normative data obtained from our
healthy subjects. The cVEMP and oVEMP responses re-
corded in our healthy subjects using acoustic stimulation
were comparable to other published studies (Fig. 3) (8,12);
however, our striker oVEMP response amplitudes were
significantly greater than with acoustic stimulation (Table 3).
We also observed a significant reduction in the cVEMP
IAD in our healthy subjects using the striker compared
with acoustic stimulation (Table 3). The striker cVEMP
and oVEMP responses were reproducible with appropri-
ate latencies (Fig. 4). This was also true for the trials of
bilateral simultaneous cVEMP and oVEMP recordings in
response to the striker, although some of the healthy sub-
jects had difficulty completing this task, none of the SCD
patients could complete these studies (Fig. 5). The data
reported herein are all from unilateral recordings.

For the oVEMP studies, the goggles were well toler-
ated, and they reduced the time needed for the audiologist

TABLE 3. Comparison of mean acoustic and striker
vestibular evoked myogenic potentials in healthy subjects

Parameter Acoustic Striker P
cVEMP pl3 13.81 13.58 0.4926
n23 21.80 20.37 0.0844
ILD 8.03 6.79 0.0837
wv 53.34 63.16 0.4122
TIAD 32.51% 15.59% 0.0172“
oVEMP nl0 8.47 8.46 0.9830
plé 12.31 11.75 0.3934
ILD 3.84 3.29 0.1810
wv 5.46 13.85 <0.0001¢
TIAD 32.03% 29.34% 0.8083

“Statistically significant (p < 0.05). There were 20 healthy subjects
(10 male and 10 female subjects) studied. Amplitude of the p13-n23
response and the n10-p16 response (wV); latency of the p13 and n23
[cVEMP] and n10 and p16 [oVEMP] peaks are in milliseconds (ms).

Copyright © 2012 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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FIG. 4. Striker cVEMP (left) and oVEMP (right) from the same healthy control subject shown in Figure 3. Note the robust evoked
potentials with appropriate location of p13 and n23 (c(VEMP) and n10 and p16 (0VEMP). The striker system software records the time of the
initial strike and the time to the initial peak and then calculates the At, which, in this example, was 13.2 ms (c(VEMP) and 9.6 ms (0VEMP).
This early version of the software did not automatically zero out the strike time; therefore, the time scale values shown at the bottom of the
figure while accurate, do not represent the actual latency. (Published with permission © 2012, Ear and Skull Base Center).

to manage the electrodes typically used to record oVEMP
responses.

Although the SCD patients experienced otolithic symp-
toms with acoustic stimulation, they became even more
symptomatic with the striker stimulation; however, they
preferred the striker because the duration of stimulation
was much shorter. The oVEMP data showed more con-
sistent responses using the striker system. A statistically
significant reduction in latency for the striker cVEMP
compared with the auditory cVEMP response in the 5 SCD
preoperative patients, which normalized postoperatively
(Table 4; Fig. 6). This was true for both the ipsilateral and
contralateral sides.

Striker Force Validation

The peak impact force of the striker was reduced 54%
when impacting the porcine skin (109.4 + 5.8 N) com-
pared with direct contact with the load cell (237.3 £3.3 N,
p < 0.001; Fig. 7]; Table 5). The impulse duration in-
creased 89% when impacting the porcine skin (1.7 ms)
compared with direct contact with the load cell (0.9 ms).

Using the headform, the maximum front-to-back accel-
eration produced by the striker was 1.8 = 0.3 g, and im-
pulse of duration was 1.7 £ 0.1 ms.

DISCUSSION

Although this is a preliminary report, 2 statistically sig-
nificant differences were observed between the acoustic
versus striker stimuli that warrant discussion (Table 4).
First, there was much less cVEMP IAD in healthy subjects
when the striker was used; 15.59% with the striker com-
pared with 32.51% with acoustic stimulation (p = 0.0172).
It is possible that in the healthy controls, the intensity of the

striker bone-conduction stimulation approaches saturation
of the saccule and produces more accurate, symmetric
responses. Second, the mean amplitude of the striker

FIG. 5. Simultaneous oVEMP and cVEMP recorded from a
healthy subject using the striker system. Note the waveform rep-
lication and expected cVEMP and oVEMP latencies. These re-
sponses were generated with 1 single 8-second stimulus intervals.
The waveforms represent oVEMP right (red) and left (green), and
cVEMP right (black) and left (blue). The striker system software
records the time of the initial strike and the time to the initial peak
and then calculates the At, which, in this example, was 9.5 ms (red
oVEMP plot) and 9.9 ms (green oVEMP plot), and 13.2 ms (blue
cVEMP plot) and 13.7 ms (black cVEMP plot). This early version
of the software did not automatically zero out the strike time;
therefore, the time scale values shown at the bottom of the figure,
although accurate, do not represent the actual latency. (Published
with permission © 2012, Ear and Skull Base Center).
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TABLE 4. Striker-induced vestibular evoked myogenic potentials, preoperative and postoperative repair of superior
canal dehiscence

Right side (superior canal dehiscence side) Left side
Parameter Preoperative Postoperative p Preoperative Postoperative p

cVEMP pl3 5.82 12.86 0.0003¢ 5.68 13.00 0.0012¢

n23 16.16 18.52 0.1456 15.16 18.76 0.1047

ILD 10.34 5.30 0.0075¢ 9.48 5.76 0.0681

wV 87.18 73.74 0.4311 129.80 67.84 0.2916
oVEMP nl0 8.26 8.80 0.4101 8.121 8.23 0.9157

pl6 12.14 11.95 0.8989 11.62 10.97 0.6231

ILD 3.88 3.52 0.6811 3.50 2.75 0.0742

wV 38.92 13.72 0.2088" 30.10 13.00 0.3178"

There were 5 female superior canal dehiscence subjects studied. Amplitude of the p13-n23 response and the n10-p16 response (V); latency of the p13

and n23 [cVEMP] and n10 and p16 [0OVEMP] peaks are in milliseconds (ms).

“Statistically significant (p < 0.05).

"The change in amplitude of the n10-p16 response was not statistically significant due to variability and the small number of averaged responses.

oVEMP was greater compared with the mean acoustic
oVEMP, and this was highly significant (p < 0.0001).
Following the study of a much larger cohort of healthy
subjects and a wide array of patients with vestibular dys-
function, this may prove to yield improved diagnostic
information regarding utricular function. A similar difference
in cVEMP and oVEMP amplitude was observed when
comparing acoustic stimuli (tones or clicks) with bone-
conduction stimuli (reflex hammer or minishaker) (8). To

confirm these initial observations, future studies with a
much larger and age stratified study population together
with a study design that incorporates test-retest reliability
(8) are necessary.

The goggles were well tolerated and recorded appro-
priate oVEMP responses. They provide uniform pres-
sure around the eyes and consistent electrode placement.
They would also be useful in studies conducted during
parabolic flights and for oVEMP studies in the field or

FIG. 6. Preoperative and postoperative SCD repair cVEMP and oVEMP responses. The striker system software records the time of the
initial strike and the time to the initial peak and then calculates the At, which is shown in each panel (bottom right), and each of these time
points are indicated (arrows). This early version of the software did not automatically zero out the strike time; therefore, the time scale val-
ues shown at the bottom of the figure, although accurate, do not represent the actual latency (A). The latency of the preoperative cVEMP p13
is extremely short (B). Postoperatively, the cVEMP p13 latency normalizes (C). There is no change in the latency of the oVEMP n10 pre-
operatively (D). The latency of the oVEMP n10 does not change postoperatively. Note the increased oVEMP amplitude preoperatively that
normalizes postoperatively. (Published with permission © 2012, Ear and Skull Base Center).
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FIG. 7. Peak force and acceleration measured while delivering striker stimuli (A). The striker impact on a rigid load cell shows that skin
reduces the force transmitted to the bone by 54% (B). Peak acceleration of a validated headform/neck surrogate with the striker placed
against skin to simulate clinical application. (Published with permission © 2012, Ear and Skull Base Center).

bedside, particularly if an audiologist or neurotologist
were not placing the electrodes.

The striker stimulus was much more rapid than acoustic
stimulus. For the striker system, 8 seconds of stimulus
once for simultaneous bilateral cVEMP and oVEMP or
8 seconds twice for simultaneous unilateral cVEMP and
oVEMP followed by simultaneous unilateral cVEMP
and oVEMP of the other side. The striker system has the
potential for performing bilateral simultaneous cVEMP
and oVEMP studies; however, although simultaneous
c¢VEMP and oVEMP recording is merely difficult for the
control subjects, it was not possible for the SCD patients
to tolerate. The acoustic stimuli for each of the 4 mea-
surements, cVEMP and oVEMP for both the right and
left side, varied between 30 seconds to 2 minutes (time
for collection of 60—200 accepted averages). There was
additional time added between each of the 4 tests for the
patient to have a break. This was especially problematic
for the SCD patients as each stimulus resulted in
increased symptoms of otolithic dysfunction. The SCD
patients preferred the two 8-second stimuli with the
striker to the longer acoustic cVEMP and oVEMP stu-
dies. The shorter duration of testing may also be useful in
other populations who are challenging to test; children
and patients who have difficulty maintaining tonic
contraction of the SCM are 2 such examples. The major
negative aspect of the short stimulus time is that less
averaging can be completed. Although we were able to
record simultaneous bilateral cVEMP and oVEMP responses
(Fig. 5), they were not tolerated by any of the SCD patients.
In addition, there are physiologic reasons not to attempt
bilateral simultaneous recordings (2,3).

There is an important diagnostic role of measuring
cVEMP responses in patients with SCD (review [3,8]).
The third window creates a low-impedance pathway for
energy to be transmitted to the labyrinth. Interestingly,
with our striker-induced cVEMP responses, there was a
statistically significant reduction in the p13 latency (Table 4;
Fig. 6). This reduction was seen bilaterally despite the SCD
being present in only the right side in all 5 patients. It is
likely that the observed shorter latency on the non-SCD side
is due to the contralateral response from an ipsilateral sti-
mulation (2,3). With the marked increase in force delivered
via our device (Table 5), we hypothesize that a much more

efficient and forceful stimulation of the saccule on the SCD
side resulted in the shorter latency with less time required to
activate the saccule. This reduced latency normalized in all
of the patients after surgical closure of the SCD via a right
temporal craniotomy and plugging technique. Increased
p13 and n23 latencies have been reported in patients with
central vestibulopathy (review [3]). We also hypothesize
that there was no change in the oVEMP latencies because
the utricle is not in direct contact with the bony labyrinth as
the saccule is in the fossa ovalis. Confirmation of these
phenomena in a much larger cohort of SCD patients and
also with varying sizes of dehiscence is essential to
determine if there is any potential diagnostic role of this
system in these patients. Some centers will decrease the
presentation level of the auditory stimulus in SCD patients
to determine the threshold of the cVEMP response; how-
ever, many centers do not do so. With the striker stimulus
used in our system, there is only one stimulation force;
therefore, there is no capacity to determine the threshold
necessary to evoke a response. Finally, the mean oVEMP
amplitude was greater in the SCD patients but was not
statistically significant in our small sample size.

Based upon our biomechanical studies, the striker
system provides more consistent, calibrated, and intense
stimuli than any other bone-conducting method/system
developed since the first introduction of bone-conducted
stimuli in 1995 (3-9) (Table 5). Stimulation from the
striker was reliable and resulted in less than 3% variation
between strikes. Striker load was more than 7 times that
measured by Brantberg et al. (9), but the use of the striker
at this load and reported herein have been tolerated
clinically. Peak acceleration was 9 times higher than that
in the study by Brantberg et al.; however, the impact force
in this study was higher than that in their study (Table 5).
Additionally, measurements were made using a head
neck/surrogate that is designed for impacts at a greater
velocity. The neck of this surrogate has not been tested for

TABLE 5. Experimental peak impact force and peak
acceleration compared to published data

Current study Brantberg et al. (9)

Peak impact force (N) 237.3 33
Peak acceleration (g) 1.8 0.2
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biofidelity in these loading conditions, and it is likely
more ridged than a realistic patient response. Systems
currently designed to measure head impacts in sports
have a minimum acceleration threshold of 10 g (13). This
is 5 times the acceleration observed in this study. Based
on these data, the striker was able to reliably produce a
consistent and defined skull impact.

CONCLUSION

Recording the cVEMP and oVEMP responses using
the striker system was much more rapid than with audi-
tory stimuli and was more comfortable for the healthy
subjects. The striker system and the acoustic method
elicited strong otolithic receptor dysfunction symptoms in
all SCD patients; however, they preferred the shorter
striker studies. The striker system, because of the statis-
tically shorter latency of p13 during the striker evoked
cVEMP, which normalized after SCD closure, suggests
that this method may be useful in identifying SCD
patients before imaging studies. In addition, based on our
biomechanical data, the striker was able to reliably pro-
duce a consistent and defined head striker impact.
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