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Abstract

Objective

To increase clinical application of vestibular-evoked myogenic potentials (VEMPs) by reducing
the testing time by evaluating whether a simultaneous recording of ocular and cervical VEMPs
can be achieved without a loss in diagnostic sensitivity and specificity.

Methods

Simultaneous recording of ocular and cervical VEMPs on each side during monaural stimu-
lation, bilateral simultaneous recording of ocular VEMPs and cervical VEMPs during binaural
stimulation, and conventional sequential recording of ocular and cervical VEMPs on each side
using air-conducted sound (500 Hz, S-millisecond tone burst) were compared in 40 healthy
participants (HPs) and 20 patients with acute vestibular neuritis.

Results

Either simultaneous recording during monaural and binaural stimulation effectively reduced the
recording time by =55% of that for conventional sequential recordings in both the HP and
patient groups. The simultaneous recording with monaural stimulation resulted in latencies and
thresholds of both VEMPs and the amplitude of cervical VEMPs similar to those found during
the conventional recordings but larger ocular VEMP amplitudes (156%) in both groups. In
contrast, compared to the conventional recording, simultaneous recording of each VEMP
during binaural stimulation showed reduced amplitudes (31%) and increased thresholds for
cervical VEMPs in both groups.

Conclusions

The results of simultaneous recording of cervical and ocular VEMPs during monaural stimu-
lation were comparable to those obtained from the conventional recording while reducing the
time to record both VEMPs on each side.
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Glossary

ACS = air-conducted sound; cVEMP = cervical vestibular-evoked myogenic potential; HP = healthy participant; oVEMP =
ocular vestibular-evoked myogenic potential; SCC = semicircular canal; VEMP = vestibular-evoked myogenic potential; VN =

vestibular neuritis.

Introduction of vestibular-evoked myogenic potentials
(VEMPs) has enabled easy assessment of the otolithic function
in clinical practice.'™ Cervical VEMPs (cVEMPs) reflect the
function of the vestibulo (sacculo)-spinal pathways,® while
ocular VEMPs (oVEMPs) evaluate the integrity of the vesti-
bulo (utriculo)-ocular pathways.®” In contrast to cVEMPs,
which represent an ipsilateral inhibitory vestibulospinal re-
sponse, oOVEMPs examine a crossed excitatory vestibulo-ocular
reflex.'® Therefore, evaluation of both oVEMPs and ¢VEMPs
permits assessment of both otolithic end organs, inferior
and superior vestibular nerves, and the vestibulo-spinal and
vestibulo-ocular pathways in the brainstem at once.”'' Al-
though each VEMP test (cVEMP and oVEMP) by itself has an
acceptable duration of <1 hour, conducting both VEMPs in
addition to other vestibular function tests definitely increases
the whole testing time. Moreover, it can be very wearing for
patients with acute vestibular syndrome or elderly patients to
conduct all these tests in 1 long session while enduring a load of
acoustic stimuli. Therefore, shortening the recording time and
acoustic stimuli and enhancing cooperation would increase the
feasibility of VEMP testing.

Although several studies have adopted bilateral simultaneous
stimulation in healthy participants (HPs) and patients with
vestibular disorders to reduce the diagnostic procedure for
recording VEMPs,'>"? there have been no systematic, cross-
over, controlled, head-to-head comparison studies between
the conventional and simultaneous recordings within the
same group of HPs or patients. In the current study, we
evaluated the feasibility of the 2 different methods of simul-
taneous recording of VEMPs compared to the conventional
sequential recordings in HPs and in patients with acute ves-
tibular neuritis (VN).

Methods
Study design

This is a single-center, randomized, 3-way crossover study
design. A crossover trial involves 3 different sessions of
cVEMP and oVEMP measurements that are arranged in
arandom order on different days with 1- or 2-day intervals
among the test conditions (ﬁgure e-1, http://links.lww.
com/WNL/A46). Three different sessions included the
conventional sequential recording and 2 different simulta-
neous recording methods, i.e., unilateral simultaneous re-
cording of cVEMP and oVEMP during monaural
stimulation (figure 1A, Sm) and bilateral simultaneous re-
cording of each VEMP during binaural stimulation (figure
1B, Sb). All recordings were performed by the same
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examiner,'* and the required time for each testing was
measured after the exclusion of the time required for
evaluating thresholds, preparing the participants, and
attaching the electrodes.

As a feasibility trial to show the absence of difference in VEMP
parameters, we calculated an overall minimum sample size of
30 participants from power analysis."”

Participants

Participants, regardless of sex, at least 18 years of age were
eligible for the trial from March to August 2016. Those with
a history of vertigo or neuro-otologic diseases and abnormal
findings in pure tone audiogram and head-impulse tests were
excluded.

Participants with acute, severe, prolonged vertigo associ-
ated with spontaneous nystagmus, postural imbalance,
nausea, or vomiting were enrolled. The inclusion criteria as
a patient with VN involving the superior division included
the following: (1) acute vertigo that was (2) associated
with horizontal and torsional nystagmus, (3) impaired
horizontal semicircular canal (SCC) function on video
head-impulse test and a unilaterally absent or reduced
caloric response (i.e.,, horizontal SCC gain <0.50 and
a caloric paresis score >25%), and (4) the absence of au-
ditory and neurologic signs. We also enrolled patients who
showed involvement of the inferior vestibular division with
the below criteria in addition to the above superior VN
criteria (mixed superior and inferior VN): (S) the ap-
pearance of downbeat or torsional nystagmus and (6)
unilaterally impaired posterior SCC function on video
head-impulse test (i.e., posterior SCC gain <0.70). We
performed imaging studies in patients with downbeat
nystagmus to exclude intracranial lesions. All patients
were tested in the acute stage of the disease within 10 days
of symptom onset.

HPs and patients were pseudorandomized in an equal ratio of
orders to receive each recording method (ﬁgure e-1, http://
links.Iww.com/WNL/A46).

cVEMP and oVEMP recording
Conventional sequential cVEMP and oVEMP recording

To record cVEMPs, participants were placed in the supine
position and asked to raise their head =30° from the bed and
rotate it contralaterally to reliably activate the sternocleido-
mastoid muscles. An active surface EMG electrode placed
over the belly of the ipsilateral sternocleidomastoid and
a reference electrode on the incisura jugularis of the sternum
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Figure 1 lllustrations of the simultaneous VEMP recording methods

(A) Left, for unilateral simultaneous re-
cording of cervical vestibular-evoked
myogenic potentials (c(VEMPs) and ocular
VEMPs (o0VEMPs) during right ear stimu-
lation, the participants were supine on
a bed with their heads raised =30° from
the horizon and rotated leftward. During
recording, the subject looked =25° up-
ward with sound stimulation of the right
ear. Active electrodes were placed over
the belly of the right sternocleidomas-
toid muscle for the cVEMP testand =1 cm
inferior to the lower eyelid of the left eye
for the oVEMPs. The reference electro-
des were attached to the incisura jug-
ularis of the sternum for the cVEMPs and
=2 cm below the ocular active electrodes
for the oVEMPs. The ground electrode
was placed on the forehead. Right,
a similar configuration was used for
unilateral simultaneous recording of the
left side. (B) Left, for bilateral simulta-
neous recording of the cVEMPs, active
electrodes were placed on the bilateral
middle third of sternocleidomastoid
muscles, the reference electrode was
placed on the incisura jugularis of the
sternum, and the ground electrode was
placed on the forehead. Participants
were instructed to keep the head ele-
vated while in the supine position, and
short tone bursts acoustic stimuli were
delivered binaurally through a head-
phone. Right, for recording oVEMPs bi-
laterally, active electrodes were placed
below the eyelids bilaterally and the ref-
erence electrodes were below the active
electrodes while the participant main-
tained an upward gaze during binaural
sound stimulation. The ground electrode
was placed on the forehead.

with self-adhesive Ag/AgCl electrodes were used for the
1rec0rding.16’17 For the recording of oVEMPs, the active
electrode was located on the infraorbital ridge below the
center of the contralateral lower eyelid, and the reference
electrode was placed below the active electrode.'® During
monaural sound stimulation, participants were asked to fix
their gaze on the target located =25° above straight ahead.

Differential amplifiers (bandwidth 10-2,000 Hz) were used,
and the unrectified signals (n = 100) were averaged (Cadwell
Laboratories, Kennewick, WA)."” We used unilateral 500-Hz,
S-millisecond air-conducted sound (ACS) tone bursts with the
stimulation delivered from an intensity of 100-dB normal
hearing level after calibration.”” Amplified EMG potentials
were bandpass filtered at 10 to 3,000 Hz, and then the data
were averaged from the stimulus onset to S0 milliseconds. To
provide adequate levels of EMG activation and to ensure fine
adjustment of the head position, we controlled the participants
to match the EMG levels for each side, to allow measurement
of background contractibility, and to calculate the normalized

peak-to-peak amplitudes.'”

Each participant was evaluated for VEMP thresholds by re-
ducing 5-dB stimulus intensities in steps over successive trials,
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and the smallest intensity with a VEMP producing in at least 2
trials was defined as a threshold.

Unilateral simultaneous cVEMP and oVEMP recording
In this simultaneous recording method, cVEMPs and
oVEMPs were recorded at the same time unilaterally with
monaural sound stimulation (figure 1A). During the right ear
stimulation, an active electrode was located at the belly of the
right sternocleidomastoid, and a reference electrode was
placed on the sternum for cVEMPs. For oVEMPs, the active
and reference electrodes were placed on the left lower eyelid.
The participants were then asked to lift and turn their head to
the left side and to look up at the target above straight ahead
during right ear stimulation (figure 1A, left). Then, recording
of cVEMPs and oVEMPs on the opposite side was conducted
in a similar fashion; the active and reference electrodes were
on the opposite sides with the head lifted and turned to the
right and an upward gaze during left ear stimulation (figure
1A, right). The same target was located straight upward 25° to
prevent the eye from being more adducted and elevated,
which makes the greater inferior oblique muscle contract and
have a larger amplitude. To match the muscle contraction for
each side, the EMG levels were monitored as in the conven-
tional method.
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Bilateral simultaneous recording of each VEMP

The other simultaneous recording method is bilateral simulta-
neous recording of cVEMP or oVEMP with binaural acoustic
stimulation (figure 1B). To record cVEMPs on both sides, the
active electrodes were located at the middle of the bilateral
sternocleidomastoid muscles, and the reference electrode was
attached on the incisura jugularis."® During recording, partic-
ipants were instructed to keep their head elevated in a supine
position without turning the head as in the previous condition,
and short-tone-burst acoustic stimuli were delivered binaurally
(figure 1B, left). During bilateral cVEMP recording (figure 1B,
left), the contractibility of the sternocleidomastoid was smaller
compared to the contractibility during monaural cVEMP re-
cording (figure 1A) (mean sternocleidomastoid contractibility
by EMG recording 5S vs 95 V). To record oVEMP:s bilaterally,
the active and reference electrodes were placed on both sides of
the cheeks while the participant was looking up during binaural
sound stimulation (figure 1B, right).

Statistical analysis

The coprimary endpoints were that there are no significant
differences in the mean time for each recording and the
parameters of each VEMP, including p13 and nl0 latency,
peak-to-peak amplitudes, asymmetry ratio, and threshold of
cVEMP and oVEMP between conventional separate record-
ings and each simultaneous recording.

Analysis of variance tests were used to compare the mean test
time and parameters between conventional and simultaneous
recordings. A statistical significance was defined as p < 0.0S.
The SPSS version 20 statistical software (IBM Corp, Armonk,
NY) was used.

In this study, we did not compare the VEMP parameters
between the HP and patient groups because it was not the
main topic of this study. Furthermore, the ages were different
between the 2 groups (mean age 33.1 years in HPs vs 63.5
years in patients). As age increases to >60 years, the VEMP
response decreases markedly with a decrease in the amplitude
and an increase in the latency, and these were also observed in
the current study.'”*’

Standard protocol approvals, registrations,
and patient consents

This study was approved by the Institutional Review Board
at Chonbuk National University Medical School, and in-
formed consents were obtained from all participants. The
clinical trial identifier number assigned by ClinicalTrials.gov
was NCT03049683.

Results

Forty HPs (age 23-46 years, mean age 33.1 years, 25 male)
participated in this study, and 20 patients (age 47-77 years,
mean age 63.5 years, 12 males) fulfilled the criteria of VN.
Two patients (51 and 66 years old) with spontaneous
downbeat nystagmus in addition to horizontal nystagmus
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showed caloric paresis and impaired horizontal and posterior
SCCs function with the head-impulse tests. They were di-
agnosed as having mixed superior and inferior divisional VN.

Recording time for each method

We compared the mean required time for each VEMP re-
cording method on both sides, excluding the time for the
threshold test, preparation, and attaching the electrodes.
Compared to the conventional sequential recordings, the
unilateral simultaneous recording with monaural stimula-
tion shortened the test time by 48% and 62.4%, and bilateral
simultaneous recordings with binaural stimulation reduced
it by 56.5% and 52.6% for both VEMPs in HP and VN
group, respectively (p < 0.001, tables 1 and 2). In HPs, the
mean required test time for unilateral simultaneous re-
cording of cVEMP and oVEMP was 8.7 minutes for 1 side
and therefore 17.4 minutes for both sides. This was signif-
icantly shorter than the total test time of =33 minutes for
both ¢cVEMPs and oVEMPs with conventional unilateral
recordings (table 1).

VEMP parameters of the HP group
In 40 HPs, during the conventional recordings of cVEMP and
oVEMP, the responses from each ear did not differ (table 1).

The unilateral simultaneous recording of ¢VEMPs and
oVEMPs on each side during monaural stimulation revealed
that the p13 latency and peak-to-peak amplitude of cVEMP
and the n10 latency of oVEMP did not differ compared to
conventional recordings (figures 2 and 3). However, the
peak-to-peak amplitudes of oVEMPs were larger than those
from the conventional recording on both sides (p = 0.04 and
p = 0.003, respectively, table 1 and figure 3B). The cVEMPs
and oVEMPs were symmetric between the sides with
asymmetry ratios of =24%, and the thresholds for cVEMPs
and oVEMPs were similar to the values obtained with sep-
arate recordings.

During the bilateral simultaneous recordings, there were no
significant differences in oVEMP parameters, including the
mean thresholds, compared to the conventional recordings
of oVEMP. However, the peak-to-peak amplitudes of the
c¢VEMP were significantly lower compared to the conven-
tional separate recordings on each side without asymmetry
(p < 0.001, table 1 and figure 3A). In addition, the cVEMP
thresholds during bilateral simultaneous recordings (figure
2E) were significantly higher compared to those of conven-
tional recordings (figure 2D) (p < 0.001, table 1).

VEMP parameters of patients with VN

In patients with VN, the parameters of oVEMPs showed
asymmetric responses with markedly reduced or absent n10
components beneath the eye opposite the affected ear during
the conventional recording (p = 0.02, table 2 and figure e-2B,
http://links.lww.com/WNL/A46). In contrast, the mean
parameters of cVEMPs did not differ between the affected and
unaffected ear stimulation (table 2 and figure e-2A). In
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Table 1 Comparison of parameters of VEMPs of healthy participants during simultaneous cVEMP and oVEMP recordings
on each side with monaural stimulation and simultaneous recordings of each VEMP during binaural stimulation
vs conventional sequential recording in response to 5,000-Hz ACS tone burst

n10 Latency,
mean + SD, ms

Amplitude,
mean + SD, pV

Threshold, dB nH

p Total test

OVEMPs Right Left Value®  Right Left Value® AR, % Right Left time, min©
Conventional 125+14  121+12 030 54+39 5.0+33 0.58 23.0+17.0 845+58 843+7.1 14.8+3.4
recording
Monaural 12.1+0.9 125+0.9 0.11 7.6+35 8.6+27 0.37 242+16.7 84.7%59 84.5+6.5 8.7 £1.19 (48%)°
simultaneous
p Value® 0.30 0.12 0.04 0.003 0.77 0.60 0.56 <0.001
Binaural 129+1.1 125+1.0 0.17 49+3.7 52+3.6 0.38 15.1+£11.9 83.6+6.2 843+59 8.4+ 1.6 (57%)°
simultaneous
p Value?® 0.3 0.12 0.20 0.66 0.06 0.12 1.00 <0.001

p13 Latency, mean + Amplitude, Total

SD, ms mean + SD, pV Threshold, dB nH test
p p time,

CVEMPs Right Left Value®  Right Left Value® AR, % Right Left min©
Conventional 15.6+0.8 157+1.1 0.64 504.4 +246.6 4424+2394 0.15 19.3+13.8 753+4.4 75.1+49 18.1+2.9
recording
Monaural 15.1+1.2 152+0.6 0.63 507.7 £208.7 505.2+1785 0.97 24.4 + 145 757 +3.8 759+4.2 8.7+1.19
simultaneous (48%)°
p Value? 0.14 0.09 0.96 0.27 0.33 0.62 0.17 <0.001
Binaural 15.8+1.1 159+13 0.68 142.9 + 86.1 146.4 + 80.1 0.83 18.0+11.9 839+74  833+6.3 10.2 + 2.1
simultaneous (56%)°
p Value? 0.42 0.42 <0.001 <0.001 0.72 <0.001 <0.001 <0.001

Abbreviations: ACS = air-conducted sound; AR = asymmetry ratio; cVEMP = cervical vestibular-evoked myogenic potential; nH = normal hearing; oVEMP =

ocular vestibular-evoked myogenic potential.

p Values by paired t test or Wilcoxon signed-rank test for trends as appropriate.

?p Value compared to conventional sequential recordings.
® p Value comparing the right and left values.

€The mean required time for VEMPs on both sides excluding the time for preparation, attaching the electrodes, and the threshold test.

4 Required test time for cVEMPs and oVEMPs on 1 side.

¢ Compared to the conventional sequential recordings, shortened percent of the test time during simultaneous recordings.

individual analysis, 2 patients with downbeat nystagmus and
abnormal head-impulse test on the posterior in addition to the
horizontal SCC revealed low p13 amplitudes of cVEMP on
the affected side.

Unilateral simultaneous recording with monaural stimulation
presented delayed latencies and reduced/absent n10 ampli-
tudes (p = 0.01, table 2 and figure e-2C, http://links.lww.
com/WNL/A46) of oVEMPs on the affected side as in the
conventional recordings. In contrast to the conventional
separate recordings, the parameters of cVEMPs on the af-
fected side revealed decreased mean amplitudes (p = 0.003,
table 2), which reflect the results of decreased cVEMP
amplitudes in the patients who had an involvement of the
inferior division. When we recalculate the mean amplitude of
cVEMPs after removing the 2 patients with involvements of
the inferior vestibular nerve, there is no statistic difference in
the amplitudes between the affected and unaffected sides
(106.7 + 69.2 vs 237.4 + 83.3 uV, p = 0.17).
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During bilateral simultaneous recording, the n10 amplitude
(oVEMP) of the affected ear was decreased or absent (p = 0.02,
table 2 and figure e-2E, http:// links.lww.com/WNL/A46).
The p13 amplitude of cVEMP was significantly decreased on
both sides (p = 0.001, table 2 and figure e-2D), which was
observed also in the HPs, and was even more decreased on the
affected side (p = 0.03, table 2). The latencies of cVEMPs and
oVEMPs did not show significant differences between the af-
fected and unaffected sides during bilateral simultaneous
recordings with binaural sound stimulation.

Discussion

This study demonstrates that simultaneous recordings with
either monaural or binaural stimulation can effectively reduce
the time required for testing both cVEMPs and oVEMPs on
both sides. Reducing the testing time with simultaneous
recordings also has a further important advantage of applying
only half of the acoustic stimulations. The sound intensities of
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Figure 2 VEMPs of a representative normal subject (28-year-old man) produced by sound stimuli of 5-millisecond tone
bursts at 500 Hz during the conventional and simultaneous recordings
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(A) Conventional separate recording of cervical vestibular-evoked myogenic potentials (cVEMPs) on the right side showed that peak latency of p13 was 13.2
milliseconds and the peak-to-peak amplitude was 1,154 pV. (B) The conventional recording of ocular VEMPs (0VEMPs) revealed the peak latency of n10 at 9.9
milliseconds and the amplitude at 10.8 pV. (C) Unilateral simultaneous recordings of the cVEMPs and oVEMPs during the right monaural stimulation show the
latency of p13 at 13.3 milliseconds and amplitude of 1,032 pV and the latency of n10 of oVEMPs at 10.0 milliseconds and amplitude of 14.2 pV, which was
recorded on the left eye. (D) Threshold testing of cVEMPs in each side during conventional separate recording and (E) during bilateral simultaneous recordings
with binaural stimulation revealed that the peak-to-peak amplitude of cVEMPs during bilateral recording was significantly decreased compared to the
separate recording and the thresholds of cVEMPs during bilateral simultaneous recording were higher compared to those of conventional recordings.

impulse noise during routine VEMP recordings (100- to 110-
dB normal hearing level, 10 milliseconds, 200-300 repeti-
tions) may potentially harm the inner ear and affect
hearing.s'll'n’22 Therefore, reducing the testing time and
muscle contraction would be safer and more comfortable for
patients with acute vestibular disorders or for elderly patients.
The potentials of cVEMPs and oVEMPs did not differ
significantly between the conventional method and simulta-
neous recording with monaural stimulation in both the
HP and patient groups except the higher amplitude of
oVEMPs during the simultaneous recording in both groups.
However, during the bilateral simultaneous recording of
each VEMP during binaural stimulation, the amplitudes of
cVEMPs were reduced in both the HP and patient groups,
and the thresholds of cVEMPs increased significantly (tables
1 and 2 and figure 2). From a clinical perspective, these results
are encouraging for the use of simultaneous VEMP recording
in the clinical routine; they can improve the clinical feasibility
of VEMP recording in various vestibular disorders. However,
unilateral simultaneous recording of cVEMPs and oVEMPs
on each side may be more advocated than the bilateral
simultaneous recording because the former uses monaural
stimulation, has a more stable physiologic basis, and generates
results more compatible to those from the separate recordings
in both groups. Furthermore, lower thresholds and higher
amplitudes during simultaneous recording with monaural
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stimulation indicate a better signal-to-noise level with the
same loudness. For simultaneous recording of cVEMPs and
oVEMPs on each side with monaural stimulation (figure 1A),
the only additional request was to look upward compared to
the conventional cVEMP recording. Thus, this simultaneous
recording method for VEMPs can effectively reduce the time
for the recording without causing more difficulties for patients
with various vestibular disorders and is a reliable alternative to
conventional separate recordings.

Meanwhile, a significant increase in the peak-to-peak am-
plitude of oVEMP in both groups was demonstrated during
simultaneous recording with monaural stimulation, i.e., the
oVEMP recorded from the lower eye to ACS stimulation of
the upper ear. There have been reports that the oVEMPs to
ACS are not affected by head positions.”** One study de-
scribed no significant differences in oVEMP responses dur-
ing an upward gaze between the sitting and supine positions,
but closing the eyes led to significantly lower amplitude,
prolonged latency, and higher threshold.”> These findings
suggest that oVEMP responses are augmented by activation
of the inferior oblique ocular muscle rather than head
position.”*”” Another study showed that head tilts in the roll
plane significantly increased the amplitude of oVEMPs to
bone-conducted vibration recorded from the lower eye
compared to those recorded from the upper eye, but the
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Figure 3 Comparison of cVEMP and oVEMP amplitudes in healthy participants during conventional and simultaneous

recording methods
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The peak-to-peak (p-p) amplitudes of (A) cervical vestibular-evoked myogenic potentials (cVEMPs) and (B) ocular VEMPs (o0VEMPs) plotted as a function of age
(top). It revealed a significant correlation between age and the amplitudes of both VEMPs. During the bilateral simultaneous recordings, mean amplitudes of
the cVEMPs were significantly lower compared to the conventional separate recordings (p < 0.001, paired t test), while the amplitude during monaural
stimulation did not differ compared to conventional recordings (A, bottom). The amplitudes of ocular VEMPs (o0VEMPs) during monaural stimulation were
larger than those from the conventional recordings, while there were no significant differences in oVEMP amplitudes during the bilateral simultaneous

recordings (B, bottom) (*p < 0.05, bars show SEM).

amplitude of the oVEMPs to ACS did not differ.”® Therefore,
in the head-tilted position and likewise in the current study
with head turning and elevation, bone-conducted vibration-
or ACS-induced utricular activation may be modulated with
the gravitational shear force changes in cases with healthy
otoliths.”**’

On the other hand, the findings of a significantly higher
threshold and reduced amplitude during simultaneous cVEMP
recordings with binaural stimulation in both HPs and patients
with VN may indicate that bilateral stimulation induces stim-
ulation collision and can affect response strength. However,
these findings were not observed during bilateral recordings of
oVEMPs. Considering the neural connections of the otoliths,
saccular activation evokes inhibitory potentials in the ipsilateral
sternocleidomastoid, while in contrast, utricular activation
induces ipsilateral inhibitory and contralateral excitatory
potentials.30 Although the utricular input to the ipsilateral
cVEMP responses has been considered to be trivial, the
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utricular contribution to the contralateral excitatory potentials
during bilateral recordings of cVEMP with binaural stimulation
is unknown. In response to monaural sound stimulation, the
contralateral cVEMP, which may be due to utricular activation,
manifests as a small, inverted, and slightly delayed peak com-
pared to the ipsilateral cVEMP. Therefore, it is possible that
the decreased amplitude of the ipsilateral (VEMP during the
simultaneous bilateral recording is caused by contamination
from “crossover” utricular excitatory effect on the contralateral
sternocleidomastoid.” In patients with VN whose utricular
function must be decreased, reduction of cVEMP amplitude in
the affected side was smaller than in the other side. Otherwise,
the neural mechanisms that increase otolith receptor sensitivity
with “commissural inhibition” and “cross-striolar inhibition”
could affect the results of bilateral recording of the VEMPs.
Commissural inhibition and cross-striolar inhibition intensify
the sensitivity by combining the inputs from bilateral otolith
receptors and the inputs from both sides of the receptors
across the striola in a single otolith sensor, respectively.” These
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Table 2 Comparison of parameters of VEMPs of patients with VN during unilateral simultaneous cVEMP and oVEMP
recordings on each side and bilateral simultaneous recordings of each VEMP vs conventional separate

recordings
n10 Latency, mean + SD, Amplitude, mean + SD,
ms Ny
OVEMPs Affected Unaffected pValue®  Affected Unaffected pValue® AR, % Total test time, min©
Conventional recording 11.9+13 11.0+0.7 0.04 24+£2.1 4.1+£20 0.02 347+364 149%18
Monaural simultaneous  12.1+1.5 11.2+0.9 0.01 27+20 6.4+26 0.01 31.5+31.8  9.3+0.99(62.4%)°
p Value? 0.84 0.55 0.49 0.03 0.66 <0.001
Binaural simultaneous 11.8+1.3 11.2+£0.7 0.59 25+1.8 3.8+2.0 0.02 284+36.2 7.6+1.2(51%)°
p Value? 0.51 0.48 0.80 0.54 0.38 <0.001
p13 Latency, mean + SD,
ms Amplitude, mean + SD, pV

cVEMPs Affected Unaffected pValue® Affected Unaffected pValue® AR, % Total test time, min®©
Conventional recording 153+15 14104 0.05 156.3+102.4 2359+106.5 0.05 21.0+26.2 19.0+1.9
Monaural 152+14 143+05 0.05 134.1 £ 80.5 2333 +101.0 0.003 33.1+31.4  9.3+0.99(62.4%)°
simultaneous
p Value? 0.56 0.38 0.55 0.81 0.22 <0.001
Binaural simultaneous 151+15 14109 0.13 57.0+24.6 90.9 £ 36.2 0.03 22.0+33.7 10.3+1.2(54.2%)¢
p Value? 0.32 0.97 0.001 0.001 0.93 <0.001

Abbreviations: AR = asymmetry ratio; cVEMPs = cervical vestibular-evoked myogenic potentials; oVEMPs = ocular vestibular-evoked myogenic potentials; VN =

vestibular neuritis.

p Values by paired t test or Wilcoxon signed-rank test for trends as appropriate.

@ p Value compared to conventional sequential recordings.
® p Value comparing affected and unaffected sides.

“The mean required time for VEMPs on both sides excluding the time for preparation, attaching the electrodes, and the threshold test.

4 Required test time for cVEMPs and oVEMPs on 1 side.

¢ Compared to the conventional sequential recordings, shortened percent of the test time during simultaneous recordings.

mechanisms to increase reactivity to linear acceleration are not
effective during bilateral simultaneous stimulation and cause
decreased amplitude and increased threshold of the cVEMPs.
The stapedial reflex, which is normally observed at >85-dB
sound pressure level in humans, could have reduced the
amplitudes and increased the thresholds of cVEMPs during
bilateral sound stimulation. However, these explanations are
inconsistent with the findings of no changes in oVEMP
responses, including the peak-to-peak amplitude and thresh-
olds, during bilateral simultaneous recording. Under monaural
sound stimulation, =25% of normal subjects exhibited ipsilat-
eral negative-positive oVEMP responses,”’ which represents
the sum of the crossed effect and may originate from the saccule
during bilateral stimulation. Although bilateral simultaneous
recordings of oVEMP with binaural stimulation yield the same
results as in the monaural conventional recording, we could not
exclude the effects of ipsilateral responses, which may occur
even during unilateral stimulation.”® Another possibility for the
reduced amplitude and higher threshold of cVEMPs during
bilateral recording is the issue of muscle contraction on cVEMP
amplitude, which is linear for most of the range of muscle

. 32,33
contractions.
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Study question

Can simultaneous recordings of ocular and cervical vestibular-
evoked myogenic potentials (VEMPs) reduce recording times
without compromising the diagnostic utility of VEMP-based
otolithic function evaluations relative to that achieved with
sequential recordings?

Summary answer
Simultaneous recordings reduce recording times without
compromising utility.

What is known and what this paper adds
Cervical and ocular VEMP recordings are useful for assessing
otolithic function, but sequential recordings are time-consuming,.
This study provides evidence that simultaneous recordings re-
duce recording times without compromising diagnostic utility.

Design

This study involved a systematic crossover head-to-head com-
parison of (1) unilateral simultaneous ocular and cervical VEMP
recordings during monaural stimulation, (2) bilateral simulta-
neous ocular or cervical VEMP recordings during binaural stim-
ulation, and (3) sequential recordings. Each participant underwent
all protocols in random order. The protocols were performed on

different days at 1- or 2-day intervals. The study was nonblinded.

Participants and setting

The study included adult healthy participants (HPs) and
patients with acute vestibular neuritis. This single-center
study was conducted in March to August 2016.

Primary outcome(s)
The primary outcomes were the total recording times and VEMP
parameters for the simultaneous and sequential protocols.

Main results and the role of chance

Relative to the sequential protocol, recording times were signif-
icantly reduced with the unilateral simultaneous (by 48% for
HPs, by 62.4% for patients) and bilateral simultaneous (by 56.5%
for HPs, by 52.6% for patients) protocols (p < 0.001 for all). The
unilateral simultaneous protocol had little effect on VEMP
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thresholds and latencies but increased ocular VEMP amplitudes
(p < 0.04in HPs, p = 0.03 in patients on the unaffected side). The
bilateral simultaneous protocol reduced cervical VEMP
amplitudes in both groups (p < 0.001 in HPs, p = 0.001 in
patients). However, the observed changes with simultaneous
protocols would not reduce the diagnostic utility of the
VEMP recordings.

Harms
Sound intensities during VEMP recordings may damage
hearing, so reduced recording times are desirable.

Bias, confounding, and other reasons for caution
Various reflexes and potential nerve activations may have
contaminated the results.

Generalizability to other populations

The HPs’ mean age (33.1 years) was much lower than the
patients’ mean age (63.5 years). VEMP amplitudes and
thresholds are age dependent, so each group’s results may not
be generalizable to persons of different ages.
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