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Abstract

Objective: To characterize cervical and ocular vestibular evoked myogenic potential (c- and
0VEMP) responses using an impulse hammer (IH) in adults and pediatrics at standardized force
levels and evaluate: the relationship of force level on VEMP amplitude, sternocleidomastoid
(SCM) contraction on cVEMP amplitude, required number of tap stimuli, and subject comfort.
Using these data, optimal testing parameters were selected.

Study Design: Prospective study.
Setting: Tertiary referral center.

Patients: Seventy- eight healthy adults, adolescents, and children with no hearing or vestibular
deficits.

Interventions: All subjects received c- and 0VEMP testing using IH and 500 Hz tone burst air
conduction stimuli. Adults received hard, medium, and soft force levels. Adolescents and children
received medium and soft force levels. A comfort questionnaire was administered pre- and post-
testing.

Main Outcome Measures: IH VEMP response parameters (response rates, latency, cVEMP
pre-stimulus SCM EMG, and peak-to-peak amplitude) were assessed per force level. Subjective
reporting for patient comfort was also assessed.

Results: VEMP response rates ranged from to 92 — 100%. Force had a linear relationship with
VEMP amplitude. SCM contraction had a linear relationship with raw cVEMP amplitude;
however, dissipated with amplitude normalization. Force level did not impact the number of taps
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needed. A minimum peak force of 15 — 20 N, accounting for SCM contraction, and using a lower
EMG monitoring limit for cVEMP is recommended to elicit reliable responses.

Conclusions: Overall, IH VEMP is appropriate and comfortable to use in adults and pediatrics
and can be useful when an air conduction stimulus is contraindicated or not preferred.

INTRODUCTION

Reflex hammer cervical and ocular vestibular evoked myogenic potentials (c- and oVEMP,
respectively) are minimally performed in adults and undocumented in pediatrics but has
advantages over traditional air conducted (AC) stimuli. Typically, reflex hammer VEMP
amplitudes are larger, present in compromised middle ears, and generated quickly (1-3).
However, optimal stimulus parameters are unknown. Identifying ideal testing techniques
would improve reflex hammer VEMP utility.

VEMP responses are short-latency myogenic potentials generated in response to high
intensity sound or bone vibration. The cVEMP, an inhibitory response from the
sternocleidomastoid muscle (SCM) (4-5), infers integrity of the saccule and inferior
vestibular nerve (4;6). The oVEMP, an excitatory response from the inferior oblique muscle
(7), assesses the utricle and potentially saccular inputs, and superior vestibular nerve (6-8).
While AC VEMP is commonly used (9),altered middle ear function could attenuate the
stimulus and abolish AC VEMP responses despite intact otolith function (10-11).
Additionally, high intensity AC stimuli increases unsafe sound exposure when equivalent ear
canal volumes (ECV) are < 0.8 mL (12). Given that children have a higher incidence of
middle ear issues (13) and smaller ECVs (14), bone conducted VEMP is beneficial.

Reflex hammers stimulate the otolith organs via bone conduction and yield robust cVEMP
responses in adults with conductive hearing loss (1). Repeatable hammer c- and oVEMP
responses have also been noted in healthy adults (15;2) while responses are absent in adults
with vestibular pathology (2-3), with comparable response rates to AC VEMP (16). In
adults, reflex hammer c- and oVEMP reliability is excellent (3). This is attributed to its
higher force output compared to B-71 responses (17-18). Lastly, using a reflex hammer is
efficient. Tapping the forehead stimulates left and right otoliths simultaneously and equally
(18), generating bilateral responses.

However, there are pitfalls to using a reflex hammer. Force level, monitoring of SCM
contraction, and the number of taps required, are not established across investigations,
proving it difficult to replicate findings or generalize to clinical populations. Hammer force
level is minimally reported (1-2) or standardized (15). Hammer force likely impacts VEMP
amplitude and increases variability, particularly if taps are inconsistent. A linear relationship
between force and c- and oVEMP amplitude is hypothesized, where harder forces elicit
larger amplitudes due to increased energy reaching the otoliths.

Secondly, monitoring SCM contraction during reflex hammer cVEMP testing has not been
addressed. A relatively linear relationship between SCM contraction and AC cVEMP
amplitude is known (5;19). Accounting for SCM contraction is important to rule out poor or
absent responses related to varying or low muscle contraction. This is influential in children
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who may have difficulty sustaining neck elevation. For hammer VEMP, a linear relationship
between SCM contraction and cVEMP amplitude is hypothesized but will dissipate with
amplitude normalization.

Thirdly, the number of taps required to obtain a reliable VEMP response is unknown.
Reported number of taps vary between 10 to 200 taps (3;15-16). Higher force levels could
be more effective in activating otolith afferents compared to lower force levels. As such, the
number of taps needed to obtain reliable c- and 0VEMP responses are hypothesized to
decrease as force increases.

Lastly, it is unknown if reflex hammer VEMP is a comfortable stimulus. This is relevant in
pediatrics, especially if a high force level is required to obtain reliable responses. It is
hypothesized that pediatrics and adults can tolerate c- and 0VEMP hammer testing.

Reflex hammer VEMPs are beneficial assessments; however, investigation about best
practice is needed. This study was separated into two phases. For phase 1, the purpose was
to: 1) characterize c- and oVEMP responses using an impulse hammer (IH) to quantify and
standardize force level, 2) determine the relationship between force level and VEMP peak-
to-peak amplitude, 3) determine the relationship between SCM contraction and cVEMP
peak-to-peak amplitude, 4) determine the minimum number of taps needed to obtain reliable
VEMP responses, and 5) determine subjective comfort. Using these data, the purpose of
phase 2 was to develop an optimized test protocol that would yield high response rates. By
using optimized parameters, it was hypothesized that reliable hammer VEMP responses
could be obtained.

MATERIALS AND METHODS

Phase 1

Subjects—Thirteen children (mean 6.8 years; range 4 — 9; 7 males), 14 adolescents (mean
13.4 years; range 10 — 9; 4 males) and 21 adults (mean 29.4 years; range 20 — 40; 8 males)
with normal hearing and tympanometry participated. Tympanometry (GSI Tympstar,
Grason-Stradler, Eden Prairie, MN, USA) was considered normal if peak admittance was =
0.2 mmhos and peak pressure was between —100 and 30 daPa. Subjects received a hearing
screening at 1000, 2000, and 4000 Hz, using 25 dB HL as a pass/fail criterion (20). Subjects
with history of otologic surgery, balance/dizziness, neurological disorders, abnormal
tympanometry or failed hearing screening were excluded. Informed consent (and photo as
needed) was obtained from all subjects for testing approved by the Institutional Review
Board at Boys Town National Research Hospital.

VEMP Measurements

Impulse Hammer: Stimuli were delivered using a Piezotronics IH with integrated ICP
quartz force sensor (Model 086C01; PCB Corporation, Depew, New York, USA) to quantify
the peak force level (in Newtons) per tap. IH c- and oVEMPs were recorded using a 2-
channel Intelligent Hearing Systems 1.30 OptiAmp differential amplifier (Miami, FL, USA).
Electromyography (EMG) was pre-processed using 5k gain and 10— 500 Hz bandpass filter.
During c- and 0VEMP testing, the examiner delivered manual taps at an estimated position

Otol Neurotol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez et al.

Page 4

of Fz (forehead midline, at the hairline) through a gauze pad at a rate of 2 taps/sec (Figure
1). To assess how force affects the VEMP response, adults received taps delivered at a soft
(2-20 N; 126 — 146 dB pFL), medium (21 — 40 N; 146 — 152 dB pFL) and hard (41 — 60 N;
152 — 155 dB pFL) force level range. Due to discomfort in response to hard force levels
reported by adults, only soft and medium were delivered to children and adolescents. Two
trials of 30 taps were recorded for each force. In real-time, the data collection software
registered the peak force of each tap and indicated whether the desired force level was met
within the chosen range (e.g., 2— 20; 21— 40; 41- 60 N). Taps outside the desired force levels
were excluded from analysis. See Supplemental Digital Content 1 for impulse hammer
specifications and verification.

For the analysis, the corresponding left and right EMG and peak force level were collected
using a Fireface UCX soundcard (RME, Germany) and custom software. The saved EMG
files were imported into Matlab (MathWorks, Natick, MA,; Version 2016a) where unrectified
EMG waveforms were averaged sequentially. The examiner verified the peak force level
(Figure 2) and measured c- and oVEMP latencies and peak-to-peak amplitudes for each
averaged waveform. To estimate the level of SCM contraction for each cVEMP response,
the root-mean-squared (RMS) of the pre-stimulus (=30 to =10 ms) EMG activity was
calculated post-collection. The cVEMP corrected peak-to-peak amplitude was calculated by
dividing the raw amplitude/RMS pre-stimulus EMG (24).

Air Conduction: AC c- and oVEMP measurements were obtained using an ICS Chartr 200
Evoked Potential System (GN Otometrics, Taastrup, DK). Stimuli were presented at 125 dB
pSPL if the ECV was > 0.8 mL and at 120 dB pSPL if < 0.8 mL (12). Stimuli were 500 Hz
tone bursts presented in condensation, repetition of rate of 5.1 per second (Blackman gating
window, 1-cycle rise/fall time, 0-cycle plateau; 4 ms duration; 5-500 band-pass filter).
Seventy-five sweeps were averaged. Pre-set by the manufacturer, EMG monitoring (50 — 300
UV range) was performed throughout collection using the RMS of the total EMG activity.

Electrode Placement and Testing Position for Both Stimuli: The cVEMP electrode
montage included an active electrode on the left and right SCM belly, a ground electrode
under the chin and a reference electrode on the manubrium of the sternum (Figure 1, left).
For AC, a separate EMG monitoring electrode was placed directly below the active
electrode. For cVEMP, subjects were supine and lifted their head in the midline position for
bilateral contraction. Parameters were p13/n23 latencies (ms), p13/n23 peak-to-peak
amplitude (uV), and RMS EMG (uV).

The oVEMP electrode montage included an active electrode under the left and right eye
(pupil-center and shifted laterally, thus on the belly of the inferior oblique muscle), a
reference electrode on the right inner canthus and a ground electrode under the chin. This is
an adapted version of the belly-tendon oVEMP electrode montage (25-26; Figure 1, right).
During oVEMP testing, subjects were seated upright. Children and adolescents watched a
video adhered to the wall at 30- degrees up- gaze. Parameters included n10/p16 latencies
(ms) and n10/p16 peak-to-peak amplitude (UV).
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Comfort Questionnaire—Subjects reported their physical comfort pre-post IH VEMP
testing via a questionnaire. The examiner presented the questionnaire and read each
question. Subjects rated their pain level from 0 (minimum pain) to 10 (maximum pain) on a
visual analog scale. Subjects also indicated their preferred VEMP method (i.e., IH, AC,
neither, or both) and if they would consider IH testing again, if needed (yes/no).

Subjects—Seven children (mean, 5.6 years; range, 4-9; 4 males), 9 adolescents (mean,
14.8 years; range, 10-19; 4 males) and 14 adults (mean, 28.6 years; range, 21-39; 7 males)
participated. Two children, 3 adolescents, and 3 adults from phase 1, participated in phase 2.

VEMP Measurements—Using results from phase 1, an optimal IH VEMP procedure was
developed. Taps were delivered at a soft-to-medium force level (10 — 30 N; equivalent to 140
— 149 dB pFL) based on high response rates using these levels. While the hard force yielded
excellent response rates in adults, it was not chosen due to subject discomfort. SCM EMG
was monitored using a pre-stimulus EMG RMS minimum of 100 pV (equivalent to 80 pV
mean rectified). A 100 pV minimum is a conservative limit to avoid missed or asymmetrical
responses associated with weak contractions (24;27). All remaining IH and AC c- and
oVEMP procedures were the same as described above.

Statistical Analysis—Left versus right VEMP characteristics were compared using a
paired samples t-test with Bonferroni p-value correction for multiple comparisons. Student-¢#
test and one-way analysis of variance (ANOVA) was completed to compare VEMP response
characteristics. Tukey’s honestly significant difference was used for post-hoc testing. Linear
regression evaluated relationships between force and VEMP amplitudes and SCM EMG and
cVEMP amplitudes. Pre-to-post questionnaire data was compared using Chi-square.

IH VEMP Responses

There was no significant difference between left/right side for all IH and AC VEMP
outcomes (Supplemental Digital Content 2). Therefore, with the exception of response rates,
left/right ear data were averaged for analyses. Adults and adolescents had 100% c- and
oVEMP response rates regardless of peak force level while children had 92 — 100%.
Collectively, IH cVEMP response rates were comparable to AC, while IH oVEMP response
rates were higher than AC oVEMP (Table 1).

In Table 2 are the averaged IH VEMP outcomes per age group. To assess the relationship
between age and IH VEMP outcomes, correlation analyses were performed. There was no
significant relationship between age and cVEMP p13 latency [soft (r= —.074, p= .622);
medium (r=-.171, p=.244)], pre-stimulus EMG [soft (r= -.11, p= .426); medium (r= -.03,
p=.812)] and corrected peak-to-peak amplitudes [soft (r= -.05, p=.102); medium (r= -.18,
p=.080)]. However, there was a significant positive relationship between age and n23 peak
latency regardless of force [soft (r=.375, p=.009); medium (r= .568, p=.001)], indicating
that n23 latency increases with age. No significant relationships were identified between age
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and oVEMP n10 [soft (r=.120, p=.421); medium (r= -.037, p= .809)], p16 [soft (r= -.007,
p=.965); medium (r= -.167, p=.272)] or peak-to-peak oVEMP amplitude [soft (r=.09,
p=.521); medium (r= .06, p= .644)].

Relationship Between Force Level and VEMP Amplitude

There was a stepwise growth in c- and 0VEMP peak-to-peak amplitude as peak force level
increased for each age group (Figure 2 demonstrates example waveforms for one subject).
Soft force levels generated significantly lower cVEMP amplitudes compared to medium
force for children [uncorrected amplitude: t(12)= 2.66; p=.021; corrected amplitude: t(12)=
3.09; p=.004] and adolescents [uncorrected amplitude: t(13)= 4.24; p< .001; corrected
amplitude: t(13)= 3.06, p=.004]. A similar trend was noted for adults [uncorrected
amplitude: F(2, 60)= 16.00; p< .001; corrected amplitude: F(2, 60)= 17.71; p< .001]. Soft
force amplitudes were lower compared to medium (uncorrected amplitude: p=.033;
corrected amplitude: p=.024) and hard (uncorrected amplitude: p< .001; corrected
amplitude: p< .001); medium force amplitudes were significantly lower than hard force
amplitudes (uncorrected amplitude: p=.011; corrected amplitude: p=.002).

For oVEMP, lower oVEMP amplitudes using a soft versus medium peak force level were
evidenced in children [t(12)= 2.39; p=.028] and adolescents [t(13)= 2.55; p=.019]. A
similar trend was noted for adults [F(2, 60= 11.7; p< .001). Soft force amplitudes were lower
compared to medium (p=.028) and hard (p< .001), medium force amplitudes were
significantly lower than hard force amplitudes (p=.025).

Shown in Figure 3, regression analyses revealed a linear relationship between peak force (X)
and VEMP amplitude () per age group for cVEMP peak-to-peak amplitude in adults
(uncorrected amplitude: R%= .387, p<. 001; corrected amplitude: R2=.405, p< .001),
adolescents (uncorrected amplitude: R2= .335, p= .002; corrected amplitude: R?= .271,

p< .001), and children (uncorrected amplitude: R2=.308, p= .003; corrected amplitude:

R2= 353, p=.001). A similar positive linear relationship between peak force and oVEMP
amplitudes was noted for adults (R2= .209, p< .001), adolescents (R%= .275, p= .005), and
children (R?= .284, p= .011). See Supplemental Digital Content 3 for regression equations.

Relationship Between SCM EMG and IH cVEMP Amplitude

Shown in Figure 4, IH cVEMP amplitudes are influenced by the level of SCM contraction.
There was a significant linear relationship between the pre- stimulus EMG level and
uncorrected cVEMP peak-to-peak amplitudes for children [soft (R? .493, p = .011; medium
(R%= .483, p=.008)] and adolescents [soft (R2= .421, p= .012; medium (R2= .430, p= .011)].
Similar results were found for adults regardless of force level [soft (R2= .566, p <001);
medium (R?=.253, p=.020); hard (R2= .382, p= .013)], suggesting that higher SCM
contractions lead to higher cVEMP peak-to-peak amplitudes. However, as anticipated, when
amplitude normalization was completed, the relationships became non-significant for
children [soft (R2=.082, p=.343); medium (R?= .032, p= .559)], adolescents [soft
(R%=.021, p=.945); medium (R2=.001, p=.908)], and adults [soft (R2=.075, p= .227);
medium (R2=.109, p= .143); hard (R2= .076; p= .227)].
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Number of IH Taps

Per subject, single trial VEMP peak-to-peak amplitude responses were sequentially averaged
to determine the number of taps required to observe minimal variability (as measured by a
standard deviation of 2.0 or less) in VEMP peak-to-peak amplitudes. An average number of
taps was then derived for each age group per force level to compare how many taps were
needed per force level. On average, for cVEMP in children, responses stabilized by tap 18
(soft) and 20 (medium) with no significant difference between number of taps needed for
soft versus medium force [t(12)= 1.01, p=.309]. In adolescents, responses stabilized by tap
17 (soft) and 18 (medium) with no significant difference in number of taps needed for soft
versus medium force [t(13)= 0.88, p=.309]. In adults, there was no significant difference in
the average number of taps needed across the 3 force levels (F= 1.23, p=.677) as responses
stabilized by tap 17 (soft), 20 (medium), and 18 (hard).

For oVEMP, there was no significant difference between number of taps needed between
either force level in children [t(12)= 1.01, p=.880) and adolescents [t(13)= 1.32, p=.092).
On average, oVEMP responses stabilized by tap 14 (soft and medium) in children and tap 15
(soft) and 13 (medium) in adolescents. In adults, responses stabilized by tap 13 (soft and
medium) and tap 15 (hard) and not significantly different per force level (F=.242, p=.353).

Comfort Questionnaire

For all subjects, there was no significant difference in pain levels pre-to-post IH testing
(pre= .20, post=.395; p=.109) and no difference in the preference of VEMP method [X2(2)
= 2.213; p=.331). The majority of subjects preferred either method (n=19/48), 17 preferred
AC, and 12 preferred IH. While 1 child did not agree, 98% percent would consider IH
testing again.

IH VEMP Responses Using Optimized Parameters

IH response rates were 100% for c- and oVEMP per age group. Similar to phase 1, the
average number of taps required was ~20 taps for cVEMP and ~15 taps for oVEMP for each
group (Figure 5). See Supplementary Digital Content 4 for comparison of AC and IH VEMP
responses. Collectively, findings suggest that with the exception of larger oVEMP
amplitudes when using an IH, all other VEMP outcomes were unchanged when using an IH
or AC across age groups and gender.

DISCUSSION

VEMP testing using a reflex hammer has benefits; however, information about best practices
are limited. Until this investigation, VEMP using a hammer stimulus has not been explored
in pediatrics. As hypothesized, our IH c- and 0VEMP response rates agreed with previous
work in adults using AC (15;28). An IH generates otolith responses because tapping the
forehead produces vibratory waves that travel across the skull causing small head
accelerations. This movement results in otolith hair cell deflections and respective afferent
activation (2-3;17). Bone vibration also preferentially activates otolith afferents in
comparison to semicircular canal (18;29), justifying bone conduction VEMP for otolith
assessment.
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Despite the value of reflex hammer VEMP, normative responses and associated factors that
can affect the response are limited. In the present study, IH c- and oVEMP responses in
adults and pediatrics at different force levels were characterized. While previous studies
have used an inertial triggered reflex hammer, the force delivered between-and-within
subjects is not evaluated or minimally indicated (15) and varies in force. Because the
stimulus is delivered manually, inconsistent force is delivered with each tap, increasing
response variability. Quantifying force is necessary to interpret amplitude responses, as
reported by Iwasaki et al. (17), who opted to not report their hammer data because the output
could not be sufficiently controlled. In support of our hypothesis there is a significant
increase in ¢c- and oVEMP amplitude as peak force level increases’ therefore, justifying the
need to account for force level within-and-between individuals.

Using our optimized protocol (10 — 30 N), ¢- and oVEMP response rates were 100%. The
examiners (AIR; SAC) provided an average peak force level of ~15 N (~143 dB pFL) for
OoVEMP and ~20 N (~146 dB pFL) for cVEMP when testing subjects. While others using a
Mini-shaker (28; 30) or B-71 (28) have reported lower force levels (e.g., 131- 136 dB pFL),
our force levels align with Taylor et al. 2014 (i.e., 24 N; 147 dB pFL; 31). Therefore, we
recommend a minimum of ~15 N for oVEMP and ~20 N for cVEMP. These IH forces yield
high response rates, yet are comfortable for children and adults.

In conjunction with saccular afferent activation and some utricular inputs (18, 32), cVEMP
responses rely on adequate SCM contraction (5;19;24). With increased SCM contraction,
inhibition grows, resulting in larger cVEMPs (33). Supportive of our hypothesis, uncorrected
IH cVEMP amplitude is highly influenced by SCM contraction level, suggesting the need
for normalization when using an IH (21;27). Additionally, EMG monitoring using a
minimum of 100 pV RMS was used in phase 2 and response rates improved for children
from 96% to 100%. Collectively, these findings suggest that both amplitude normalization
and EMG monitoring are warranted for cVEMP when using a hammer stimulus.

The number of taps required for VEMP when using a hammer stimulus has not been widely
explored. Identifying the minimum number of taps is critical for efficiency, reliability, and
comfort. It was hypothesized that greater force would require significantly fewer taps;
however, our findings did not support this. Regardless of force level, a minimum of ~15 — 20
taps were needed. Because fewer taps may introduce greater error in estimating the
amplitude and contraction level (for cVEMP), repeating trials to confirm reproducibility is
recommended.

We found that IH VEMP is comfortable, as hypothesized. A larger number of children (n=
12/20) and adolescents (n= 5/23) preferred IH versus AC. To the authors’ knowledge there
are no known cutoffs for bone conduction safety; however, accounting for physical comfort
and safety should be considered. While IH VEMP testing using our recommended level was
tolerated by 100% of subjects with no change in pain level from pre—post testing
[pre=.033, post=.066; t= .570, p=.572), the risk of ecchymasis or potential subdural
bleeding could be increased with greater hammer force levels. This may be especially
relevant for high risk populations (i.e., children with widened subdural space (34), elderly
who are being treated with anticoagulants (35)). Due to the large variability when manually
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delivering hammer taps, real-time feedback about the force being delivered is an advantage
for monitoring patient safety and comfort.

Lastly, IH oVEMP amplitudes were significantly larger compared to AC VEMPSs across age
groups (Supplementary Digital Content, 4). Similar trends have been noted by others
(1;3;28;36). Bone conduction is thought to stimulate the utricular afferent pathway more
effectively than AC, while AC may be a better stimulus to recruit saccular afferent activation
(28). While we did not observe statistical significance between IH and AC cVEMP, IH
stimuli yielded similar if not larger amplitude responses compared to AC.

Our data also showed no significant influence of age on IH or AC VEMP amplitudes
(Supplementary Digital Content 4). While this is consistent with other studies using a
hammer stimulus in adults [20 — 80 years] (28), our lack of an observed age effect is likely
due to our younger age range. Age related changes in amplitude are not typically seen until
the fifth decade of life (37-38).

When interpreting our phase 1 data we observed a linear relationship between cVEMP n23
latency and age, where the n23 increased with age. This has been a consistent finding in the
pediatric cVEMP literature and attributed to the n23 receiving contribution from the
musculotendinous junction (39) and the shorter SCM observed in children (40). As
compared to other reflex hammer investigations (2;18;31), our IH c-and oVEMP latencies
were longer. This is attributed to differences and variability in force level used across
investigations. Lastly, and in line with other investigations, we did not show an effect of
gender on IH and AC c-and o0VEMP peak-to-peak amplitudes (21;37) or latencies (21;41)
(Supplementary Digital Content, 4).

Despite its usefulness, there are limitations to IH VEMP. Foremost, identifying present
cVEMP responses can be unclear. Later occurring waves (i.e., n2) can merge with the
cVEMP response or be interpreted as the response itself given its large amplitude and
similar morphology (1; 21-22). Other investigators who have used a hammer stimulus
reported the influence of the n2; however, they differentiated the cVEMP from the n2 by
confirming a clear distinction between the two peaks and noted that the cVEMP n23 had
consistently earlier latencies as compared to the n2, which more often occurred within 30 —
38 ms (21;23). In patients with known bilateral vestibular loss, their EMG responses only
consisted of late negativity like what was seen in normal subjects, indicating that these later
waveforms are not vestibular in nature and should not be interpreted as cVEMP responses
(21). Clinicians should be cognizant of the influence of the n2 when using an IH for cVEMP
and establish criteria for which constitutes a response.

Secondly, for vestibular disorders such as semicircular canal dehiscence, a hammer stimulus
has reduced sensitivity (66%) and specificity (3.5%) compared to a 500 Hz AC stimulus
(100% sensitivity/specificity; 42). Reductions in cVEMP thresholds are less notable as
compared to AC (23). Because the IH is not frequency specific but stimulates a broad
frequency spectrum, manipulation of single frequencies or tuning cannot be readily adjusted.
Despite these limitations, IH VEMP is considered an effective stimulus to diagnose
vestibular hypofunction (22).
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CONCLUSION

IH c- and oVEMP responses can be obtained in adults and pediatrics. A peak force level of
~15 N (0VEMP) and ~20 N (cVEMP), yields excellent response rates and is a comfortable
stimulus. A minimum of 100 pV RMS ensures adequate SCM contraction and a minimum of
15 — 20 taps is recommended to minimize variability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cervical (left) and Ocular (right) VEMP testing using an impulse hammer at an estimated

position of Fz (midline of the forehead, at the hairline).
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Figure 2.
Example of raw cervical (top) and ocular (bottom) VEMP response per force level (N) in

one subject.
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Figure 3.

Significant linear relationships between impulse hammer force and peak-to-peak cervical
(uncorrected and corrected) and ocular VEMP amplitudes (uv) for adults (top), adolescents
(middle), and children (bottom). Force (N) is a significant predictor for cervical and ocular
VEMP amplitude (all p-values > .05).
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Figure 4.

Relationship between uncorrected and corrected cVEMP amplitude per force level. There
were significant linear relationships between uncorrected cVEMP amplitudes and pre-
stimulus EMG level at each hammer force. When correcting for EMG, the relationship was
no longer significant per age group and force level.
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VEMP response as a function of number taps for 10 — 30 N force level. On average, cervical
(left) and ocular (right) VEMP response stabilizes by tap 20 and 15, respectively for all

groups.

Otol Neurotol. Author manuscript; available in PMC 2021 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rodriguez et al.

Table 1.

Response Rates for Impulse Hammer and Air Conduction Stimuli.

Impulse Hammer Force Level Adults Adolescents Children ALL
Hard 100% (42/42) Not performed 100% (42/42)
Mean Peak Force 46.61 N
Medium 100% (42/42) | 100% (28/28) | 100% (26/26) | 100% (96/96)
CVEMP Mean Peak Force 2742 N 2748 N 2640 N
Soft 100% (42/42) | 100% (28/28) | 96% (25/26) 98% (95/96)
Mean Peak Force 1232 N 1291 N 11.50 N
Hard 100% (42/42) Not performed 100% (42/42)
Mean Peak Force 46.15 N
Medium 100% (42/42) | 100% (28/28) | 92% (24/26) 98% (94/96)
OVEMP Mean Peak Force 27.98 N 29.06 N 28.29 N
Soft 100% (42/42) | 100% (28/28) | 100% (26/26) | 100% (96/96)
Mean Peak Force 1317N 1252 N 1287 N
Air Conduction Stimulus Adults Adolescents Children ALL
CVEMP 100% (42/42) | 100% (28/28) | 100% (26/26) | 100% (96/96)
OVEMP P00RzTB 95% (40/42) | 92% (26/28) | 88% (22/26) | 91% (88/96)

Page 18

Abbreviations: cVEMP, cervical vestibular evoked myogenic potential; 0VEMP, ocular vestibular evoked myogenic potential; N, Newtons; TB,

tone burst.

Otol Neurotol. Author manuscript; available in PMC 2021 July 01.



Page 19

Rodriguez et al.

"UaIp[Iyd pue s1uadsajope ‘synpe 1oy (o' > d) paseasoul [aAs] 8204 se apniijdure dAIA JeJndo pue [eIIAISI Ul 8Sealoul Ueall Juealylubis e sajousq
*
Sy Jajjews ui Buninsal ‘payyinoal ueyy Jabiel sswn Gz T Aj1ed1dAy si SINY pasn St OINT SINY 10 palyioal ueaw Jayaym uo Buipuadap
Aten ued syD "(SINY) OINT abesane Ag papIAIp dINV = (SINY) WO ‘Winwiuiw 1joA0Jo1w-00T & Buisn SINY abelane ay siuasaldal DN “SHOA0IIIW Ul Paplodal HIAIT pue dINY ‘SPU0aSI||IL Ul PapIodal
sa1ouale] 91d/0TuU pue gzu/eTd "[enusiod o1uaboAw paxoAs Jejngnsen ‘dINIA ‘apnijdwe yead-o1-yead pa1daliod ‘) ‘AydesboAwonds|s ‘ONT ‘epnitjdwe Yead-01-yead pajaaiiodun ‘dINY :SUORINSIqaY

(L£6) (18°0) (59°7) (z5°02) (zv) (69°)
ST'LT vSLT Syl G162 1797 STTT pauLiopiad joN aIpiuo
(06'6) (28'1) (5917) (e2°81) T2 (eg2)
19T 6921 XA v9°0¢ Sr'9T et pawLopiad 10N $1U39S9|0PY
(egen) (toz) (657 (9152) (6e'1) (621) (685€) tzn) (61D Snpy
1522 1811 GZ'€T T21€ 98'ST S0'TT €865 98T 0T'0T
dAV,, o1d oTU dAV, o1d oTU dAV, otd 0TU
(N 0z - 2) 19ne7] 80104 YOS (N 0% — T2) 8787 80104 WNIP3I (N 09 - Tv) [8n87 82404 pJeH
dIN3A Jeindo
(05°0) (v°L9) (e0€91) (g9°1) (T2'T) ¥o'1) (zv'v6) (z9°62¢) (789 (68°)
6TT  296hc 8867 02Tz 6T OLT  l86vC  STEw ¥I0Z L9V pauLioyiad 10N taIpuo
(T7°0) (6v°86) (26'6TT) (0s'1T) (€21) (¥S0) (16'62) (0T°182) (65°€) (¥02)
160 18902 29%0C 207 w9l 29T v0TeC  00K9E /ST €2l pauLioyiad 10N Siissopy
(czo)  (98'8) (91'82) (98'2) (882)  (vo)  (v6'26)  (L921T) (182 (981)  (080)  (TTIT)  (06'98T) (eLe) (r1'2) snpy
880 11962 11667 9/°€C T7'sT €T 60°'6¥C 19°'66¢ 1912 88'€T 18T v eve LTy €02 08'€T
Vo, BINE] diNv, gzu e1d VO, on3 dAV, gzu e1d VO, on3 dAV, gzu e1d dnoi
(N 0Z - 2) 1987 82404 Yos (N 0¥ — T2) 19A97 82404 WINIPaN (N 09 - T¥) [9A87 82404 paeH
dNTA [eaIIBD

‘dnou9 Jad pue [aAa7 92404 Jad sansuBloRIRYD asuodsay dINTA JBINdQ pue [edlAIa) JawweH asjndwi (as) uesiy

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Otol Neurotol. Author manuscript; available in PMC 2021 July 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Phase 1
	Subjects
	VEMP Measurements
	Impulse Hammer
	Air Conduction
	Electrode Placement and Testing Position for Both Stimuli

	Comfort Questionnaire

	Phase 2
	Subjects
	VEMP Measurements
	Statistical Analysis


	RESULTS
	IH VEMP Responses
	Relationship Between Force Level and VEMP Amplitude
	Relationship Between SCM EMG and IH cVEMP Amplitude
	Number of IH Taps
	Comfort Questionnaire
	IH VEMP Responses Using Optimized Parameters

	DISCUSSION
	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

