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Abstract

Background: A wide range of normative values of amplitude and latencies can be noticed in the pub-
lications on ocular vestibular evoked myogenic potential (0VEMP), possibly because of the inconsistent
use of various stimulus and acquisition-related parameters such as response filter, gaze angle, onset
polarity of stimulus, etc. One major nonuniform parameter across studies is the response filter. Several
band-pass response filters such as 0.5-500, 1—1000, 5-500, 5-800, 10-750, 20—2000, 100-3000, and
200-1000 Hz have been used across published studies, and a wide range of normative values can be
noticed. However, there is paucity of literature evidence to show that variations in response filters could
cause alterations in oVEMP response.

Purpose: This study aimed to investigate the effects of changes in response filter setting on oVEMP.
Research Design: Normative study using repeated measures research design.

Study Sample: Young adults in the age range of 18—35 years (N = 150) and older adults in the age range
of 60-70 years (N = 10).

Intervention: Contralateral air conduction oVEMP.

Data Collection and Analysis: Contralateral air conduction oVEMP was obtained from only one ear of
all participants. Low-pass filters (LPFs) of 500, 700, 1000, 1500, 2000, and 3000 Hz and high-pass filters
(HPFs) of 0.1, 1, 10, and 30 Hz were used in all possible combinations of one LPF and one HPF to create
band-pass filters. Latencies, peak-to-peak amplitude, and signal-to-noise ratio (SNR) were obtained for
each response and comparison was made between various band-pass filters.

Results: In young adults, there was a significant reduction inn1 and p1 latencies with increasing HPF and
LPF (p < 0.01) and a significant reduction in peak-to-peak amplitude with increasing HPF (p < 0.008).
The peak-to-peak amplitude was significantly not affected by changes in LPF (p > 0.05). In older adults,
the response rate was better for 0.1- to 1000-Hz than 1- to 1000-Hz band-pass filters.

Conclusions: The optimum band-pass filter is 0.1-1000 Hz for recording oVEMP as it produces the largest
amplitude oVEMP without compromising on SNR and causes improved response rate in older adults com-
pared with 1- to 1000-Hz filters. Therefore, clinical recording of oVEMP should use 0.1-1000 Hz for obtain-
ing large amplitude potentials and improving the chances of response detection in clinical population.

Key Words: air conduction oVEMP, older adults, response filter set, utricle

Abbreviations: ANOVA = analysis of variance; EMG = electromyography; HPF = high-pass filter; LPF =
low-pass filter; oOVEMP = ocular vestibular evoked myogenic potentials; SNR = signal-to-noise ratio;
VEMP = vestibular evoked myogenic potential
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INTRODUCTION

estibular evoked myogenic potentials (VEMPs)

s ; are otolith-initiated muscle responses (Colebatch

and Halmagyi, 1992). When recorded from the

extraocular muscles, the VEMP response is referred as

ocular VEMP (o0VEMP) (Rosengren et al, 2005; Chihara

et al, 2007; Todd et al, 2007; Singh and Barman, 2013;
Singh et al, 2014).

The effects of changes in several stimulus parame-
ters such as intensity (Murnane et al, 2011), frequency
(Chihara et al, 2009; Singh and Barman, 2013; 2014,
2016a,b), stimulus type (Todd et al, 2007; Curthoys,
2010), stimulus duration (Cheng et al, 2012; Lim et al,
2013; Kantner et al, 2014), and repetition rate (Singh
et al, 2014) on oVEMP responses were explored and as
a result, the optimum values of these parameters were
suggested for the clinical recording of coVEMP. Likewise,
the response acquisition—related parameters such as elec-
trode positioning (Murnane et al, 2011; Sandhu et al,
2013) and degree of gaze elevation (Govender et al,
2009; Murnane et al, 2011; Rosengren et al, 2013) were
explored and optimum values were recommended.
The response filter setting [low-pass filter (LPF) and
high-pass filter (HPF)] is among the most important
acquisition-related parameters affecting all acoustically
evoked potentials (Cacace et al, 1980; Goodin et al,
1992) and oVEMP should be no different.

Studies on oVEMP have used several different re-
sponse filter settings. Although most studies have used
an LPF of 1000 Hz and an HPF of 1 Hz (Murnane et al,
2011; Piker et al, 2011; Singh and Barman, 2013; 2014;
2015), some of the others have used band-pass filters of
5-500 Hz (Chihara et al, 2009; Seo et al, 2013), 5-800
Hz (Walther and Blodow, 2013), 10-750 Hz (Jerin et al,
2014), 20-2000 Hz (Nguyen et al, 2010), 100-3000 Hz
(El-Mahallawi et al, 2012), and 200-1000 Hz (Gozke
et al, 2010). This shows a lack of uniformity in the
use of LPFs and HPF's in the literature. In addition,
these studies have reported a wider range of mean
values for the latencies (8—12 msec for nl latency and
13-17 msec for pl latency) and amplitude (3—10 nV)
of oVEMP even among healthy individuals. This makes
it difficult for the clinicians to use one of these values as
normative for comparing against the pathological re-
sponses. Although a large range of filter sets have been
used, there is limited experimental evidence to support
one of these as the optimum or best filter set for eliciting
air conduction tone burst-evoked oVEMP. The band-
pass filter is used to eliminate the unwanted random
electroencephalographic or electromyographic (EMG)
activity that does not fall in the frequency spectrum
of the desired response.

Recently, Wang et al (2013) studied the effect of
changing response filters on ocular oVEMPs. In their
study, oVEMP was recorded from 12 participants with
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normal auditory and vestibular system using various
HPFs (1, 10, and 100 Hz) and LPFs (500, 1000, and
2000 Hz). Of these HPFs and LPFs, the LPF of 1000
Hz was kept constant with all the HPFs to form
band-pass filters of 1-1000, 10-1000, and 100-1000
Hz. They found the largest amplitude and 100% response
rate for a band-pass filter of 1-1000 Hz. Furthermore,
the HPF of 1 Hz was kept constant with all the LPFs
to form band-pass filters of 1-500, 1-1000, and 1-2000
Hz. For the variations in the LPF, the authors reported
no significant difference between the response filter con-
ditions. Based on these results, the authors suggested
that 1-1000 Hz was optimum for recording oVEMP.
The conclusions drawn in the study are based on a very
small sample size (N = 12), although the power spectrum
analysis, which showed almost no energy beyond 1000
Hz in oVEMP responses, did substantiate their find-
ings. Furthermore, the study did not compare the
other frequently used filter sets in the literature.

Analyzing the response energy across frequency do-
main usually provides the basis for selecting a band-
pass filter for a particular type of evoked potential
recording. However, there is limited information on en-
ergy distribution across frequencies in case of oVEMP,
which might have resulted in the use of a wide range of
band-pass filters for recording oVEMP in the above-
mentioned studies. Furthermore, studies on oVEMP
in the elderly have shown reduced response rates with
advancing age (Nguyen et al, 2010). However, it is not
known whether or not the interaction between a less ap-
propriate band-pass filter and age could have yielded
poorer response rates in elderly individuals. Hence,
the present study attempted to study the effects of re-
sponse filter sets on oVEMP elicited by air conduction
tone bursts of 500 Hz and identify the optimum re-
sponse filter for clinical recording of oVEMP.

METHODS

he study was performed in two phases. Phase I was

performed to identify the optimum band-pass filter
for clinical recording of oVEMP, and it was performed
using only the young adult population. Phase II was
performed to investigate whether the optimum filter
set could improve the chances of oVEMP detection
among older adults with inherently reduced oVEMP
amplitude and lower response rate. The study was ap-
proved by the biobehavioral research ethics committee
of the institute.

Participants

Phase I of the study incorporated 150 (75 right and 75
left) ears of 150 individuals with normal auditory and
vestibular systems in the age range of 18-35 years
(mean = 22.7 years, standard deviation = 3.9 years,
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76 males and 74 females) after obtaining the informed
written consents. The side (left or right) was chosen
based on numbering. The odd-numbered participants
underwent left ear acoustic stimulation, whereas
even-numbered ones had their right ears stimulated
for eliciting oVEMP. The normalcy of the auditory system
was ensured through normal results on a battery of audi-
ological tests including pure tone audiometry (four fre-
quency pure tone average = 15 dB HL), immittance
evaluation using 226-Hz probe tone (A type tympano-
grams [single-peaked tympanogram with admittance at
tympanic membrane between 0.5 and 1.75 mmbho, peak
pressure between +60 and —100 daPa, and tympanomet-
ric width < 100 daPa] with the presence of ipsilateral and
contralateral acoustic reflexes below 100 dB HL for 500,
1000, and 2000 Hz tonal stimuli), transient evoked oto-
acoustic emissions using click stimuli (signal-to-noise ra-
tio [SNR] > 3 dB) and dual channel click-evoked auditory
brainstem response using 11.1 and 90.1 Hz stimulus rep-
etition rates (inter-aural latency difference of =0.2 msec,
inter-peak latency difference of =2.0 msec for waves I-III
and IT1I-V and =4.0 msec for waves I-V, and the ampli-
tude ratio of V/I =0.5). The vestibular well-being of the
participants was ensured through normal results on be-
havioral balance assessment using the Fukuda stepping
test (<45° deviation in either direction from starting
point), Romberg test (no sway in any direction), tandem
gait test (able to walk heel-to-toe on an imaginary straight
line for 10 m without losing balance), and past-pointing
test (no tremors and undershooting or overshooting of
the target on task involving alternate touching of clini-
cian’s finger and his/her nose tip) and objective assess-
ment using video head impulse test (vestibulo-ocular
reflex gain > 0.8 and asymmetry of vestibulo-ocular reflex
gain < 20% for all semicircular canals). In addition, a
structured case history was obtained from the partici-
pants to ensure no history of any otological, vestibular,
or neurological problems.

Phase II of the study incorporated ten healthy indi-
viduals (five males and five females) in the age range
of 60—70 years who had bilaterally absent oVEMP when
using a band-pass filter of 1-1000 Hz. In addition, they
did not have history of obvious vestibular diseases such
as Meniere’s disease, benign paroxysmal positional ver-
tigo, and vestibular neuritis/labyrinthitis, the negative
results about which was confirmed through an otorhi-
nolaryngology evaluation by an experienced otorhi-
nolaryngologist. Furthermore, they did not have any
neurological disorders, and this was ensured through
a neurological opinion.

Procedure
Biologic Navigator Pro auditory evoked potential unit

(version 7.2.1; Natus Medical Incorporated, Mundelein,
IL) was used to acquire oVEMP from all participants.

Optimum Filter for AC-oVEMP/Singh et al

The testing was performed in an acoustically treated
room with ambient noise levels well within the accept-
able levels for audiometric rooms (ANSI, 1991). The
recording sites were cleaned with a commercially
available abrasive gel to obtain absolute and inter-
electrode impedance below 5 and 2 k(), respectively. The
electrodes were placed using adequate amount of com-
mercially available conduction paste and secured in
place with adhesive tape used for surgeries. This elec-
trode positioning used in the present study is similar to
those used previously (Chihara et al, 2007; Singh and
Barman, 2013; 2014; 2015). The noninverting electrode
was placed on the cheek at about 1 cm below the center
of the lower eyelid. The inverting electrode was placed
directly below the noninverting electrode with a dis-
tance of 2 cm separating them. The ground electrode
was positioned on the center of the forehead.

The stimulus and acquisition parameters described
by previous studies, except filter setting, were repli-
cated for the acquisition of oVEMP (Chihara et al,
2007; Rosengren et al, 2009; Wang et al, 2009; Singh
and Barman, 2013; 2014; 2015). Single-channel record-
ing was performed from the electrodes placed on the
side contralateral to the stimulus ear as contralateral
oVEMP was shown to be larger in amplitude than
the ipsilateral one (Singh et al, 2015). The participants
were instructed to elevate their gaze by 30° in the mid-
line to tense the inferior oblique muscle and increase its
proximity to the surface during recording (Govender
et al, 2009; Murnane et al, 2011; Rosengren et al,
2013). The accuracy and consistency of 30° upward gaze
in the midline was ascertained through ensuring the
same head position before starting each rung and ask-
ing the participant to maintain gaze at the marker
placed on the wall at that angle. Alternating polarity
of 500-Hz tone bursts, ramped using 1 msec rise/fall
time and 2 msec plateau time, were delivered at an in-
tensity of 125-dB peSPL through the standard insert
earphones SINSER-012 of Biologic Navigator Pro
evoked potential system. The repetition rate used
was 5.1 Hz because this rate has been found to be most
efficient in evoking oVEMP by virtue of producing larg-
est SNR, least amount of inter individual variations,
and highest efficiency (Singh et al, 2014). Two hundred
sweeps of EMG activity were recorded using an epoch of
64 msec, which included a 10.5 msec prestimulus base-
line recording. The differential signal was amplified
30,000 times, band-pass filtered, and then digitized at
a rate of 8000 Hz. Analog filter cutoffs (12 dB/octave fil-
ter slopes) were varied systematically. The band-pass
filters included the low-pass cutoff frequencies of 500,
700, 1000, 1500, 2000, and 3000 Hz and the high-pass
cutoff frequencies of 0.1, 1, 10, and 30 Hz, in all possible
combinations to form band-pass filters. These filter set-
tings have been selected because these are the cutoffs
that have most often been used in the studies on oVEMP
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in literature (Chihara et al, 2009; Nguyen et al, 2010;
Murnane et al, 2011; Piker et al, 2011; Seo et al,
2013; Singh and Barman, 2013; Wang et al, 2013; Jerin
et al, 2014; Singh and Barman, 2014; 2015). Further-
more, single runs were used per band-pass filter in each
individual unless responses were below 2 .V, in which
case they were replicated. The order of band-pass filter
use was pseudo-random to avoid adulteration of the
findings by the order of filter setting used. Recordings
for all band-pass filters were performed in the same ses-
sion, albeit with gaps of 1 min after every second record-
ing or as desired by the participant to avoid muscle strain
and involuntary eye blinks. Single-session recording was
chosen over multisession recording option to counter
against confounds due to slight changes in electrode im-
pedance or location between the sessions. Participants
were seated on an armed reclining chair with a head rest
cushion to ensure comfort during recording of responses.
During the 40-sec interval when oVEMP response ac-
quisition was in progress, they were asked to avoid
eye blinks. They were also instructed to avoid any
movements of the limbs, torso, or any other parts of
the body. These measures helped guard against muscle
artifacts adulterating the true oVEMP response.

The Power Spectrum Analysis of
oVEMP Waveforms

The power spectrum analysis was carried out to in-
vestigate the energy content in the oVEMP response
waveform across the frequencies. For this, a MATLAB
program (The MathWorks, Incorp., Bangalore, India)
was used. The response corresponding to the widest fil-
ter set used in the study (0.1-3000 Hz) was used for this
purpose. Power spectral density of the data was ana-
lyzed by using Welch modified periodogram method.
Here, the signal was divided into eight non-overlapping
windows with a Hanning taper. The eight windows
were then subjected to a 24,576-point fast Fourier trans-
form and the spectral densities were averaged across the
windows. This was then log-transformed to obtain the
power spectral densities in dB.

Measures

The waveforms were analyzed by two independent
experienced audiologists working in the area of vestib-
ular assessment using VEMPs. An oVEMP was deemed
present when the waveform was biphasic and it con-
tained a negative going peak (nl) at about 10 msec
(8-13 msec) followed by a positive going peak (pl) at
about 15 msec (13-18 msec), as these are mean and
range values reported for oVEMP peaks in the litera-
ture (Chihara et al, 2007; Cheng et al, 2009; Wang
et al, 2009; Welgampola et al, 2009; Nguyen et al,
2010; Park et al, 2010; Murnane et al, 2011; Piker
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et al, 2011; Rosengren et al, 2011; Winters et al,
2011; Taylor et al, 2012). The parameters analyzed were
nl latency, pl latency, and peak-to-peak amplitude.
The SNR was calculated from each waveform using
MATLAB software using the following formula:

SNR = 20 log(RMS,,/RMS; ),

where “SNR” is the signal-to-noise ratio in dB, “RMS,,”
is the root-mean-square of the oVEMP response in the
time range of 820 msec, and “RMS;,” is the root-mean-
square of the prestimulus baseline. The interjudge re-
liability was high (o = 0.92 for every band-pass filter,
Cronbach’s alpha test) for peak identification and the
interjudge agreement was also high for the presence/
absence of oVEMP (K = 0.934 for every band-pass filter,
Kappa coefficient). There was disagreement between
the judges only on two responses in the 30- to 500-Hz
band-pass filter and in this case, a third judge’s opinion
was considered; whichever response (present/absent)
had two of the three judges’ backing was considered.
In both these cases, the third judge deemed the re-
sponse to be present. For the remaining band-pass fil-
ters, there was 100% agreement between the two judges
about the presence of response.

Statistical Analyses

Statistical analyses were performed using commer-
cially available software, Statistical Package for Social
Science (version 17.0; SPSS South Asia (P) Ltd, Banga-
lore, India). The comparison of each response parame-
ter was achieved through separate two-way repeated
measures analysis of variance (ANOVA) for LPFs
and HPF's separately for each response parameter. In
case of a significant interaction between the variables,
the use of focused tests of main effects through the tech-
niques involving ANOVA has been recommended by sev-
eral researchers (Kirk, 1982; Rosnow and Rosenthal,
1989; Stevens, 1990; Rosnow and Rosenthal, 1991;
Winer et al, 1991) and put to use by several stud-
ies of VEMP (Singh et al, 2014; Singh and Barman,
2015). Therefore, in the present study, separate one-
way repeated measures ANOVAs were carried out for
all LPFs under each HPF and all HPFs under each
LPF in case of significant interaction between the
two kinds of filters. Bonferroni adjusted multiple com-
parisons were used for pair-wise comparison between
different LPF and HPF pairs, in case a significant main
effect was observed on the repeated measures ANOVA.

RESULTS
Phase I

In phase I, oVEMPs were present in 100% of the
ears, irrespective of the band-pass filter. The individual
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averaged and grand averaged waveforms obtained for
different HPFs and LPFs are shown in Figure 1. The wave-
forms were analyzed along three oVEMP parameters—
latencies, amplitude, and SNR. The results for each of
these parameters are discussed separately under spe-
cific headings in the subsequent sections that follow.

Effects of Response Filter Setting on Latencies
of oVEMP

The latencies of n1 and pl peaks were obtained and
these were subjected to descriptive statistics for obtain-
ing mean and standard deviation. Table 1 shows the
mean and standard deviation of nl and pl latencies
of oVEMP for various HPF and LPF combinations.

Two-way repeated measures ANOVA for HPFs
and LPFs was performed for n1 latency. The results
revealed a significant main effect of HPF [F(5447) =
29.64, p < 0.001] and LPF [F5745 = 118.76, p <
0.001]on n1latency of oVEMP. There was no significant
interaction between HPFs and LPF's [F (15 2235) = 1.50,
p = 0.098]. The Bonferroni adjusted multiple compari-
sons were performed for pair-wise comparisons between
different HPF's and also LPF's, and the results revealed
a significant reduction in n1 latencies with increase in
HPF's (p < 0.01) and LPFs (p < 0.008).

In terms of the pl peak of oVEMP, there was a sig-
nificant main effect of HPFs [F(3447) = 233.09, p <
0.001] and LPF's [F(5 745 = 29.11, p < 0.001] on the la-
tencies. In addition, there was a significant interaction
between HPF's and LPFs [F(15’2235) = 1147,p < 0001]

HPF —> 0.1 Hz
LPF

Optimum Filter for AC-oVEMP/Singh et al

To resolve the interaction, focused tests of main effects
involving separate one-way repeated measures ANOVAs
for each HPF and LPF were taken up. There was a sig-
nificant main effect of HPF's on p1 latency of oVEMP for
LPFs of 500 Hz [F(3447) = 76.04, p < 0.001], 700 Hz
[F(3,447) = 82.82, p < 0.001], 1000 Hz [F(3 447, = 79.36,
p < 0.001], 1500 Hz [F3447 = 115.13, p < 0.001],
2000 Hz [F(3447) = 97.82, p < 0.001], and 3000 Hz
[F(3,447) = 84.47, p < 0.001]. Bonferroni adjusted multiple
comparisons at each of the LPF's revealed a significant
difference in p1 latency between the HPFs (p < 0.01).

Continuing with the focused tests, one-way repeated
measures ANOVA revealed a significant main effect of
LPFs on pl latency of oVEMP for HPF's of 0.1 Hz [F5 745, =
[F(5,745) = 11 83 P < 0. 001] and 30 HZ [F(5,745) = 2091,
p < 0.001]. The Bonferroni adjusted multiple compari-
sons at each of the HPFs revealed a significant difference
in pl latency between the LPFs (p < 0.008).

Effects of Response Filter Setting on Amplitude
of oVEMP

The peak-to-peak amplitudes were obtained from the
response waveforms for each band-pass filter and sub-
jected to descriptive statistics for obtaining mean and
standard deviation. Table 2 shows the mean and stan-
dard deviation of peak-to-peak amplitude of oVEMP for
various HPF and LPF combinations.

A two-way repeated measures ANOVA was performed
to evaluate the effect of different HPFs and LPFs on

10 Hz 30 Hz
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Figure 1. The individual-averaged and grand-averaged oVEMP waveforms acquired for various HPF and LPFs from 150 healthy in-

dividuals. The positivity is plotted in the downward direction.
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Table 1. Mean and Standard Deviation of n1 and p1 Latencies of oVEMP for Various HPF and LPF Combinations

HPFs (Hz)
n1 Latency (msec) p1 Latency (msec)

LPFs (Hz) 0.1 1 10 30 0.1 1 10 30

500 10.59 (0.50) 10.73(0.57) 10.63(0.53) 10.52(0.56) 15.65(0.92) 16.28 (0.85) 15.87 (0.86)  15.50 (0.90)

700 10.50 (0.57) 10.62 (0.61) 10.54 (0.57) 10.43 (0.62 15.81(0.87) 16.11(0.81) 15.88(0.79) 15.37 (0.73)
1000 10.47 (0.56) 10.50 (0.57) 10.47 (0.59) 10.31 (0.57 15.90 (0.80) 16.15(0.82) 15.90 (0.80) 15.37 (0.84)
1500 10.17 (0.92) 10.30 (0.60) 10.28 (0.65) 10.11 (0.72 15.79 (0.83) 15.95(0.83) 15.75(0.83) 15.09 (0.81)
2000 10.31(0.62) 10.35(0.61) 10.29 (0.61) 10.14 (0.67 15.87 (0.82) 15.92 (0.78) 15.79(0.81) 15.16 (0.86)
3000 10.26 (0.63) 10.28 (0.68) 10.17 (0.61) 10.10(0.82) 15.82(0.82) 15.82(0.86) 15.61(0.78) 15.07 (1.00)

Note: Standard deviation values are mentioned within brackets for each band-pass filter.

peak-to-peak amplitude of oVEMP. The results revealed
a significant main effect of HPFs [F(5 447) = 72.77, p <
0.001] and LPFs [F(5745 = 4.54, p < 0.001] on peak-
to-peak amplitude of oVEMP. Furthermore, there
was a significant interaction between HPFs and LPFs
[F(15,2235 = 1.70, p = 0.044]. To resolve the interaction,
focused tests of main effects involving separate one-way
repeated measures ANOVAs for HPFs and LPFs were
undertaken. There was a significant main effect of HPF's
on peak-to-peak amplitude of oVEMP for LPFs of 500 Hz
[F(3,447) = 40.79, p < 0.001], 700 Hz [F(3,447) = 33.44,p =
0.000], 1000 Hz [F (5 447) = 49.80, p < 0.001], 1500 Hz
[F(3,447) = 4324, p < 0001], 2000 Hz [F(3’447) = 4102,
p < 0.001], and 3000 Hz [F(3 4470 = 47.02, p < 0.001].
The Bonferroni adjusted multiple comparisons at each
of the LPFs revealed a significant difference in peak-
to-peak amplitude between the HPFs (p < 0.01), except
between some of the HPF's at each LPF. Specific outcome
of the Bonferroni adjusted multiple comparisons be-
tween various HPFs at each LPF is shown in Table 2.

Furthermore, the focused test of main effects involving
one-way repeated measures ANOVA for LPFs under each
HPF revealed a significant main effect of LPF's on peak-to-
peak amplitude of oVEMP for HPFs of 0.1 Hz [F(5 745 =
5.93, p < 0.001], 1 Hz [F(5745) = 1.30, p = 0.261], 10 Hz
[F(5’745) = 050,p = 0776], and 30 Hz [F(5’745) = 053,p =
0.751]. The Bonferroni adjusted multiple comparisons at
each of the HPF revealed a significant difference in peak-
to-peak amplitude between the LPF's (p < 0.008), except
for some of the LPFs at each HPF'. Specific outcomes of the
Bonferroni adjusted multiple comparisons between vari-
ous LPFs at each of the HPF's are shown in Table 2.

Effects of Response Filter Setting on SNR of
oVEMP Waveforms

In terms of the SNR of oVEMP, there was a signifi-
cant main effect of HPFs [F(3447) = 7.71, p < 0.001]
but no significant main effect of LPFs [F(5 745, = 0.27,
p = 0.928] on the SNR. Furthermore, there was a

Table 2. Mean and Standard Deviation of Peak-to-Peak Amplitude and SNR of oVEMP for Various HPF and LPF

Combinations

HPFs (Hz)
Peak-to-Peak Amplitude (V) SNR
LPFs (Hz) 0.1 1 10 30 0.1 1 10 30
500 9.95 (7.36)*t%§ 9.93 (7.14)§ 9.77 (7.00)§ 8.23 5.88)"1[** 28.63 (12.562) 27.76 (13.15) 31.42 (12.29) 28.36 (11.74

700 10.27 (7.83)**§

1500 10.59 (7.62)71**§ 10.08 (7.34)§ 9.76 (6.97)||§ 8.41 (5.89)|** 31.39 (13.50) 27.12 (12.30) 29.32 (12.20) 29.21
10.01 (7.35)§ 9.66 (6.79)||§ 8.39 (6.01)||9** 29.65 (11.91) 27.68 (13.65) 30.43 (12.10) 29.63 (10.92
3000 10.51 (7.53)+7**§ 10.15 (7.36)§ 9.69 (6.83)||§ 8.37 (5.79)

2000 10.36 (7.50)**§

(7.36) (7.14) (7.00) (
(7.83) 9.79 (6.92)§ 9.62 (6.73)§ 8.34 (5.77)||9** 29.70 (11.97) 27.59 (12.23) 30.34 (11.92) 29.73 (12.10
1000 10.62 (7.67)119* 9.94 (7.06)||§ 9.67 (6.69)||§ 8.32 (5.87)
(7.62) (7.34) (6.97) (
(7.50) (7.35) (6.79) (

( ( ) ( ) ( )
( ( ) ( ) ( )
9** 30.25 (13.17) 28.43 (12.18) 30.28 (11.74) 28.89 (11.01)
( ( ) ( ) (11.91)
( ( ) ( ) ( )

** 30.91 (12.52) 27.09 (14.38) 29.73 (12.21) 28.61 (11.53)

Note: Standard deviation values are mentioned within brackets for each band-pass filter. All comparisons are at p < 0.01 for HPF comparisons

and at p < 0.008 for LPF comparisons.

*Significantly different for comparison with 1000-Hz LPF within HPF within the same HPF.
tSignificantly different for comparison with 1500-Hz LPF within HPF within the same HPF.
$Significantly different for comparison with 3000-Hz LPF within HPF within the same HPF.
§Significantly different for comparison with 30-Hz HPF within HPF within the same LPF.
||Significant|y different for comparison with 0.1-Hz HPF within HPF within the same LPF.
gSignificantly different for comparison with 1-Hz HPF within HPF within the same LPF.
**Significantly different for comparison with 10-Hz HPF within HPF within the same LPF.
t+Significantly different for comparison with 500-Hz LPF within HPF within the same HPF.
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significant interaction between HPFs and LPFs
[F(15,2235 = 1.74, p = 0.012]. To resolve this interaction,
focused tests of main effects involving separate one-way
repeated measures ANOVAs for each HPF and LPF were
administered. There was a significant main effect of
HPFs on SNR of the oVEMP response waveforms for
LPFs of 500 Hz [F(3447 = 4.56, p = 0.004], 700 Hz
[F(3’447) = 304, p = 0028], 1500 Hz [F(3,447) = 615,
p < 0.001], 2000 Hz [F(3447) = 2.63, p = 0.049], and
3000 Hz [F(3’447) = 575, p = 0001] but not of 1000 Hz
[F(3,447 = 1.94, p = 0.122]. The Bonferroni adjusted mul-
tiple comparisons at each of the LPF revealed a signifi-
cant difference in SNR between very few pairs (p < 0.008).
Furthermore, the focused tests for evaluating the effects
of low-pass filtering on the SNR of the oVEMP response
waveforms demonstrated a significant main effect of
LPFs on the SNR for HPF of 0.1 Hz [Fi5745 = 2.44,
p = 0.033] but not for 1 Hz [F(5745 = 0.51, p = 0.763],
10 Hz [F(5,745) = 157, p = 0164], and 30 Hz [F(5’745) =
1.00, p = 0.416]. However, the Bonferroni adjusted mul-
tiple comparisons at each of the HPF revealed no signif-
icant difference between the LPFs (p > 0.008).

The Power Spectrum Analysis of
oVEMP Waveforms

The power spectrum analysis was performed to investi-
gate the energy content in the oVEMP response waveform
across the frequencies. The major energy was observed up
to 500 Hz with the peak at around 100 Hz. There was no
energy beyond 1000 Hz. This was true for the responses
from all 150 individuals. Figure 2 shows the power spec-
trum of the response waveform of oVEMP of an individual
obtained for a broad filter setting of 0.1-3000 Hz.

Phase 11

In phase II, oVEMPs were obtained from 20 ears of ten
older adults using 1- to 1000-Hz and 0.1- to 1000-Hz band-
pass filters. Of these, all (100%) ears had absence of
replicable oVEMP responses when using the 1- to 1000-Hz
band-pass filter, whereas oVEMPs were replicable and
deemed present in two (10%) of these ears on using the
0.1- to 1000-Hz band-pass filter. These two ears were from
two separate individuals. An example of such an occurrence
is shown in Figure 3. The peak-to-peak amplitude was 1.6
and 1.35 .V in these two ears for the 0.1- to 1000-Hz band-
pass filter. Both these responses were deemed present by
both the experienced judges (audiologists).

DISCUSSION
Phase I (Young Adults)

oVEMPs were obtained from all participants regard-
less of the recording band-pass filter employed. Our

Optimum Filter for AC-oVEMP/Singh et al

nj
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Figure 2. The power spectrum of super-averaged (grand-averaged)
oVEMP waveforms obtained for filter settings of (A) 0.1-3000 Hz and
(B) 1-1000 Hz. Both A and B show the magnified portion of low-
frequency region in the power spectra.

findings are similar to a previous report that was able
to obtain a high response rate when employing band-
pass filters of 1-500, 1-1000, and 10-1000 Hz (Wang
et al, 2013). However, their response rate was decreased
when using a 100-Hz HPF likely because of attenuation
of a significant amount of oVEMP energy because peak
oVEMP energy is centered near 100 Hz. We restricted
our HPF to a maximum of 30 Hz, thereby ensuring
against cutting-off of the peak of the response energy
spectrum.

The results of the present study showed significant
gradual shortening of latencies with increased HPF
and LPF of the band-pass filter used for recording
oVEMP. Although Wang et al (2013) observed a similar
trend of reduction in latencies with increasing the LPFs
and HPFs, the difference was significant only when the
HPF was increased from 1 to 100 Hz. Similar effects of
changing the filter setting has been observed for other
tone burst-evoked auditory evoked potentials such as
auditory brainstem responses (Hyde, 1985). The reason
behind reduction in the latencies with increasing the
LPF and HPF could be the phase distortion that is in-
troduced by the high-pass and low-pass components of a
band-pass filter (Hyde, 1985). The LPF has been asso-
ciated with the smoothening of the high-frequency com-
ponents (Hyde, 1985). However, an HPF is believed to
produce time lead components (negative delay) (Hyde,
1985). Furthermore, the HPF effect was shown to be
more pronounced compared with the LPF. These factors
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Figure 3. oVEMP waveforms recorded using 0.1- to 1000-Hz and 1- to 1000-Hz band-pass filters from a 65-year-old adult.

in cohesion might have caused gradual shortening of
the peak latencies in the present study.

In terms of the peak-to-peak amplitude, the results of
the present study revealed significant progressive re-
duction in amplitude with increase in HPF but not
LPF. This is again in cohesion with the findings of Wang
et al (2013). These findings (no significant change in
amplitude with changes in LPFs) could be attributed
to the frequency composition of the oVEMP response
which revealed only a small amount of energy between
500 Hz and 1000 Hz and almost no energy above 1000
Hz. Because the lowest LPF in the present study was
500 Hz, changes in LPFs beyond 500 Hz did not signif-
icantly impact the amplitude, as it possibly did not alter
energy content within the response waveforms. Fur-
thermore, the studies on auditory evoked potentials
have shown that an HPF is usually associated, depress-
ing the amplitude of the given response, especially
for responses containing predominantly low-frequency
spectra, and introducing an artificial succeeding peak of
opposite polarity for the use of narrow filters (Hyde,
1985), like the one used in the present study. This might
be one of the reasons behind the finding of reduction in
the peak-to-peak amplitude of oVEMP with increase in
the cutoff frequency of the HPF. In addition, the major
energy concentration in the power spectrum of the
oVEMP waveforms (as revealed by the power spectrum
analyses) is seen in the low-frequency region with a peak
at about 100 Hz, same as that found by Wang et al (2013)
in their power spectrum analysis. This causes major
changes in the response energy when the high-pass cut-
off is progressively increased, which in turn will yield
responses with progressively smaller amplitudes.

The results of the present study showed significantly
better SNR for some of the HPFs; however, there was no
pattern to such differences. In fact, most of the fre-
quency pairs were not significantly different from each
other. The differences might be attributed to the chance
results. The lack of significant difference might be at-
tributed to the attributes of an SNR measurement.
SNR is the difference between the signal level and
the amplitude of the noise floor. Signal is a relatively
stable factor in case of oVEMP as it describes the
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peak-to-peak amplitude which can be reliably recorded
over several recordings (Nguyen et al, 2010; Singh et al,
2011). However, noise, which in case of electrophysio-
logical tests such as oVEMP would arise mainly from
the physiological activities within the human body, is
a random phenomenon as it is not linked to any stimu-
lus (Dawson, 1950). This (physiological noise) is likely
to vary between epochs and also from one individual
to another (Dawson, 1950). The other sources of noise
could include electrical noise in the environment,
which, however, might not be random and, therefore,
might not have contributed to these outcomes. Therefore,
the difference between the response amplitude (signal),
which is relatively constant, and noise would be less sta-
ble. This might have caused a lack of any pattern with
variations in high-pass cutoff frequencies of the HPF.
An optimum filter set should be capable of producing
responses in all healthy individuals and should produce
largest amplitude and high SNRs. The power spectrum
analysis of all responses in the present study showed
the presence of energy only up to 1000 Hz and no energy
beyond this. This means that using filters with low-pass
cutoff above 1000 Hz will not alter the response ampli-
tude, but extending beyond this could increase the
chance of response adulteration by picking up high-fre-
quency noise. Furthermore, use of 500 or 1000 Hz was
found to reduce the response amplitude and SNR in the
response to an extent, although not statistically signif-
icant. Therefore, 1000 Hz, as also shown by Wang et al
(2013), is a better choice for low-pass cutoff than all
other frequencies used in the present study. When
1000 Hz was combined with 0.1 Hz, it resulted in larger
amplitude of oVEMP than 1, 10, and 30 Hz HPFs. Fur-
thermore, use of a 0.1- to 1000-Hz filter set produced
higher SNR than 1-1000 and 30-1000 Hz, whereas
comparable values to 10—1000 Hz were obtained. Fur-
thermore, the use of a 0.1- to 1000-Hz band-pass filter,
by virtue of producing the largest amplitude, might en-
hance the chances of oVEMP detection even in older
individuals with reduced muscle tone in whom the
oVEMP might be otherwise difficult to detect (Nguyen
et al, 2009). Therefore, the band-pass filter of 0.1-1000
Hz, by virtue of producing the largest peak-to-peak
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amplitude and SNR, appears to be the optimum filter
setting for the clinical recording of oVEMP. This is in
disagreement with the findings of Wang et al (2013)
who found 1-1000 Hz as the optimum band-pass filter
for recording oVEMP. The differences between the
studies could be attributed to the nonuse of 0.1 Hz as
an HPF in the study by Wang et al (2013). It could
be plausible that the use of 0.1 Hz as one of the HPF
options might have probably shown 0.1-1000 Hz, rather
than 1-1000 Hz, as the optimum filter setting for ac-
quiring oVEMP, as was seen in the present study.

Phase II (Older Adults)

In phase II of the present study, 20 ears of older
adults underwent oVEMP testing using the convention-
ally used 1- to 1000-Hz band-pass filter and the one
found optimum as a result of phase I of the study
(0.1-1000 Hz). This was performed to investigate if in-
deed the use of 0.1- to 1000-Hz band-pass filters could
improve the chances of oVEMP detection in the popula-
tions known to show low response rates. Whereas none
of the 20 ears showed identifiable oVEMP response for
1- to 1000-Hz filters, two ears showed low amplitude
replicable oVEMPs when using 0.1- to 1000-Hz band-
pass filters. Therefore, the hypothesis that 0.1- to
1000-Hz band-pass filters could improve the chances
of detecting oVEMP compared with 1- to 1000-Hz filters
appears true. This (better response rate at 0.1-1000 Hz
than 1-1000 Hz) might be attributed to higher ampli-
tude responses for the 0.1- to 1000-Hz band-pass filter
than the 1- to 1000-Hz one, as was shown by the results
of phase I of the present study. There could be a chance
that errors in averaging introduced by an extremely low
set HPF cutoff might have caused deflections in the
oVEMP waveform, which was spuriously noted as re-
sponses in two elderly individual ears. Although there
is no concrete way of categorically stating whether or
not such an error occurred, a few steps could possibly
tilt the decision in favor of them being actual responses
rather than noises misidentified as responses. First,
such noise could possibly affect a few recordings but
not all. Therefore, if super-averaged or grand-averaged
waveform spectrum shows significant energy below
1 Hz, it could support the fact that the responses in
two elderly ears were actual oVEMPs. Figures 3A
and B show power spectra of super-averaged waveforms
obtained from phase I of the present study correspond-
ing to 0.1- to 1000-Hz and 1- to 1000-Hz filters, respec-
tively. It can be clearly noticed in the magnified images
that there is significantly higher amount of energy in
the extreme low-frequency part of the power spectrum
(possibly <1 Hz) in Figure 3A (which corresponds to the
0.1- to 1000-Hz filter) than Figure 3B (which corre-
sponds to the 1- to 1000-Hz filter). Second, the charac-
teristics of the obtained responses from the two elderly
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ears accurately fit the characteristics of a typical
oVEMP response. These characteristics were as follows:
(a) first, there is a negative peak followed by a positive
peak; (b) the latency of the negative peak (12.1 msec)
and the positive peak (16.3 msec) was well within the
expected latency range of oVEMP for the age group
(Nguyen et al, 2010; Tseng et al, 2010); and repeated
recording with changes in the epoch (epoch was de-
creased to 50 msec and increased to 90 msec) showed
repeatable outcomes to that found on the first instance.
All these possibly are supportive enough for the two de-
flections in EMG found for the 0.1- to 1000-Hz filter as
an actual oVEMP response and not random noise being
identified as a chance response.

The reason for the presence of response for 0.1-1000
Hz despite the absence for the 1- to 1000-Hz filter could
be explained as follows. The smaller amplitude re-
sponses for the 1- to 1000-Hz band-pass filter could have
been so small that they were concealed among the EMG
and other biological noises which prevented their detec-
tion. On the contrary, slightly larger amplitude re-
sponses for the 0.1- to 1000-Hz band-pass filter were
possibly large enough to cause visibility beyond the ran-
dom EMG noises and therefore got detected. This is a
further testimony to the outcomes of phase I of the
study which showed that 0.1-1000 Hz was a better
band-pass filter than the 1- to 1000-Hz one and should,
therefore, be considered optimum for clinical recording
of oVEMP. Similar better response detection could be a
probability in some of the individuals suffering from
clinical conditions such as Meniere’s disease or benign
paroxysmal positional vertigo (BPPV), which are
known to result in amplitude reduction of oVEMP or
cause its absence in several cases (Singh and Barman,
2015; 2016a,b; Singh and Apeksha, 2016), which, how-
ever, can be confirmed only after experimental evidence
from future studies in this regard. Here, it would be im-
portant to mention a word of caution that two of 20 ears
represent a small sample and require more controlled
studies to further assert the findings. However, at this
point in time, it does depict a promising result, provided
future studies can show complementary results in this
regard.

CONCLUSIONS

he present study showed that oVEMP latency sig-

nificantly decreased as the LPF and/or HPF in-
creased. In addition, oVEMP amplitude significantly
decreased as the HPF increased. The largest oVEMP
amplitude was recorded using a band-pass filter of
0.1-1000 Hz and these recordings had an SNR that
was similar to those with other band-pass filters. The
study also showed that chances of detecting oVEMP im-
proved when using 0.1- to 1000-Hz band-pass filters
over 1- to 1000-Hz filters and, therefore, the use of
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0.1- to 1000-Hz band-pass filters could increase the
chances of response detection, thereby increasing the
diagnostic efficacy of oVEMP in difficult cases such as
older adults. Consequently, our findings suggest that
0.1- to 1000-Hz band-pass filters are optimal for clinical
recordings of oVEMP.
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