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Background and Objectives: No known studies have investigated the influence of stimulus
polarity on the Auditory Brainstem Response (ABR) elicited from level-specific (LS) chirp.
This study is important as it provides a better understanding of the stimulus polarity selec-
tion for ABR elicited from LS chirp stimulus. We explored the influence of stimulus polarity
on the ABR from LS chirp compared to the ABR from click at 80 dBnHL in normal-hearing
adults. Subjects and Methods: Nineteen adults with normal hearing participated. The ABRs
were acquired using click and LS chirp stimuli using three stimulus polarities (rarefaction,
condensation, and alternating) at 80 dBnHL. The ABRs were tested only on the right ear at
a stimulus rate of 33.33 Hz. The ABR test was stopped when the recording reached the re-
sidual noise level of 0.04 pV. The ABRs amplitudes, absolute latencies, inter-peak latencies
(IPLs), and the recorded number of averages were statistically compared among ABRs at
different stimulus polarities and stimuli combinations. Results: Rarefaction polarity had the
largest ABR amplitudes and SNRs compared with other stimulus polarities in both stimuli.
There were marginal differences in the absolute latencies and IPLs among stimulus polari-
ties. No significant difference in the number of averages required to reach the stopping crite-
ria was found. Conclusions: Stimulus polarities have a significant influence on the ABR to
LS chirp. Rarefaction polarity is recommended for clinical use because of its larger ABR
peak |, lll, and V amplitudes than those of the other stimulus polarities.
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Introduction The neural synchrony obtained from the high frequency is at-
tributed to the steep-onset of the click stimulus in eliciting
Auditory Brainstem Response (ABR) is an objective test

used to estimate hearing thresholds and to determine the site

neural synchrony responses at the basilar membrane that
causing the cancellation of the non-dispersive low frequency

of disorder along the central auditory system. ABR was found
in the 1970s and is often regarded as only representing high-
frequency hearing. This is because the greatest neural syn-
chrony was obtained only from the basal region of the co-
chlear that corresponds to the higher frequency stimulation.

This is an Open Access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial License (https:/creative-
commons.org/licenses/by-nc/4.0/) which permits unrestricted non-com-
mercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.

components. To improve the neural synchrony of ABR by in-
cluding neural responses from the low frequency fibers, Dau,
et al. [1] constructed an upward chirp stimulus from a previ-
ously published work of Shore and Nuttall [2].

Responses from the entire basilar membrane were ob-
tained by modification of the upward chirp stimulus on the
stimulus presentation according to the distance along the basi-
lar membrane for each frequency signal. The low frequency
signal is tuned towards the apical regions and requires longer
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travelling time compared to the high frequency signal. Opti-
mum neural synchrony was achieved by first presenting a chirp
stimulus with low frequency signal that needs a longer travel
time. The high frequency signal was presented later since it
required a shorter travelling time with the aim of ensuring all
frequencies arriving simultaneously at the basilar membrane.
The first few publications on ABR elicited from the upward
chirp stimulus suggested a promising finding on the increase
in the ABR wave V amplitude than the ABR elicited from the
click stimulus [1,3,4]. The upward chirp stimulus was later
found to be ineffective in eliciting ABR especially at high in-
tensity levels with a minimal improvement of waves V ampli-
tudes and an absence of the earlier waves [5,6]. Following that,
an intensity-dependent chirp was then later developed by El-
berling, et al. [7] to solve this issue and is commonly known
as level-specific (LS) chirp. In LS chirp, the stimulus dura-
tion is adjusted according to the intensity. High and low inten-
sity level stimuli are presented with short and long duration,
respectively. This adjustment is essential to minimize upward
spread of excitation at the high intensity levels that can ham-
per the excitation of some fast neural fibers of the earlier
ABR waves as reported in the previous studies [5,6]. Using LS
chirp to elicit an ABR, several studies reported positive findings
including larger V wave amplitude at lower or high intensity
levels and the presence of ABR wave I and III with larger am-
plitude compared to the ABR of click stimulus [8-12].

LS chirp ABR has been investigated in various technical
and recording factors including stimulus repetition rate [10],
electrode montage [8,9], and duration of presentation [7].
One of the factors that can influence ABR recording is the
stimulus polarity. Although all these factors have been ex-
plored, the stimulus polarities that could influence the ABR
results elicited from LS chirp is still unknown. Stimulus po-
larity is crucial during the initial stimulus presentation be-
cause it will determine the way the sound pressure wave is
presented. Besides that, it will determine the transferring of
the sound to the external auditory canal, tympanic membrane,
and the cochlear, specifically at the basilar membrane and hair
cells. The stimulus polarity also will determine the physiolog-
ical reaction of these structures. The three common stimulus
polarity types used in the ABR include rarefaction, conden-
sation, and alternating [13].

The influence of stimulus polarity has been thoroughly in-
vestigated for ABR elicited from click and tone burst stimuli
[14-17]. There was no consensus on the findings related to
the influence of polarity on the ABR elicited by either click or
tone burst stimuli. Few studies reported a small or no differ-
ence in the click ABR latencies and amplitudes between the
different stimulus polarities [15,16,18]. However, there were
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some studies that reported the presence of clinically signifi-
cant differences but with mixed results [14,19,20]. Few stud-
ies reported that the ABR from rarefaction polarity has a larg-
er ABR wave 1, III, and V amplitude [14,15,19,21] while a
study showed contradictory findings [20]. In addition, few
studies reported shorter ABR latencies of either wave I, III,
and V from rarefaction than the ABR from condensation stim-
ulus [15,20,21]. Literature on the frequency specific of ABR
using tone burst stimulus reported that the stimulus polarities
were highly influenced by the respective stimulus frequen-
cies. The ABR elicited from low frequency signal shows large
differences in the latencies and amplitudes with stimulus po-
larities than the ABR elicited by high frequency signal [16,17,
22,23]. Interestingly, similar findings were also observed when
comparing the low frequency ABR with the ABR elicited to
click stimulus since ABR to click is thought to only reflect
the high frequency hearing due to the phase dispersion [16].
There is only one study reported the influence of stimulus
polarity on the ABR via upward chirp stimulus [24]. This
study investigated the influence of stimulus polarity on the
ABR alongside other factors including stimulus rate, type of
stimulus, frequency, and intensity levels in 168 neonates and
20 adults. The authors found no significant influence of stim-
ulus polarities on the upward chirp ABR wave V latency and
amplitudes. In addition, the neonatal participants showed no
upward chirp ABR wave I and III from the alternating polari-
ty compared to ABR to rarefaction and condensation polarity.
The percentage of ABR wave I and III to be present in the ABR
to upward chirp stimulus was higher from the ABR to conden-
sation polarity in their neonatal subject. This is in-contrast to
the higher percentage of ABR wave I and III to be present in
the ABR rarefaction polarity in their adult subject. Few studies
have reported the influence of stimulus polarity in the ABR
to click or tone burst stimuli [14-17] and one study on the ABR
to upward chirp stimulus [24], however, there was no study
on the influence of ABR elicited from LS chirp stimulus. Hy-
pothetically the influence of stimulus polarity could be differ-
ent between the ABR elicited from the click and chirp stimuli
in general and LS chirp specifically. One of the possible ex-
planations is that the ABR to click stimulus is thought to be
generated by high-frequency signals and as reported, the
phase sensitive neurons were mostly generated by the low
frequency signals [16]. The ABR elicited from the broad-
band chirp stimulus such as LS chirp consists of responses
originating from the basilar membrane representing responses
stem from a wider range of frequencies. Therefore, neurons
that are sensitive to phase could be highly contributed to the
ABR and probably different from the ABR elicited from the
click stimulus. In addition, the influence of stimulus polarities



between the traditional upward chirp and LS chirp stimuli
could also be different because of the difference in stimulus
presentation, especially at the high intensity levels. The dura-
tion of upward chirp stimulus is longer at the suprathreshold
whereas the duration of LS chirp is brief to avoid the upward
spread of excitation. Due to these differences in the upward
chirp stimulus and LS chirp, the influence among stimulus po-
larities could also be different in the ABR generated by these
two different stimuli. The lack of study investigating the in-
fluence of stimulus polarity on the ABR from LS chirp has ini-
tiated this study to evaluate the influence of stimulus polarities
on the ABR from LS chirp compared to ABR from click stim-
ulus in normal hearing adults.

Subjects and Methods

Selection of participants

This study received ethical approval from the Institutional
Research Ethics Committee of International Islamic Universi-
ty Malaysia (IIUM) (approval code: IREC 2019-KAHS [U-
01]). A total of 19 participants between 20 and 32 years old
participated in this study. The participant met the study inclu-
sion criteria of 1) no ear canal and tympanic membrane abnor-
malities, 2) normal hearing threshold bilaterally indicated by
20 dBHL or above at octave frequencies from 250 Hz to 8,000
Hz, 3) Type A tympanogram bilaterally suggesting normal
middle ear function, 4) normal acoustic reflex thresholds, and
5) no history of otological problem.

Methods

The study was conducted in an electrophysiology room at
Hearing & Speech Clinic, [TUM, Kuantan, Malaysia. The ABR
signals were acquired via the Interacoustics Eclipse ABR sys-
tem (Interacoustics, Middlefart, Denmark). The ABR was re-
corded using two-channels through ipsilateral and contralat-
eral configurations. Result from the ipsilateral channel was
used in the final analysis while the contralateral channel was
used to confirm the location of wave V from the wave IV—V
complex. Prior to the test, the participant’s skin was abraded
and prepared using NuPrep skin preparation gel (Weaver and
Company, Aurora, CO, USA) to minimize electrode resis-
tance at four areas namely forehead, high forehead, and left
and right mastoid. The prepared areas were placed with four
Ambu Neuroline 720 electrodes (Ambu, Ballerup, Denmark).
The non-inverting electrode and ground electrode were placed
on the high forehead and lower forehead, respectively. The
two inverting electrodes were placed on the right and left mas-
toid. The impedance level of each electrode was within 5 kQ
and the inter-electrode impedance was balanced to ensure op-
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timum common mode rejection.

The ABR was elicited using a standard 0.1 ms click ABR
and the commercially available LS chirp presented via Eclipse
ER-3A insert phones (Interacoustics) at 80 dBnHL to the right
ear. The ABR test was conducted separately for each of the
stimulus polarity (rarefaction, condensation, and alternating).
The stimulus presentation order (two stimuli and three polar-
ities) was given randomly across study participants at a stimu-
lus repetition rate of 33.33 Hz. The left ear was presented with
40 dBnHL off-set masking noise to prevent participation from
the non-test cochlea. The subject was advised to be in the supine
position on a bed and relaxed with eyes closed during the en-
tire session to prevent physiological noise and muscle arte-
facts.

The ABR was averaged using Bayesian-weighted averaging
until the residual noise level reached 0.04 uV to ensure reli-
able recording with a minimal amount of noise. The average
ABR was then filtered using a 100—3,000 Hz band pass filter
to remove any noise and unwanted activities. The artefact re-
jection level was set at 20 pV. Every ABR was recorded twice
to ensure wave repeatability and only the data from the initial
waveform were included in the final data analysis.

ABR analysis

The amplitudes of ABRs were determined from peak to
the following trough while the absolute wave latencies were
measured from 0 ms to the peak of respective waves I, III,
and V and the inter-peak latencies (IPLs) I-III, TII-V, and
-V were also obtained. The visual identification of waves I,
III, and V was decided with an agreement by two observers,
which are the first author and the second author. The number
of averages from signal averaging processes to reach the re-
sidual noise at 0.04 uV was identified for each stimulus polari-
ties and type of stimuli to determine the time savings provided
by any of these combinations. In addition, the final signal-to-
noise ratio (SNR) was computed for each recording by divid-
ing the wave V amplitude after the signal averaging over the
amount of residual noise. Only ABR waveforms with a mini-
mum SNR 3:1 was accepted for further analysis.

Statistical analysis

The statistical analysis was conducted using Statistical
Package for the Social Science version 20 (IBM Corp., Ar-
monk, NY, USA). Friedman test was used to compare the
mean differences between the ABRs recorded from two stim-
uli (click and LS chirp) and three stimulus polarities (rarefac-
tion, condensation, and alternating) for the following variables,
namely 1) ABR amplitudes wave [, III, and V; 2) absolute la-
tencies of wave [, III, and V; 3) IPLs I-III, III-V, and [-V;

www.ejao.org 201



LS Chirp ABR and Stimulus Polarity

4) number of averages reaching the residual noise of 0.04 pV;
and 5) the SNRs. A post-hoc analysis using Wilcoxon signed-
rank test was then performed with multiple comparisons ad-
justments. The initial significance value of 0.05 was further
divided by the six level of probabilities (3 polarities x 2
stimuli) resulting in the adjustment of the significance level
to p=0.008. A non-parametric test was used since the data
breached the parametric assumptions including the non-nor-
mal data distribution and in-homogeneous variance.

Results

All participants’ ABRs were present at 80 dBnHL when
elicited from both stimuli and stimulus polarities. ABRs wave
I, Il and V peaks were also identified in all study partici-
pants. Fig. 1 illustrates the ABR waveforms using two stimuli
and three stimulus polarities from one of the study participants.

ABR amplitudes

The median and interquartile range (IQR) for the ampli-
tudes of wave I, III, and V from click and LS chirp in rarefac-
tion, condensation, and alternating polarities at 80 dBnHL are
summarized in Table 1. The p-value for Wilcoxon signed-
rank post-hoc test for waves I, 111, and V amplitudes are shown
in Table 2. Friedman test showed a statistically significant dif-
ference in the mean of wave I, III, and V amplitudes among
the ABRs obtained from the two stimuli and three stimulus
polarities (’(5)=15.27—45.33, p<0.05).

The post-hoc analysis revealed that the largest wave I ampli-
tude in each stimulus originating from the rarefaction polarity
followed by the other two stimulus polarities (»p<0.008). Com-
parisons between stimuli and polarities showed that the largest
wave [ amplitude were obtained from the ABR recorded using
rarefaction polarity in both LS chirp and click stimuli (»<0.008).

For wave III, the ABR to rarefaction polarity shows the
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Fig. 1. ABR waveforms using LS chirp (left) and click (right) stimuli in three stimulus polarities from one study participant.
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Table 1. The absolute latencies, amplitudes, and IPLs for all respective waves of Auditory Brainstem Responses in three stimulus po-

larities at 80 dBnHL for two stimuli

Click LS chirp
Rarefaction Condensation Alternating Rarefaction Condensation Alternating
Latency (ms)
Wave | 1.27 (0.20) 1.27 (0.20) 1.27 (0.20) 1.40 (0.33) 1.40 (0.14) 1.40 (0.20)
Wave Il 3.53(0.13) 3.40 (0.20) 3.57 (0.13) 3.47 (0.27) 3.53(0.26) 3.53(0.27)
Wave V 5.20 (0.20) 5.27 (0.27) 5.27 (0.13) 5.27 (0.20) 5.27 (0.27) 5.27 (0.20)
Amplitude (uV)
Wave | 0.45 (0.20) 0.27 (0.14) 0.34 (0.13) 0.40 (0.14) 0.35(0.16) 0.34(0.11)
Wave Il 0.46 (0.14) 0.39 (0.28) 0.35(0.14) 0.42 (0.20) 0.35(0.21) 0.37 (0.12)
Wave V 0.68 (0.20) 0.59 (0.18) 0.64 (0.23) 0.93(0.16) 0.80 (0.24) 0.87 (0.18)
IPL (ms)
Wave I-1Il 2.27 (0.13) 2.13 (0.26) 2.27 (0.20) 2.07 (0.20) 2.20 (0.20) 2.07 (0.06)
Wave lII-V 1.80 (0.20) 1.87 (0.20) 1.80 (0.14) 1.80 (0.14) 1.73(0.13) 1.80 (0.20)
Wave |-V 4.13(0.27) 3.93(0.33) 4.00 (0.20) 3.87 (0.27) 4.00 (0.20) 3.87(0.20)
Data are presented as a median (interquartile range). IPL, inter-peak latency: LS, level-specific
Table 2. The post-hoc analysis for the amplitudes of Auditory Brainstem Response waves |, lll, and V using Wilcoxon signed-rank test
Click LS chirp
Stimulus ~ Wave Polarity - - - - - -
Rarefaction Condensation Alternating Rarefaction Condensation Alternating
Click Wave | Rarefaction 0.002* <0.001* 0.825 0.002* 0.014
Condensation 0.002* 0.080 <0.001* 0.061 0.004*
Alternating <0.001* 0.080 <0.001* 0.533 0.013
Wave Il Rarefaction 0.022 0.001* 0.445 0.008* 0.046
Condensation 0.022 0.324 0.014 0.687 0.747
Alternating 0.001* 0.324 0.045 0.747 0.687
Wave V Rarefaction 0.014 0.001* 0.003* 0.077 0.005*
Condensation 0.014 0.952 <0.001* 0.001* 0.001*
Alternating 0.001* 0.952 <0.001* 0.002* 0.001*
LS chirp Wave | Rarefaction 0.004* 0.005*
Condensation 0.004* 0.344
Alternating 0.005* 0.344
Wave Il Rarefaction 0.077 0.010
Condensation 0.077 0.687
Alternating 0.010 0.687
Wave V Rarefaction 0.070 0.533
Condensation 0.070 0.044
Alternating 0.533 0.044

Data are p-values. *Indicate significant p-value (p <0.008). LS, level-specific

largest amplitudes in both stimuli although the results were
only significant for the pair between the click ABR from rar-
efaction and alternating polarity (p<0.008). None of the pairs
showed any statistical difference when comparing the ABR
across stimuli and polarities except between click ABR rar-
efaction polarity and LS chirp ABR condensation polarity (p<
0.008).

For wave V, the ABR to rarefaction polarity shows the larg-

est amplitudes in both stimuli, however, the result was only
significant in click ABR between rarefaction and alternating
polarity (»p<0.008). When comparing the ABR across stimuli
and polarities, the largest wave V amplitude was obtained
from the LS chirp ABR using rarefaction polarity. In addition,
all the ABRs wave V amplitudes from LS chirp were signifi-
cantly larger than the ABR to click regardless of the stimulus
polarities (p<0.008). The only exception was the click ABR
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rarefaction polarity and the LS chirp ABR condensation po-
larity (p>0.008).

SNR

The median and IQR for the respective SNR of each ABR
recordings are presented in Table 3. The p-value for the post-
hoc Wilcoxon signed-rank test for SNR for each ABR re-
cording is shown in Table 4. Friedman test identified a statis-
tically significant difference in the mean of SNRs among the
ABRs obtained from the two stimuli and three stimulus po-

Table 3. SNR and number of averages to reach residual noise
level of 0.04 pV in the Auditory Brainstem Responses elicited
from two stimuli and three stimulus polarities

Stimulus Polarity SNR Number of averages

Click Rarefaction 16.9 (5.50) 3,400 (6,900)
Condensation 12.7 (9.10) 1,900 (5,500)
Alternating 13.9 (6.30) 3,300 (5,200)

LS chirp  Rarefaction 20.8 (7.40) 2,100 (4,400)
Condensation 16.6 (4.70) 3,200 (4,800)
Alternating 18.4 (5.00) 2,000 (5,000)

Data are presented as a median (interquartile range). SNR:
signal-to-noise ratio, LS: level-specific

larities (5’(5)=44.47, p<0.001). Based on Tables 3 and 4, the
SNR of the rarefaction polarity was the highest among the
ABRs recorded from click stimulus (p<0.008) and there was
no significant difference in any pairs of stimulus polarities
among the ABRs to LS chirp stimulus (p>0.008). The rarefac-
tion of LS chirp ABR has a significantly higher SNR com-
pared to any of the click ABRs obtained from any stimulus
polarities and the condensation of LS chirp ABR SNR was sig-
nificantly higher only to the alternating clicks ABR (p<0.008).
In addition, the alternating LS chirp SNR was significantly
higher than the other click ABR stimulus polarities except for
rarefaction click (p<0.008).

Absolute latencies

The median and IQR of absolute wave I, III, and V laten-
cies from click and LS chirp in rarefaction, condensation, and
alternating polarities at 80 dBnHL are summarized in Table 1.
The p-value for the post-hoc Wilcoxon signed-rank test for
waves I, III, and V latencies are shown in Table 5. Friedman
test identified a statistically significant difference in the mean
wave I and III latencies among the ABRs obtained from the
two stimuli and three stimulus polarities (x’(5)=24.98—36.01,

Table 4. The post-hoc analysis of the signal-to-noise ratio of each Auditory Brainstem Response recording using Wilcoxon signed-rank test

Click LS chirp
Stimulus Polarity - - - - - -
Rarefaction ~ Condensation Alternating Rarefaction ~ Condensation  Alternating
Click Rarefaction 0.001* 0.006* 0.011 0.695* 0.198
Condensation 0.001* 0.049 <0.001* 0.001* 0.001*
Alternating 0.006* 0.049 <0.001* 0.017 0.001*
LS chirp  Rarefaction 0.049 0.058
Condensation 0.049 0.177
Alternating 0.058 0.177

Data are p-values. *Indicate significant p-value (p<0.008). LS, level-specific

Table 5. The post-hoc analysis of the latencies of each Auditory Brainstem Response wave using Wilcoxon signed-rank test

Click LS chirp
Stimulus Wave Polarity - - - - - -
Rarefaction Condensation Alternating Rarefaction Condensation Alternating
Click Wave | Rarefaction 0.163 0.546 0.001* 0.161 0.002*
Condensation 0.163 0.074 0.161 0.381 0.009
Alternating 0.546 0.074 <0.001* 0.009 <0.001*
Wave lll Rarefaction 0.029 0.064 0.109 0.156 0.507
Condensation 0.029 0.030 0.156 0.005* 0.007*
Alternating 0.064 0.030 0.507 0.007* 0.007*
LS chirp Wave | Rarefaction 0.525 0.797
Condensation 0.525 0.678
Alternating 0.797 0.678
Wave lll Rarefaction 0.021 0.371
Condensation 0.021 0.007*
Alternating 0.371 0.007*

Data are p-values. *Indicate significant p-value (p <0.008). LS, level-specific

204 J Audiol Otol 2021;25(4):199-208



<0.001) but not for wave V (x’(5)=0.18, p=0.180).

The post-host analysis revealed no significant differences
in the absolute latencies of wave I and III in each click and
LS chirp ABRs among the three stimulus polarities (p>0.008).
The exception was for wave III latencies between condensa-
tion and alternating polarities in the ABR to LS chirp (p<
0.008). Based on Table 1, the median LS chirp ABR conden-
sation polarity wave III latencies were in fact similar with those
from alternating polarity.

Several pairs with statistically significant differences were
found when comparing the stimuli and polarities for wave I
and III. The wave I absolute latencies of LS chirp ABR from
rarefaction and alternating polarities were significantly longer
than the click ABR from the same stimulus polarities (p<
0.008). In addition, the wave I absolute latencies of LS chirp
ABR from rarefaction polarity were significantly longer than
the click ABR from alternating polarity (p<0.008). For wave
111, the LS chirp ABR absolute latencies from condensation
polarity were significantly longer than the click ABR of the
same polarity (p<0.008). Moreover, the click ABR wave III
absolute latencies from the alternating polarity were signifi-
cantly longer than the LS chirp ABR from the same polarity
(»<0.008). The LS chirp ABR from alternating polarity was
significantly longer than the click ABR from condensation po-
larity (»p<0.008).

Dzulkarnain AAA, et al.

IPLs

The median and IQR IPLs of I-1III, I[II-V, and IV for the
ABR to click and LS chirp stimuli from the rarefaction, con-
densation, and alternating polarities are summarized in Table 1.
The p-value for the post-hoc Wilcoxon signed-rank test for
IPLs (IPL I-III, III-V, and [—V) comparisons are shown in
Table 6. Friedman test identified a significant difference in the
mean differences of IPLs (IPL I-III, [II-V and I—V) among
the ABRs obtained from the two stimuli and three stimulus
polarities (’(5)=12.74—34.21, p<0.05).

For click ABR, the IPL I—III was only significantly longer
in the rarefaction click ABR than the condensation clicks
ABR but not from the other pairs as shown by the post-hoc
Wilcoxon signed-rank test (p<0.008). There were no signifi-
cant differences identified from any of the pairs from the LS
chirp ABRs. When comparing the IPLs across stimuli and po-
larities, the IPLs I—III from the rarefaction and alternating
click ABRs were significantly longer than the LS chirp at each
same stimulus polarities (»<0.008). The click ABR IPLs I—1II
were also significantly longer than the LS chirp ABR in any
combinations of the rarefaction and alternating polarities (p<
0.008). No significant differences in the IPLs I—III were iden-
tified in any pair between the ABR from these stimuli using
condensation stimulus polarity (»>0.008).

For IPL III—V, there were no pairs that showed significant
differences in each of the click ABR and LS chirp ABRs as
shown in Table 6 (p>0.008). Comparison between stimuli and

Table 6. The post-hoc analysis of the IPLs of each Auditory Brainstem Response wave using Wilcoxon signed-rank test

. . Click LS chirp
Stimulus ~ Wave Polarity - - - - - -
Rarefaction Condensation Alternating Rarefaction Condensation  Alternating
Click IPL 1=l Rarefaction 0.004* 0.023 <0.001* 0.108 <0.001*
Condensation 0.004* 0.029 0.348 0.075 0.602
Alternating 0.023 0.029 0.003* 0.855 0.002*
IPL =V Rarefaction 0.061 0.252 0.977 0.737 0.774
Condensation 0.061 0.042 0.018 0.024 0.026
Alternating 0.252 0.042 0.875 0.323 0.975
IPL 1=V Rarefaction 0.407 0.608 <0.001* 0.106 0.001*
Condensation 0.407 0.378 0.098 0.913 0.147
Alternating 0.608 0.378 0.004* 0.264 0.005*
LS chirp  IPL I Rarefaction 0.013 0.169
Condensation 0.013 0.030
Alternating 0.169 0.030
IPL 1=V Rarefaction 0.657 0.954
Condensation 0.657 0.165
Alternating 0.954 0.165
IPL 1=V Rarefaction 0.052 0.515
Condensation 0.052 0.078
Alternating 0.515 0.078

Data are p-values. *Indicate significant p-value (0<0.008). IPL, inter-peak latency: LS, level-specific
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polarities showed that none of the pairs among the ABRs IPL
II-V from two stimuli and three stimulus polarities that were
statistically different (»>0.008). Similar to IPL [II-V, IPLI-V
showed no pairs with significant differences in each of the click
ABR and LS chirp ABRs as shown in Table 6 (»>0.008). When
comparing across stimuli and polarities, similar finding from
IPL I-1II was obtained. The IPLs -V from the rarefaction and
alternating click ABRs were significantly longer than the LS
chirp at each same stimulus polarities (p<0.008). The click ABR
IPLs I-V were also significantly longer than the LS chirp ABR
in any combinations of the rarefaction and alternating polari-
ties (p<0.008). No significant differences were identified in any
pair between the ABRs from the two stimuli using condensa-
tion stimulus polarity (p>0.008).

Number of averages

The median and IQR for the number of averages to reach
a residual noise level of 0.04 nV is presented in Table 3. Ac-
cording to Friedman test analysis, there was no statistically
significant difference identified in the number of averages for
any combinations of the ABR recorded from two stimuli and
three stimulus polarities (’(5)=4.58, p=0.47).

Discussion

The study aims to evaluate the influence of stimulus polar-
ities on the ABR from LS chirp compared to ABR from click
in normal hearing adults. In general, this study revealed that
stimulus polarity influences the ABR findings with more ef-
fects were observed in the wave amplitudes than the absolute
latencies.

Rarefaction polarity has the largest amplitude for all ABR
peaks (I, III, and V) in both stimuli and has higher SNR than
other stimulus polarities in the ABR to click stimulus. This
finding is concurrent with several previous reports using ABR
elicited from click stimulus [14,21]. To date, there was no
consensus on the influence of stimulus polarities on the ABR
findings. However, few studies reported no difference among
stimulus polarities in the ABR to the click stimulus [16,18]
and a similar finding was also reported in a single study con-
ducted using rising chirp stimulus [24]. The discrepancy could
be because of the interaction of other test parameters with po-
larities such as stimulus repetition rate, filtering, and artifact
rejection that could be different across these studies. The en-
hancement of the ABR amplitudes for all peaks in both stim-
uli when using rarefaction polarity may be due to the low fre-
quency neurons (also known as slow fibers) that is sensitive
to the phase differences [21]. In particular, the low frequency
neurons typically respond when the basilar membrane is
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moving towards scala vestibuli resulting in depolarization by
the initiation from the rarefaction polarity [25].

This study also showed no influence of the stimulus polar-
ities on the ABR absolute latencies in both stimuli. Similar to
the ABR amplitudes, findings on the absolute latencies in this
study is in line with few previous studies [15,16,18] and are
not consistent with other studies [21,26]. Although some stud-
ies showed statistically significant differences in the absolute
latencies between polarities, consideration should also be tak-
en to determine the clinical significance of the differences. The
clinically significant difference value was reported to be within
0.09 ms for ABR elicited to click stimulus [27] and 0.11 ms
for ABR to LS chirp [28]. As suggested by Beattie [15], the
differences in the absolute latencies between polarities were
considered very small to be clinically significant and are con-
sistent with the findings in this study. Similar to the absolute
latencies, there was a minimal influence of stimulus polarities
in each of the ABR to click and LS chirp stimulus for all IPLs.
To the best of our knowledge, only de Lima, et al. [26] inves-
tigated the influence of stimulus polarities for IPLs in the
ABR to click stimulus whereby the author found significant
differences among stimulus polarities for IPL I[II—V and [-V.
However, the differences noted in the study were small and
within the normal test-retest reliability values for IPLs [27].

Comparing wave V amplitudes across stimulus and polari-
ties, a noticeable finding was the larger wave V amplitude and
SNR in the ABR to LS chirp than to the click stimulus regard-
less of the stimulus polarities. This finding is consistent with
several studies that reported an enhancement of wave V am-
plitude when using LS chirps due to the improvement in neu-
ral synchrony from the time-frequency adjustment approach
[9-11]. However, the results in this study are not consistent
with the two earlier reports that found larger ABR wave I and
III amplitude from the LS chirp stimulus than the click stimu-
lus [9,10]. There was no possible explanation that could be
proposed, however, future studies are needed to collect more
evidence to unravel this finding.

In general, the absolute latencies for wave I and III were
also longer in ABR to LS chirp than the ABR to click [9,10].
Similar findings were also reported in other studies [9,10]. The
maximum median differences in the absolute latencies wave I
and III between ABRs elicited from click and LS chirp stimuli
were 0.13 ms and only slightly higher than the 0.11 ms value of
test-retest reliability of ABR wave I and III latencies. There is
no clear explanation for the longer absolute latencies when
eliciting an ABR from LS chirp than the click stimulus. This
finding suggests there is a slight delay in exciting the lower
brainstem auditory neurons (neural generators for wave I and
I1T) when using the LS chirp that resulted in a delay of the ABR



wave [ and III absolute latencies compared to click stimulus.

There were no time savings obtained from the ABR using
rarefaction polarity based on the termination criterion to stop
the recording when the residual noise approached 0.04 pV.
This is despite the larger wave V amplitude and SNR of the
ABR from rarefaction polarity over other stimulus polarities.
This implies that none of the stimulus polarity could provide
benefit in terms of the ABR test time. One of the proposed ex-
planations on the lack of differences among the stimulus po-
larities in providing time savings is the use of residual noise as
stopping criteria instead of SNR. This is explained by Dzulkar-
nain, et al. [10] in which stopping based on a specified resid-
ual noise level could not make any difference if the recorded
background noise is the same among the experimental vari-
ables. Stopping based on specified SNR may have the possi-
bility to increase the likelihood to detect any differences among
experimental variables particularly when there are large dif-
ferences in the ratio of the ABR amplitude and noise.

The results in this study are limited to the study partici-
pants, equipment, stimulus, and the use of recording parame-
ters. Future studies could potentially investigate the effects of
stimulus polarity to the ABR elicited from LS chirp in children
and explore the same effects in the frequency-specific stimulus
such as narrow band LS chirp. As highlighted in the introduc-
tion of this paper, the ABRs obtained from the low frequency
could potentially show significant effects of stimulus polarities
compared to the broadband stimulus since low frequency neu-
rons are more sensitivities towards phase [16].

This study concluded that the stimulus polarities have a
significant influence on the ABR to LS chirp results, howev-
er, the obvious influence can only be found in the ABR waves
amplitudes and SNR. There was a marginal difference in the
ABRs to the LS chirp absolute latencies and IPLs from various
stimulus polarities and no time-savings can be observed in any
stimulus polarities using residual noise level as a stopping cri-
terion. Overall, rarefaction polarity is recommended for clini-
cal application when eliciting ABRs using either click or LS
chirp stimuli because of the larger ABR peak I, III, and V am-
plitudes with higher SNR.
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