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Abstract 

Objective
It is easier for a listener to detect a brief tonal signal presented in 
a longer masking noise by increasing the delay between the signal 
and the masker. This phenomenon (overshoot) is influenced by a 
reduction in cochlear amplification and to date, there is no objective 
tool to investigate it. Therefore, a different paradigm of the auditory 
brainstem response (ABR) was utilized to measure auditory overshoot. 
It was assumed that increasing the delay onset time (DOT) between a 
signal and a masker reduces the latencies of waves I and III.

Materials & Methods
Sixteen normal young male guinea pigs were tested. A tone burst 
stimulus (signal: 16 kHz, 5ms in duration) and wide-band noise 
(masker: 0.1-8.0 kHz, 100ms in duration) at three DOTs were used. To 
diminish the effect of the noise on waves, waveforms were subtracted 
from those derived from the noise burst alone. The absolute latency 
of the waves I and III, inter-peak latency of the waves I-III, and 
amplitude ratio of the waves III/I were compared for the 0, 30, and 
100ms DOTs and five signal-to-noise ratios.

Results
The latencies of increased from the 0 to 30ms DOT and then decreased 
from the 30 to 100ms DOT (p < 0.001). No significant changes 
were observed in the latency waves at the 100ms DOT compared 
to the 0ms DOT (p > 0.005). Moreover, there were no significant 
differences between the three DOTs regarding the inter-peak latency 
and amplitude ratio of the waves (p <0.005). 
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Conclusion
The study results showed an overshoot-like electrophysiological effect 
using ABR. Therefore, an objective test was used to investigate auditory 
cochlear gain.
Keywords: Auditory brainstem response; Overshoot; Temporal effect; 
Delay onset time; Latency
DOI:10.22037/ijcn.v15i2.26241

Introduction
In the auditory system, incoming acoustic stimuli 
propagate through different processing stages 
as they move from the external ear canal to the 
cortex that shapes perception, consciousness, and 
behavioral responses. Clinical practice depends on 
physiological and electrophysiological methods 
conducted on animal species. In the current study, 
the authors reported a different paradigm for the 
auditory brainstem response (ABR), which is 
related to the early stages of auditory processing, 
aiming to find an objective approach to measure 
overshoot in parallel with the known psycho-
acoustical approach.
Overshoot is a phenomenon used to study the 
effects of background noise encountered in 
everyday hearing. The investigation of auditory 
overshoot may help to understand the ability to hear 
a brief sound in background noise. It is a temporal 
auditory effect (1-4)that depends on the timing 
between the onset of the signal and masker noise. 
When a listener must detect a brief tonal signal 
presented in a longer masking noise and the onset 
of the signal is slightly delayed from the onset of 
the masker, the detectability of the signal becomes 
easier by increasing the delay (5). The difference 
in the detectability threshold can be as much as 10-
20dB, which is clinically important. 
Overshoot has commonly been measured psycho-

acoustically, which is time-consuming and 
cognitively demanding. Among the physiologic 
methods, nonlinear stimulus frequency otoacoustic 
emission (NSFOAE) and distortion product 
otoacoustic emission (DPOAE) have been 
frequently used. These methods have shown high 
variability and are affected by mild hearing loss (4, 
6). It is necessary to find an objective tool that is 
more accurate and shows less variability. 
The proposed physiological mechanisms of 
overshoot include classic firing rate adaptation, 
medial olivocochlear feedback, and higher stage 
effects. Researchers have stated that overshoot is 
the result of reduced cochlear amplifier gain and 
that the function may be due to efferent adaptation; 
therefore, the overshoot effect should be observable 
on the auditory nerve response (7, 8). Based 
on the effect of auditory cochlear function on 
overshoot, any changes in the detection of a signal 
in the presence of noise could be observed by the 
electrophysiological investigation of cochlear 
output in auditory nerves.
Electrocochleography and ABR are considered 
as tests to evaluate auditory cochlear outputs(9). 
Chatterjee et al. (1993) examined the overshoot 
phenomenon by studying the compound action 
potential. In their study, the competitive stimulus 
was the same as tone bursts, but at a different 
frequency from the signal. However, no study has 



43

Brainstem Representation of Auditory Overshoot in Guinea Pigs Using Auditory Brainstem Responses

Iran J Child Neurol. Spring 2021 Vol. 15 No. 2

been so far conducted on overshoot using ABR. 
In psychoacoustic studies performed on overshoot, 
the competitive stimulus had a greater duration 
than the signal and a wider frequency band than 
the signal was recommended. Many other factors 
can affect the overshoot magnitude, including 
the use of a high-frequency tonal signal of short 
duration (8, 10) and wide-band noise at 60dB peak 
equivalent sound pressure level (peSPL) (7, 11, 
12). A greater overshoot magnitude in humans has 
been achieved for mid-to-high frequency signals, 
especially at4 kHz. It is known that the mid-to-
high frequency range in humans is almost equal to 
the low-frequency range in guinea pigs (13) and 
the maximal discharge of the auditory ipsilateral 
efferent nerve on the histogram curve is 20to 45ms 
after excitation(14).For this purpose, a 16 kHz 
tone burst stimulus and a wide-band noise burst of 
100ms at 60dB peSPL with 30ms delay onset time 
(DOT)in addition to 0 and 100ms DOTs were used 
to investigate any potential trend of change in the 
recording parameters.
This study aimed to convey the effects of presenting 
ipsilateral noise stimuli on ABR waves and then to 
investigate the electro-physiologic representation 
of overshoot in guinea pigs. The assumption 
was that by increasing DOT, the latency would 
decrease, which relates to overshoot. Of interest 
was also to introduce an objective test of cochlear 
gain suitable for children not cooperating in 
psychoacoustic tasks.

Materials &Methods

Animals

The subjects were 16 young male guinea pigs 
weighing 250 to 350 g which were obtained from 
Karaj-Razi research Institute. Before starting the 

experiment, the animals were kept in a laboratory 
for three days to adapt to the new environment. The 
present study with the ethics code of, IR.IUMS.
REC-1396.9311303001, the date of 01/20/2018, 
was conducted in the Animal Hearing Research 
Lab of the Iran University of Medical Sciences. 
The animals were placed in a double-walled 
soundproof booth throughout the experiment. The 
care and use of the animals were approved by the 
Institutional Animal Care and Use Committee at 
Iran University of Medical Sciences. 

ABR recording

ABR was recorded using a Biologic Navigator 
Pro AEP (USA). The inverting needle electrode 
was set on the vertex(15), the non-inverting one 
on the right mastoid and the common one on the 
left mastoid. The impedance difference between 
electrodes was kept at less than 3Kohm. High- 
and low-pass filters and time window were set as 
100-3000 Hz and 10ms, respectively. The animals 
were tested in an acoustic chamber for ABR, and 
the animals’ body temperature was measured 
using a digital thermometer and controlled with a 
heating pad. As the most stable ABR wave is the 
wave III in guinea pigs, it was used to determine 
the threshold. The threshold is the minimum level 
at which the wave III can be repeatedly detected 
and no other wave can be detected at less than 5dB 
from this value. Subjects with a threshold within 
±10dB of the normal range were included for 
further analysis. The gain to ABR recordings was 
set as 100000, and a total of 250 stimuli were used 
for averaging waves (16).

Stimuli and recording parameters 

Specific parameters were used to record overshoot 
electrophysiological. To this end, a 16 kHz tone 
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burst stimulus and wide-band noise (0.1-8.0 kHz) 
were used for the signal and the noise, respectively. 
The noise with different DOTs was compared to 
the signal illustrated in Figure 1.The stimuli (the 
noise and the signal) were mixed using Cool Edit 
Pro (version 2.1), and the signal was 16 kHz that 
was presented (the ABR stimulus) simultaneously 
with the noise onset (a), 30ms after the noise 
onset (b), and 100ms after the noise onset (c).The 
signal included a complex of five tone bursts (5ms 
duration with 1ms rise/fall time, for each tone burst) 
with 11ms inter stimulus intervals (considering the 
minimal nerve recovery time). The noise had a 
duration of 100ms and an intensity level of 60dB 
peSPL. The noise level was fixed, and the signal 
level was modulated for five signal-to-noise ratios 
(SNRs; 0, +5, +10, +15, and +20dB) and the three 
DOTs (0, 30, and 100ms).
Figure 1. Noise and tone burst stimuli and 
combinations. The signal was 16 kHz that was 
presented (the ABR stimulus) simultaneously with 
the noise onset (a), 30ms after the noise onset (b), 
and 100ms after the noise onset (c). The noise had 
a duration of 100ms, and the signal and the noise 
had an intensity level of 60dB peSPL. (dB peSPL: 
decibel peak equivalent sound pressure level, ms: 
millisecond, TB: tone burst, DOT: delay onset 
time, WBN: wide-band noise, and SNR: signal to 
noise ratio).
Following the temporal parameters, the rate of the 
stimuli was kept at 5.81/sec. The polarity of the 
stimuli was alternate, and their intensity (the signal 
and the noise) was calibrated with a 2250 L sound 
level meter (B&K) at5cm from the speaker. The 
speaker covered a high-frequency sound of up to 
20 kHz.

Procedure 

The guinea pigs were anesthetized using (40 mg/
kg) of ketamine 10% and (4 mg/kg) of 2%xylazine 
by intraperitoneal injection. For all the 16 animals, 
after determining the threshold of the wave III, ABR 
was recorded using the noise and tone burst with 
the described parameters. The speaker presented 
the stimuli to the right ear at 45° to the head of 
the animal. The animal’s left ear was closed by 
the blocker. After ABR measurement, the absolute 
latency, inter-peak latency, and amplitude ratio of 
the waves III/I were determined. The data were 
compared for the three DOTs for each SNR. To 
attenuate the neural response to the noise, the same 
procedure was repeated for all the data when ABR 
measurement of the noise and signal together was 
subtracted from that of the noise alone.

Statistical Analysis

Statistical analysis was performed in SPSS version 
19.0 software package (SPSS Inc., Chicago, IL). 
All the data had a normal distribution (p>0.05) 
using the Kolmogorov-Smirnov test. The statistical 
significance was tested using global linear models. 
For each ABR, ANOVA was conducted to analyze 
the calculated latency, the inter-peak latency of the 
waves I-III, and the amplitude ratio of the waves 
III/I to the subtracted waves across the factors 
of time delay (three conditions) and SNR (five 
conditions) as within-subject variables. A pairwise 
comparison was conducted using Bonferroni 
analysis. The significance level was 0.05 for all 
statistical analyses.

Results
We first conducted data analysis on the original 
waves and then on the subtracted ones. The 
waveform of the noise and signal complex was 



45

Brainstem Representation of Auditory Overshoot in Guinea Pigs Using Auditory Brainstem Responses

Iran J Child Neurol. Spring 2021 Vol. 15 No. 2

subtracted from that of the noise alone at the three 
DOTs and different SNRs. 

The absolute latency of the wave I

The analysis of the data (the absolute latency 
of the subtracted wave I) showed a significant 
main effect for DOT [F (2.0/30.00) =85.95; 
p<0.001; η2=0.851] and SNR [F (1.68/25.30) 
=12.61; p<0.05; η2=0.457]. Moreover, there was a 
significant interaction effect for DOT and SNR [F 
(2.27/34.09) =26.04; p<0.05; η2=0.616]. 
Bonferroni analysis showed that for 0 and 5dB 
SNRs, there were significant changes between the 
0 and 30msDOTs and between the 30and 100ms 
DOTs (p<0.05). For the other SNRs (10, 15, and 
20dB), there were significant changes between the 
0ms DOT and the other DOTs (30 and100ms) and 
between the30and100ms DOTs (p<0.05). 

The absolute latency of the wave III

The data analysis (the absolute latency of the 
subtracted wave III) showed that there was a 
significant main effect for DOT [F (2.0/30.00) 
=29.40, p<0.001, η2=0.662] and SNR [F 
(2.17/32.64) =27.20, p<0.001, η2=0.645]. Further, 
there was a significant interaction effect for 
DOT and SNR [F (2.72/40.81) =28.19; p<0.001; 
η2=0.653].
Bonferroni analysis also showed that for the 0dB 
SNR, there were significant changes between the 
0ms DOT and the two other DOTs and between 
the 30 and 100ms DOTs (p<0.05). For the other 
SNRs (5, 10, 15, and 20dB), there were significant 
changes between the 0 and 30ms DOTs and between 
the 30 and 100ms DOTs (p<0.05). Figures 2(a) and 
2(b) show the trend of change at peak latency for 
waves I and III, respectively.
(Here, Figure2 (a-d)).

Figure 2 (a-d)
The mean values of the absolute latency, inter-peak 
latency, and amplitude ratio waves III/I for the five 
SNRs at the three DOTs averaged over 16 trials (a. the 
wave I, b. the wave III, c. the inter-peak latency of the 
waves I-III, and d. the amplitude ratio of waves III/I). 
The noise was wide-band, and the signal was set at 16 
kHz in all the cases. The noise level was constant over 
time for each signal level (different SNRs) at 60dB 
peSPL (n=16).
Figure 2(a) shows that the trend of change differed 
with an increase in DOT in the subtracted waves. 
The latency of the wave I increased from the 0ms 
DOT to the 30ms DOT but decreased from the 
30ms DOT to the 100ms DOT (p < 0.001). Figure 
2(b) shows that the trend of change was similar to 
those for the latency of the wave I; that is, latency 
for the wave III increased from the 0ms DOT to the 
30ms DOT but decreased from the 30ms DOT to 
the 100ms DOT (p < 0.001).

The inter-peak latency of the waves I-III 

The analysis of the data (the inter-peak latency of 
the subtracted waves I-III) showed a significant 
main effect for DOT [F (2.0/30.00) =6.65; p<0.05; 
η2=0.307], but no significant main effect for SNR [F 
(2.35/35.25) =2.88; p>0.05; η2=0.161]. Moreover, 
there was no significant interaction effect between 
DOT and SNR [F (3.64/54.62) =2.18; p>0.05; 
η2=0.127].
Bonferroni analysis revealed that for the 0 and 
5dB SNRs, there was a significant change between 
the0ms DOT and the two other DOTs (p<0.05) and 
between the 30 and 100ms DOTs (p<0.05). For the 
10dB SNR, there was only a significant change 
between the 0 and 30ms DOTs (p<0.05). For 
the other SNRs, no significant differences were 
observed for the three DOTs.
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The amplitude ratio of the waves III/I

The analysis of the data (the amplitude ratio of 
the subtracted waves III/I) showed no significant 
main effect for DOT [F (2.0/30.00) =1.76; p>0.05, 
η2=0.105], but a significant main effect for 
SNR [F (1.75/26.27) =4.18; p<0.05; η2=0.218]. 
Additionally, there was a significant interaction 
effect between DOT and SNR [F (8.00/36.29) 
=3.61; p<0.05; η2=0.194].
Bonferroni analysis also demonstrated no 
significant difference between any of the DOTs 
for all the SNRs(p>0.05). Figures 2(c) and 2(d) 
show the trend of change at the inter-peak latency 
and amplitude ratio waves III/I, respectively. 
Figure 2(c) shows that the trend of change of the 
subtracted wave differed with an increase in DOT. 
The inter-peak latency of the waves I-III decreased 
for the 0 and 30ms DOTs, but slightly increased for 
the 30 and 100ms DOTs.

Figure 2(d) shows an inverse trend of change for 
the subtracted waves. Accordingly, the amplitude 
ratio of the waves III/I changed irregularly for the 
0 and 30ms DOTs, but did not change for the30to 
100ms DOTs.
(Here, Fig.3.)

Figure 3. The grand average of the ABR 
waveforms (Left picture: the grand average of 
the ABR waveforms in response to the noise and 
the signal together with the three different DOTs 
under various stimulus conditions; Right picture: 
the subtraction of the waveforms of the noise and 
the signal together from the waveforms of the 
noise alone in the three DOTs at the 0dB SNR). 
The noise was wide-band (0.1-8.0 kHz, 100ms) at 
the 60dB peSPL. The signal was the five tone burst 
complex train at the 16 kHz frequency for the five 
different SNRs (n=16).
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Fig 1. Noise and tone burst stimuli and combinations. the signal was presented (the ABR stimulus) simultaneously with the noise onset (a) and 
30ms after noise onset (b) and also immediately after the completion of the noise(c). The signal was included of five tone burst complex (5ms duration 
with 1ms rise/fall time, for each tone burst) with 11ms inter stimulus intervals. The duration of the noise was 100ms. The intensity level of the signal 
and noise was set at 60 dB PESPL. (dB PESPL: decibel Peak Equivalent Sound Pressure Level, ms: mili second, TB: Tone Burst, DOT: Delay Onset 

Time, WBN: Wide Band Noise, SNR: Signal to Noise Ratio)

Fig 2. (a, b) Mean values of latency wave I and III for five SNRs at three DOTs averaged over the 16 trials. (a. wave I, b. wave III). Noise was wide 
band noise and signal was at 16 kHz in all cases. Noise level was constant over time for each signal level (different SNRs) at 60 dB PESPL.
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Fig 3. (a, b) Mean values of Inter peak latency between waves I-III and Amplitude ratio waves III / I for five SNRs at three DOTs averaged over the 16 
trials respectively . Noise was wide band noise and signal was at 16 kHz in all cases. Noise level was constant over time for each signal level (different 

SNRs) at 60 dB PESPL. 

Fig 4. The grand average of ABR waveforms (Left picture; The grand average of ABR waveforms in response to noise and signal together with three 
different DOTs under various stimulus conditions), (Right picture; subtractions of the waveforms of noise and signal together from waveforms of 
noise alone in three DOTs at 0 dB SNR). The noise was a Wide Band Noise (100ms) at 60 dB PESPL. The signal was five tone burst complex train 

at 16 kHz frequency for five SNRs.

Discussion 
To achieve electrophysiological overshoot, this 
study compared the absolute latency of the waves 
I&III, inter-peak latency of the waves I-III, and 
amplitude ratio of the waves III/I using ABR. 
ABR was measured for DOTs of 0, 30, and 
100ms between the noise and the signal for five 
SNRs. These variables were measured once for 
the original waves and again after the subtraction 
of the waveform generated by the noise and the 

signal together from that generated by the noise 
alone. It was hypothesized that an increase in DOT 
would decrease the latencies of the waves. The 
results revealed a decrease in the ABR latencies, 
demonstrating overshoot in the subtracted 
waveforms. There was no evidence of overshoot 
in the original waveforms. It was concluded that 
overshoot can be measured objectively using ABR, 
especially when the noise effect is controlled. 
This is the first study on overshoot using 
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ABR. Chatterjee et al. (1993) demonstrated an 
overshoot-like effect using CAP, where the noise 
or the competitive stimulus was a tone burst 
at a different frequency from the signal(9). In 
overshoot, the duration of the competitive stimulus 
should be longer than the signal duration and a 
wider frequency band than the signal is advisable. 
Therefore, in the current study, wide-band noise 
was used as a competitive stimulus and a16 kHz 
tone burst as a signal at different DOTs. It can be 
considered that the ease of signal detectability 
reveals ABR at a lower threshold and lower latency.
It is accepted that decreasing the stimulus intensity 
increases the ABR latency. In the current study, 
the intensity of the stimuli was fixed for both the 
signal and the noise but DOT changed. It was 
expected that an increase in DOT would decrease 
the effect of the noise on the signal and improve 
the detectability of the signal. It was observed that 
the latency of the waves decreased at the 100ms 
DOT compared to the 0ms DOT, but there were no 
significant changes in the inter-peak latency and 
amplitude ratio of the waves. There was also an 
interesting trend in the response changes with an 
increase in DOT at different SNRs. Accordingly, 
the latency of the waves I and III from 0 to 30ms 
increased and from 30 to 100ms decreased. These 
changes showed a high effect size, especially for 
the initial waves (I). 
A probable effective mechanism in overshoot is 
that of auditory efferent function (4, 7, 17-19). 
The time histograms of the auditory ipsilateral 
and contralateral efferent nerve function indicate a 
discharge or firing rate peak of 20ms to 45ms (14, 
20). It is thought that at a 30ms DOT, the auditory 
efferent nerve function is at a maximum level for 
the ant masking effect. This means that the auditory 
efferent increases SNR when a signal is masked by 

noise, thereby enhancing the encoding of the signals 
in the noise (21). With a greater DOT, the effect of 
efferent nerves decreases, but the detectability of 
the ABR waves increases and decreases the latency, 
especially for earlier waves such as the wave I. It 
can be concluded that increasing the latency of the 
waves from the 0ms DOT to the 30ms DOT can be 
explained by auditory efferent nerve function.
The amplitude parameter was not investigated 
because of its high amount of variability. Instead, 
we investigated the amplitude ratio of the waves 
III/I, but the changes were not significant, probably 
because they occurred at the amplitude of the both 
waves. For the inter-peak latency of the waves I-III, 
no significant difference was found for the same 
reason. However, examining the absolute peak 
latency of the waves I&III revealed overshoot, 
especially for the wave I and, to a lesser extent, the 
wave III. We recommend to consider the absolute 
latency of the wave I in electrophysiological 
overshoot. 
The overshoot magnitude in this study was 5 
to 10dB. As increasing DOT will decrease the 
threshold for psychoacoustic overshoot, in which 
the noise effect on the signal decreases and signal 
detection becomes easier (1). The detectability of 
the signal in our study reflected the neural activity 
and also became much easier; however, the range 
of the observed phenomenon was not as salient 
as observed in psychoacoustic studies(4).As 
mentioned, the proposed factors or mechanisms 
that influence overshoot are the peripheral and 
central factors(4, 6, 22). The role of attention as a 
central factor and the efferent nerve function as a 
peripheral factor has been linked to overshoot(23). 
In psychoacoustic overshoot studies, the listener is 
alert and attends to the task. However, in our study, 
the guinea pigs were anesthetized. The efferent 
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nerve function decreased, but did not disappear 
completely (24); therefore, the magnitude of 
electrophysiological overshoot was lower.
In the initial analysis of the original ABR waves, 
no sign of overshoot was observed. In an attempt 
to determine whether the response to the signal 
was affected by the noise, we subtracted the 
waveform generated by the noise and the signal 
together from that generated by the noise alone for 
the five SNRs and the different DOTs. After the 
subtraction of the waves, an overshoot-like effect 
was observed. This probably occurred because the 
fibers responding to the signal differed from those 
responding to the noise, considering the range of 
the used frequencies. The subtraction of the noise 
and signal waveforms from the noise waveform 
resulted in a waveform that was approximately 
identical in morphology, latency, and amplitude to 
the signal waveform alone. One can realize that the 
response to the noise and the signal is a summation 
of two overlapping waveforms in time, probably 
from two different neuronal populations.
In the current study, the noise was broadband, 
while the signal was a transient tone burst. It is 
known that the medial olivocochlear reflex acts 
to minimize the steady response to the noise by 
auditory nerve fibers, thereby maximizing the 
response to a transient signal and making it easier 
to detect the signal. Moreover, attention attenuates 
irrelevant auditory stimuli through the function 
of the caudal efferent system (8, 10). It is thought 
that anesthesia diminishes the effect of attention 
and the medial olivocochlear reflex. Accordingly, 
in our study, the subtraction of the waves lessened 
the effect of the noise on the signal and helped to 
extract major features.

In Conclusion
Our study was the first to explore overshoot 
electro physiologically using ABR. The study 
indicated that the ABR overshoot was effective 
as an objective test of cochlear amplification. Of 
course, the findings of this study are specifically 
to the study itself and cannot be generalized. To 
find out more about the potential role of overshoot 
in the test battery of cochlear function assessment, 
especially in non-cooperative children, further 
clinical trials are recommended.
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