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Introduction Auditory neuropathy spectrum disorder (ANSD) is a clinical condition in
which individuals have normal cochlear responses and abnormal neural responses.
There is a lack of evidence in the literature regarding the neural discrimination skill in
individuals with ANSD, especially when the signal is presented in the presence of noise.
Objectives The present study was performed with the aim to investigate auditory
discrimination skill, in quiet and in the presence of noise, in individuals with ANSD and
to compare the findings with normal-hearing individuals.

Methods A total of 30 individuals with normal hearing sensitivity and 30 individuals
with ANSD in the age range of 15 to 55 years old, with the mean age of 27.86 years old,
were the participants. P300 response was recorded from both groups using syllable
pairs [ba/-/da/ in oddball paradigm and the syllable /da/ in repetitive paradigm in quiet
and at +10dB signal-to-noise ratio (SNR).

Results There was significant prolongation in latency and reaction time, and reduction in
amplitude of P300 response and sensitivity in both groups with the addition of noise. The
topographic pattern analysis showed activation of the central-parietal-occipital region of
the brain in individuals with ANSD, whereas activation of the central-parietal region was
observed inindividuals with normal hearing. The activation was more diffused in individuals
with ANSD compared with that of individuals with normal hearing.

Conclusion The individuals with ANSD showed a significantly more adverse effect of
noise on the neural discrimination skill than the normal counterpart.

fibers in adults with ANSD.2™* The causes of ANSD can be

Auditory neuropathy spectrum disorder (ANSD) is a clinical
condition in which the individuals have an abnormality in the
afferent auditory nervous system. The common site of lesion in
individuals with ANSD includes inner hair cells and ribbon
synapse (presynaptic disorder), unmyelinated auditory nerve
dendrite, auditory ganglion cells and their axons (postsynaptic
disorder), and the auditory brainstem pathway.! Temporal
bone studies have shown normal outer and inner hair cells
with loss of auditory nerve fibers and/or demyelination of
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categorized as having a genetic cause and an acquired cause.
The genetic cause can be syndromic and nonsyndromic.
Sininger” reported 40% of the individuals with ANSD to have
a genetic basis. The acquired causes of ANSD include hypoxia,
prematurity, hyperbilirubinemia, immune response, infec-
tions, toxic substances, and nutritional deficiencies.>’ The
audiological test report shows normal to severe loss of hearing
sensitivity as evident on pure-tone audiometry, presence of
otoacoustic emission, abnormality in auditory brainstem
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response and middle ear muscle reflexes.2-'0 It effects, pri-
marily, the perception of auditory temporal information.'"'?
The deficit in temporal encoding can impair sound localization
and speech perception skills of the individuals.'® Several test
reports have also shown abnormal encoding of speech at the
cortical level.'4-17

One of the commonly encountered problems by individ-
uals with ANSD is speech perception in the presence of
noise.'%18.19 The performance of the individuals with hear-
ing impairment gets modulated by both auditory as well as
cognitive capabilities.?%?! One of the cognitive components
that help in speech perception is working memory. Working
memory, also known as short-term memory, is the interplay
between echoic memory and long-term memory. The work-
ing memory can be assessed using slow cortical potentials
that have prolonged refractory periods. The P300 component
of the auditory evoked potential is one of the commonly used
measures to assess the capacity of the working memory.

Appropriate attention to the stimuli and adequate memory
processing speed is necessary for speech perception in adverse
listening conditions.?>~%4 The attention toward the stimulus
and the fundamental memory processing speed of the indi-
vidual affects P300 amplitude and latency.?> P300 amplitude is
determined by the gap between the two target stimuli com-
pared with the stimulus probability.2® P300 amplitude also
depends on the attention allocated to the task and the memory
load.?”-?® The amplitude reduces with increase in memory
load as the task processing demand increases.® The stimuli
that receive more attention and get recognized with more
confidence are associated with more amplitude of the P300
potential. P300 latency index classification speed is the time
required to detect and respond to the target stimulus.''-2%30
P300 latency correlates positively/strongly with mental func-
tion speed.3’-3 The superior the cognitive function of the
individuals, the shorter the P300 latency. P300 potential is
maximally recorded from the hippocampus, the superior
temporal sulcus, the ventrolateral prefrontal cortex, and the
intraparietal sulcus.>3

Few researchers have investigated the speech processing
ability in individuals with ANSD using different test meas-
ures (P1-N1-P2, MMN, and P300). In these studies, the
auditory evoked responses were recorded from limited
electrode sites.’*103473% To our knowledge, there are only
two studies reported in the literature that discuss the
multichannel recording in individuals with ANSD.37-3® Apek-
sha et al*’ recorded P300 response in individuals with ANSD
for speech contrast /ba/-/da/, whereas Apeksha et al*®
recorded P300 response in individuals with ANSD for the
three different speech contrasts /ba/-/da/, /ba/-/ma/ and
/ba/-/pa/. In both studies, the P300 response was recorded
only in quiet listening condition. Since the individuals with
ANSD find it difficult to perceive speech in the presence of
noise, there was a need to explore the speech discrimination
ability of individuals with ANSD in the presence of noise.
Obtaining multichannel information in the presence of noise
will give an insight into their cortical representation of
speech perception ability in a noisy situation. Using high-
density electrodes to study the cortical processing will reveal
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the modulations in scalp topographies which can, in turn,
reflect on sources generating these potentials and the com-
pensation happening at the higher level in the auditory
pathway due to peripheral abnormality. Therefore, the pres-
ent study was performed with the aim of investigating the
neural discrimination skill in quiet and in presence of noise
in individuals with ANSD and with normal hearing sensitivi-
ty, and to compare the findings for both groups.

Methods

A total of 60 participants were considered for the study. There
were 30 participants diagnosed with ANSD (16 females and 14
males) in the age range of 15 to 55 years old (mean age of 27.86
years old), and 30 individuals with normal hearing sensitivity
(16 females and 14 males) in the age range of 15 to 55 years old.
The individuals were diagnosed as having ANSD by certified
audiologists following the recommendation of Starr et al® and
by neurologists based on detailed clinical neurological exami-
nation, including computed tomography [CT] and magnetic
resonance imaging [MRI]. All of the participants with ANSD
were diagnosed as having ANSD by the neurologists. According
to the recommendation by Starr et al, the individuals with
ANSD should have normal otoacoustic emission, absent/abnor-
mal auditory brainstem response (ABR) and absence of acoustic
reflexes. All of the individuals who fulfilled the criteria of
having ANSD by the neurologists and test finding reports, as
suggested by Starr et al, were considered for further evaluation.
All of the individuals with ANSD reported as having speech
understanding difficulty that was acquired in nature. The
minimum age of onset of symptoms was 14 years old in the
ANSD group. All of the participants with ANSD reported
difficulty in understanding speech, especially in the presence
of noise. The individuals with ANSD had a pure-tone average
ranging from normal hearing sensitivity to moderate hearing
loss. The transient evoked otoacoustic emissions (TEOAEs)
were recorded using click stimuli of an intensity of 80dB
peak SPL and the response with a minimum of 6dB signal-
to-noise ratios (SNRs) at 3 consecutive frequencies, and
response reproducibility > 90% were considered to be a posi-
tive response. The auditory ABR was recorded with click stimuli
of an intensity of 90dB nHL, repetition rate of 30.1/s, with
rarefaction polarity. The ABR with the minimum of three peaks,
with I peak latency lying between 1 millisecond to 2 milli-
seconds, Il peak latency lying between 3 milliseconds and
4 milliseconds and V peak lying between 5 milliseconds and
6 milliseconds and with good waveform replicability were
considered to be the normal responses. The acoustic reflexes
were elicited using 226 Hz probe tone in both ipsilateral and
contralateral ears, and a reflex amplitude > 0.3 is considered to
be a normal response. All of the individuals with ANSD had the
presence of TEOAEs in both ears and showed the absence of ABR
and acoustic reflexes. The ABR waveform obtained from one of
the individuals with normal hearing and with ANSD for the left
ear using double channel evoked potential system is shown
in =Fig. 1. All of the individuals in the normal hearing
sensitivity group had normal TEOAEs, normal ABR and normal
acoustic reflexes. Individuals with ANSD were recruited from
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Fig. 1 The auditory brainstem response obtained from one of the individuals with normal hearing (panel A) and with ANSD (panel B) using a
double channel evoked potential system. Panel A shows an ABR response obtained from individuals with normal hearing with the three
prominent peaks (I, Il and V peaks) for 90 dB nHL click stimuli. Panel B shows the response obtained from individuals with ANSD with no

prominent peaks both in ipsilateral and contralateral recording.

the Audiology department of the hospital. Individuals in the
normal-hearing group were recruited from the general popu-
lation for the present study. The demographic and audiological
details of all the individuals with ANSD are given in =Table 1.
Informed consent was obtained from all the participants
following the “Ethical Guidelines for Biobehavioral Research
Involving Human Subjects”3°. Institutional ethical committee
approval was obtained prior to the study.

Stimuli

The stimulus pair /ba/ and /da/ was used to elicit P300 response

in active oddball paradigm, and the stimulus /da/ was used in
repetitive paradigm. This stimulus pair was selected as it
differed in phonetic feature and place of articulation, which
is reported to be more susceptible to noise.*%*? Both the
stimuli /ba/ and /da/ differ in their spectral characteristics,
steepness and the direction of the second and the third
formant transition.*> Adobe Audition version 3.0 (Adobe, San

Jose, CA, USA) with a MOTU sound card interface (Microbook I,

Massachusetts, USA) was used to record the stimuli, at a
sampling frequency of 44,100 Hz and 16-bit resolution. The
duration of both syllables was 240 milliseconds and was kept
equal to minimize discrimination of syllables based on dura-
tional cues. Auxviewer software (Kwon, 2012)** was used to
mix syllables with speech noise at +10dB SNR. The SNR of
+10dB was considered based on the pilot study. The result of
the pilot study showed that the behavioral performance of
individuals with ANSD on the discrimination task dropped
below the chance level at SNR poorer than +10dB. The

waveform and the spectrogram of the syllable /da/ in quiet

and in the presence of noise are shown in =~Fig. 2. The syllable

was mixed with speech noise such that the onset of the syllable
was 1,000 milliseconds after the onset of the noise and the

offset of the syllable was 1,000 milliseconds before the offset of
the noise. The 1,000 milliseconds pre-syllable noise was
selected based on the pilot study, as it resulted in complete
separation of responses elicited by noise from that of speech in
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noise and it was also found to be sufficient to avoid the
influence of response generated by noise on response gener-
ated by speech in noise.*> The continuous background noise
was not presented to the participants as it might have caused
neural adaptation in individuals with ANSD.%®

Procedure
Neural responses were recorded using a Neuroscan Scan 4.5
system (Compumedics, Charlotte, NC, USA). QuickCap with 64
sintered electrodes fitted with quick cells was used to record
the evoked potentials. The left mastoid was considered as
reference and the electrode between FPz and Fz as ground.
Extraocular electrodes were placed around the eyes in close
proximity to monitor ocular movements (for horizontal and
vertical eye movement). Fastrack 3D digitizer (Polhemus,
Colchester, USA) was used to digitize the location of the
electrodes before the electroencephalogram (EEG) recording.
The configuration of electrode placement is shown in =Fig. 3.
For recording the P300 response, the frequent (80%) stimuli
was /ba/ and the infrequent (20%) stimuli was /da/. A total of
250 stimuli comprising of frequent (/ba/) and infrequent (/da/)
stimuli were used for the recording. They were presented in
such a way that none of the two infrequent syllables came one
after the other. The interstimulus interval (onset of a 1%
syllable to the onset of a 2" syllable) between two consequent
stimuli in quiet condition was 2,240 milliseconds, and in noise
condition it was 3,240 milliseconds. The trigger was placed at
1,000 milliseconds from the onset of noise in the noise condi-
tion. The 75dB SPL signal was presented using a loudspeaker
kept at a distance of 1 meter and at 0° azimuth. The intensity of
the signal reaching the ear was ensured to be loud enough to
elicit the response and was at a most comfortable level for both
groups of participants. A total of 50 sweeps of /da/ stimuli were
used to elicit the response in the oddball and in the repetitive
paradigm in quiet and at +10dB SNR. The instruction given to
the participants for recording P300 in the oddball paradigm
was ‘You will hear two stimuli, /ba/ and /da/ in random order,
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Fig. 2 The waveform and spectrogram of stimuli /da/ in quiet and in noise (at +10dB SNR). The speech stimuli in the noise condition was
presented such that the onset of the speech stimuli was 1,000 milliseconds after the onset of the noise and the offset of speech stimuli was 1,000

milliseconds before the offset of the noise stimuli.
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Fig. 3 The configuration of 64 electrodes used in the electroen-
cephalogram recording.

press the response button given to you as early as possible after
hearing stimulus /da/ and do not press the button for stimulus
/baj. The approximate duration of recording the P300
response in the oddball paradigm was 10 minutes in quiet
condition and 14 minutes in noise condition. After each
recording, a rest period of 5 minutes was given to the partic-
ipants. Behavioral measures (sensitivity and reaction time)
were estimated based on the button press response while
recording the P300 response. Sensitivity (d’) is an estimate of
the strength of the signal. It is the statistic that incorporates
both hit rate and false alarm rate. In other words, sensitivity
also suggests the accuracy with which the task is performed. It
is calculated using the formula [(d'= z (Hit rate) - z (False alarm

International Archives of Otorhinolaryngology Vol. 24 No. 4/2020

rate)]. The value of sensitivity ranges from 0 to 1. Reaction time
(RT) is the time taken from the onset of the stimulus to the
button press response. The participants were made to watch a
silent video for recording response in the repetitive paradigm.

Analyses

The continuous EEG obtained from both groups of individuals
with normal hearing and with ANSD in quiet and at +10dB
SNR was analyzed using a script written in the SCAN module of
the Neuroscan. The script includes steps for DC offset correc-
tion, ocular artifact reduction, filtering, epoching, baseline
correction, and rereferencing. The response was bandpass
filtered from 0.1 to 30 Hz using a FIR filter and was epoched
from 200 milliseconds prestimulus to 800 milliseconds post-
stimulus. Bad electrodes are defined as those electrodes with
amplitude spikes >75 pV. The data from the bad electrodes
were interpolated using spline interpolation. The amplitude
and latency of the P300 response and scalp topography were
analyzed using the Cartool software (https://sites.google.-
com/site/cartoolcommunity/home). Point-wise paired ran-
domization analysis and topographic pattern analysis
procedure were used to analyze the responses obtained
from individuals with normal hearing and with ANSD across
both listening conditions (in quiet and in noise). In the point-
wise paired randomization analysis procedure, the responses
obtained in quiet condition were compared with the responses
obtained in noise condition at all the different points of time
from O milliseconds to 800 milliseconds of duration. The
regions with statistically significant differences between the
two responses are shown as the dark shaded region across the
time frame. This analysis also gives information about the
global field power (GFP). Global field power is the single
reference independent measure of response strength. Mathe-
matically, GFP is the root mean square amplitudes across
average referenced electrodes at a given instance in
time.*”*® In the topographic pattern analysis procedure, the
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scalp activation patterns are compared between the condi-
tions (in quiet and in noise) across the time frames and the
significantly different activation patterns are shown as the
template maps. Behavioral measures (sensitivity and RT) were
calculated for the button press response and the data obtained
were analyzed using Statistical Package for the Social Sciences
Version 17 (SPSS Inc, Illinois, USA). The Shapiro-Wilk test of
normality was performed to assess the distribution of the data
for the RT and sensitivity, and the data was found to be
nonnormally distributed (p < 0.05), thus nonparametric tests
were used. The Mann-Whitney U test was performed to
compare the data obtained between the groups (e.g., sensitivi-
ty of normal hearing individuals with the sensitivity of indi-
viduals with ANSD) and the Wilcoxon signed rank test was
used to compare response within groups (e.g., sensitivity of
individuals with normal hearing in quiet with that of sensitiv-
ity of normal hearing in noise).

Results

The sensitivity and the RT for the identification of oddball
stimuli are shown in =Fig. 4. The Mann-Whitney U test
results showed a statistically significant difference between
individuals with normal hearing and with ANSD for RT and
sensitivity in both conditions (p <0.05). When compared
within groups and across conditions, the Wilcoxon signed
rank test showed significantly shorter RT (z =3.65, p < 0.05,
r=0.66) and greater sensitivity (z=3.06, p <0.01, r=0.55)
in quiet condition compared with in noise condition with
large effect size for normal-hearing individuals. Similarly, RT
(z=4.40, p<0.05, r=0.86) was significantly shorter, and
sensitivity (z=3.64, p<0.05, r=0.68) was significantly
greater in quiet condition compared with noise condition
with large effect size in individuals with ANSD.

Apeksha, Kumar

The grand average responses (average of responses
obtained from 30 individuals with normal hearing and 30
individuals with ANSD separately) for the stimulus pair
/ba/-/da/ presented in oddball paradigm and for /da/ in
repetitive paradigm across 64 channels in quiet and in noise
for individuals with normal hearing and for ANSD are shown
in =Fig. 5. The upper panel of each window in =Fig. 5 shows
the average response obtained from 30 individuals with
normal hearing and 30 individuals with ANSD. The lower
panel of each window in =Fig. 5 shows the average GFPs of
response obtained from 30 individuals with normal hearing
and 30 individuals with ANSD for the 64 electrodes. It is clear
from =Fig. 5 that prominent P300 response with clear
morphology could be elicited from individuals with normal
hearing and with ANSD. Individuals with ANSD showed a
greater reduction in amplitude of P300 response with the
addition of noise. =Fig. 5 shows the neural response across
listening conditions (quiet and noise) in individuals with
normal hearing and with ANSD. Comparing responses across
quiet and noise condition showed an overall reduction in
amplitude of P300 response in both groups of individuals
with normal hearing and with ANSD, with a greater reduc-
tion in amplitude of P300 for individuals with ANSD. The
pointwise difference in P300 response between quiet and in
noise condition was calculated using the paired randomiza-
tion method in Cartool. The result showed a significant
difference in event related potential (ERP) response in quiet
and in noise condition as shown in the lower panel of ~Fig. 6.
The dark shaded area in the lower panel of ~Fig. 6 shows the
region of significant difference (p < 0.05) when the responses
in quiet are compared with the responses obtained in noise
for both groups of individuals across channels and time.
Overall, there was significant prolongation in latency and
reduction in amplitude of P300 response with the addition of
noise in individuals with ANSD.
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Fig. 4 Reaction time and sensitivity values obtained from individuals with normal hearing sensitivity and with ANSD in quiet and in noise. The
error bar represents one standard error. The asterisk shows the significant difference (p < 0.05) between the conditions (quiet and noise) for RT

and sensitivity measures.
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Fig. 5 The grand average waveform obtained from individuals with normal hearing and with ANSD in response to [ba/-/da/ stimuli in oddball
paradigm (waveforms in black) and to /da/ stimuliin repetitive paradigm (waveform in red) in quiet and in noise for all the 64 channels. The upper
panel of all the windows shows the average response obtained from 30 individuals with normal hearing and 30 individuals with ANSD separately
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The topographic pattern analysis was done to see the
difference in scalp activation pattern in quiet and in noise
condition for individuals with normal hearing and with
ANSD. The result showed a total of 10 statistically signifi-
cant maps accounting for 87% of the variance in the group
average data, and the result is shown in =Fig. 7. In both
groups of individuals, there was centro-parietal scalp acti-
vation with minor but statistically significant variations in
topographies during the P300 time window, as shown on
the pattern analysis result. Individuals with ANSD showed
more activation in the central-parietal-occipital region
(pink shaded area in the lower panel of =Fig. 7) of the
brain, whereas individuals with normal hearing showed
activation of the central-parietal region. Scalp distribution
was more diffused in individuals with ANSD compared
with those with normal hearing, as shown by the area
and the location of the activation site. As can be observed in
~Fig. 7, there was a band of less activation in the frontal
and in the occipital region of the skull (blue shaded region)
for individuals with normal hearing, as shown in templates
of ~Figures 7A and 7B.

Apeksha, Kumar

Discussion

To our knowledge, there are no published reports that discuss
eliciting P300 potential in the presence of noise in individuals
with ANSD. In the majority of the studies, researchers have
recorded P1-N1-P2 potentials'#1%364%30: mismatch nega-
tivity'®'” and P300343738 in quiet condition for individuals
with ANSD. The result of the previous study investigating
P300 response in individuals with ANSD3#37 showed pro-
longation in latency of P300 response, reduction in amplitude
of P300 response, prolonged RT and poorer sensitivity in
quiet condition for different stimuli in individuals with ANSD
compared with individuals with normal hearing sensitivity.
Similar findings were observed in the present study, suggest-
ing that the individuals with ANSD might have difficulty in
stimulus evaluation and in the speech discrimination pro-
cess. The individuals with ANSD require more time to dis-
criminate a particular signal, and the accuracy with which
they discriminate a particular signal is also compromised in
individuals with ANSD. Single unit cortical data suggests that
the cortical neurons are more sensitive to temporal cues

|

ANSD

ing

. Normal Hear

-0.31 5

Fig. 7 The result of topographic pattern analysis showing the time region at which statistically different template maps occurred is shown in
Panel A. The color shaded regions show the global field power (GFP) for the two groups of individuals with normal hearing and with ANSD, in
quiet and in noise conditions. The numbers below the GFPs represent the significantly different template maps/activation pattern seen for both
groups. Different colors represent different template maps. Y-axis in panel A represents the response in quiet and in noise condition for both
groups. Panel B shows the six significantly different templates superimposed on the head model which lies in the time region of P300. These
template maps show the difference in scalp activation pattern with scale ranging from no activation region on the scalp (dark blue areas) to the
area of maximum activation (pink shaded region) in response to the task in the oddball paradigm. All of the six significantly different templates
show difference in scalp activation pattern as shown by the area and location of activation.
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compared with the intensity cues for the representation of an
auditory signal.”' In individuals with ANSD, the poor phase
locking property of the auditory neurons leads to poor
representation of the temporal cues, and thus prolonged
latency of the P300 response. P300 response showed pro-
longation in latency for individuals with ANSD with the
addition of noise, suggesting slow processing speed for the
stimuli in noise as compared with in quiet. They require more
time to detect and respond to the target stimuli in the
presence of noise.?%3° P300 amplitude also showed a reduc-
tion in amplitude in presence of noise as compared with in
quiet, which could be because of the increase in memory load
and deficit in attention allocation to the task?” in the pres-
ence of noise. The individuals with ANSD might have poor
working memory, as suggested by the delay in the P300
latency and reduction in P300 amplitude. Behavioral working
memory test results might give more information about the
working memory capacity in individuals with ANSD and will
also supplement the present finding. In the present study,
behavioral working memory tests were not included and thus
become a limitation of the study.

Scalp topography for P300 response showed neural activa-
tion in the central-parietal region of the scalp in individuals
with normal hearing, and activation of the central-parietal-
occipital region of the scalp in individuals with ANSD. There
was a clear band of activation in the central-parietal region
with anterior and posterior negativity in individuals with
normal hearing. There was additional activation toward the
occipital lobe with a more diffused activation pattern in
individuals with ANSD. The difference in activation pattern
across groups suggests the differential distribution of the
electrical field across the scalp. This difference in the scalp
activation pattern might have been caused by the difference in
the configuration of underlying brain sources generating these
potentials, and differential activation of brain networks.”? A
study investigating the current source density in individuals
with ANSD will give a clear idea about the generators for these
potentials.

Conclusion

The individuals with ANSD required more time to discrimi-
nate the stimuli and showed less accuracy in identifying the
target stimuli compared with individuals with normal
hearing sensitivity. There was deterioration in behavioral
performance (sensitivity and RT) in both groups with the
addition of noise, and variation in behavioral performance
was higher for individuals with ANSD compared with
individuals with normal hearing. P300 response showed
prolongation in latency and reduction in amplitude in
individuals with ANSD, compared with normal hearing
individuals. Based on the RT and sensitivity (behavioral
measures), and latency, amplitude, and scalp topography
of P300 response (neural measures), it is evident that the
individuals with ANSD showed deviation in both behavioral
and neural measures compared with individuals with nor-
mal hearing, which could be the result of the difference in
the underlying generation sources for the responses.
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