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Abstract

The characteristics of an auditory steady-state response (ASSR) signal can be affected by the pathophysiological statuses of
the left and right ears, such as a smeared sensation by native spectral smearing owing to sensorineural hearing impairment,
because they can affect the perception of the stimulus, the degree of concentration on the stimulus and comfort in
concentration. However, to date, few studies have examined the effects of such smeared sensations on the amplitude of the
evoked ASSR signal. In this study, we synthesized various auditory stimuli with different degrees of spectral smearing
using a hearing loss simulator to match the age of participant groups with different degrees of spectral smearing. We then
performed three subjective tests, representing symmetric and asymmetric bilateral spectral smearing, with 16 normal-
hearing individuals to observe the effects of the severity and symmetricity of bilateral spectral smearing, the value of the
carrier frequency of auditory stimuli, and the sex of the individual on the amplitude in evoked ASSR signals. The
experimental results demonstrated the following: (1) the application of spectral smearing to normal sounds may result in
amplitude-reduced ASSR signals, (2) the effect of spectral smearing on the amplitude of the ASSR signals is most
significant when the degrees of bilateral spectral smearing are asymmetric, (3) the selection of carrier frequency in an
auditory stimulus can affect the amplitude of evoked ASSR signals regardless of the degree of spectral smearing, and (4)
the sex of the individual can affect the amplitude of the evoked ASSR signal in various test conditions. The results of this
study can help estimate the effects of smeared sensation by spectral smearing owing to sensorineural hearing impairment
on the amplitude of evoked ASSR signals.

Keywords Augmentative and alternative communication - Central auditory processing - Electrophysiology -
Hearing loss

Introduction

The auditory steady-state response (ASSR) is a complex
superimposed brain response evoked by auditory stimuli
and whose responses have short interstimulus intervals
Jong Ho Hwang and Kyoung Won Nam have contributed (Kim and Lim 2017). The ASSR is generally measured by
;?;aggtggrtshls paper and should be regarded as equivalent a scalp electroencephalogram (EEG) in the vicinity of the
primary auditory cortex (PAC) or the fronto-central loca-

B4 In Young Kim tions according to the device settings (Tanaka et al. 2013;
iykim@hanyang.ac.kr Schwarz and Taylor 2005). The ASSR signal has been
primarily utilized in the fields of auditory brain—computer
interface (BCI), audiometric assessment for patients with
autism or infants, and neuropsychiatry as a biomarker for
cortical N-methyl-p-aspartate receptors and other neu-
ropsychiatric disorders (Hosseinabadi and Jafarzadeh 2015;
Swanepoel et al. 2004; Maanen and Stapells 2010; Lin
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et al. 2009; Sivarao et al. 2016; Wang et al. 2018; Melynyte
et al. 2018).

In many previous studies related to ASSR-based audi-
tory BCI, the authors considered several systemic and
environmental factors (e.g., frequencies of modulated
stimuli, contact/environmental noises, patterns of auditory
stimuli, and arrangements of audio sources) to improve the
performance of their implemented algorithm (Matsumoto
et al. 2012; Nakamura et al. 2013). However, the charac-
teristics of the evoked ASSR signal can also be affected by
the pathophysiological statuses of the left and right ear
(i.e., the severity and clinical symptoms of hearing
impairment) and the sex of the subject because they can
affect the perception of the stimulus, the degree of con-
centration on the stimulus, comfort in concentration, hor-
monal production, hormone levels, anatomical factors, and
the size of the PAC (Voicikas et al. 2016; Zakaria et al.
2016; Melynyte et al. 2018). Therefore, to more effectively
personalize the ASSR-based BCI algorithm according to
the native hearing ability of an individual to improve sys-
tem performance, the effects of the pathophysiological
status of the ears and the sex of the subjects on the evoked
ASSR signal characteristics—especially variations in the
ASSR amplitude to a specific auditory stimulus—require
investigation.

However, the number of studies discussing the effects of
native hearing ability and sex on ASSR amplitude is rela-
tively low. For example, Wilding et al. investigated the
repeatability of the ASSR amplitude using 20 participants
with normal-hearing (NH) ability and 11 individuals with
hearing impairment (HI); however, they divided the par-
ticipants into only two groups (NH and HI) and did not
further divide the HI group into various sub-groups
according to the degree and pattern of hearing impairment
(Wilding et al. 2012). In addition, they did not match the
ages of the NH (18-49 years) and HI (60-77 years) groups
because they could not recruit age-matched participants
with HI and did not investigate the effect of sex in the HI
group. The researchers recruited only two female individ-
uals with HI. Zakaria et al. investigated the effects of the
sex of subjects and the modulation frequency of auditory
stimuli on the ASSR threshold using 28 participants (14
females of 23.7 & 2.1 years and 14 males of
22.6 £ 2.6 years); however, they did not investigate the
effects of such factors on the ASSR amplitude (Zakaria
et al. 2016). Melynyte et al. investigated the effects of the
handedness and sex of subjects on the phase-locking and
strength of 40 Hz ASSRs using 44 participants (11 right-
handed females, 11 left-handed females, 11 right-handed
male, and 11 left-handed males; right-handed = 22 + 1.8
years and left-handed = 23 + 3.7 years). However, the
researchers recruited only NH subjects (Melynyte et al.
2018).
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In this study, to obtain more detailed information about
the effects of native hearing impairment on the evoked
ASSR amplitude, we focused on the smeared sensation
owing to spectral smearing. When the auditory filter
bandwidth of the native inner ear becomes widened owing
to the sensorineural HI, the effect of an auditory stimulus
on a specific hair cell is transmitted to the surrounding hair
cells, which results in deteriorated spectral selectivity. This
phenomenon is called spectral smearing. Further, the effect
of a deteriorated hearing threshold, which is also a major
clinical symptom of sensorineural HI, can be avoided in
real cases by selecting proper frequencies of auditory
stimuli and adjusting the stimuli volume to a comfort-
able level for the individual. In our previous study, we
demonstrated that the application of spectral smearing to
auditory stimuli can decrease the performance of ASSR-
based BCI algorithms. To do this, we used an eight-channel
vocoder and 10 individuals with NH (Hwang et al. 2017).
However, in that study, we divided the severity of spectral
smearing into only three classes (normal, moderate, and
severe) and did not investigate the effect of sex, because
we recruited only three female participants. Furthermore,
supplying identical sound to both ears was not investigated
in our previous study because it was aimed only to verify
the effect of spectral smearing on the accuracy of a binary
BCT algorithm.

In this study, to further understand the effect of spectral
smearing on the characteristics of an evoked ASSR signal,
we further divide the degree of spectral smearing into four
classes using a hearing loss simulator. Then, we perform
three subjective tests with 16 participants with NH (eight
males and eight females) to see the effects of the spectral
smearing degree, symmetricity of bilateral spectral
smearing, carrier frequency of auditory stimuli, and the sex
of the individual on the variations in ASSR amplitude
without an age-matching problem between groups.

Materials and methods
Synthesizing spectral-smearing-reflected stimuli

In this study, to match the ages of the participant groups
with different degrees of HI, a hearing loss simulator
(Cochlear Implant and Hearing Loss Simulator Version
1.08.01; TigerSpeech Technology, Shanghai, China) was
utilized for synthesizing spectral smearing-reflected audi-
tory stimuli. To verify the feasibility of the utilized simu-
lator, first, we applied three linear audiogram patterns
representing moderate hearing loss (ML), moderately-
severe hearing loss (MSL), and severe hearing loss (SL) to
the simulator (Fig. 1a). Then, we drew the patterns of the
simulator output for white noise input. As shown in
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«Fig. 1 Results of simulator evaluation test for hearing threshold setup

(output patterns of simulator vs. white noise input). a Applied linear
audiograms for ML, MSL and SL setups, b ML setup, ¢ MSL setup,
d SL setup. ML moderate hearing loss, MSL moderately-severe
hearing loss, SL severe hearing loss

Fig. 1b—d, the simulator output (solid lines) showed
descending patterns similar to the applied audiograms
(dashed lines). Second, we already verified the effect of
variations in the smearing parameter of the simulator in a
previous report, which showed that the auditory filter
bandwidth of the simulator output widens as the value of
the smearing parameter increases (Hwang et al. 2015). To
find the relevant values of the smearing parameter for each
HI setup, we referred to a report of Glasberg and Moore
(1986) that demonstrated that the equivalent rectangular
bandwidth increased monotonically as the absolute
threshold increased, as in our recent report (Hwang et al.
2017). In the Glasberg study, the ratios of the equivalent
rectangular bandwidth (ERBR) between HI and NH for a
1000 Hz pure-tone input signal were approximately 1.43,
2.31, and 3.18 for ML, MSL, and SL individuals, respec-
tively. Based on this report, we varied the smearing
parameter from 0.0 to 3.0 (step = 0.5) and calculated the
ERBRs for a 1000 Hz pure-tone input signal. Based on
those measurements, we set the values of the smearing
parameter as 0.5 (ERBR = 1.43), 1.0 (ERBR = 2.15), and
1.5 (ERBR =3.28) for the ML, MSL, and SL setups,
respectively. Then, after verifying the relevance of the
utilized simulator, first, two sinusoidal amplitude-modu-
lated stimuli—Ssp0{37} and S,p00{43} (also denoted by
Ss00{37}nu and  S,p00{43 }nu)—were synthesized with
100% modulation depth, where 500/2000 represented the
carrier frequency in Hz and 37/43 represented the modu-
lation frequency in Hz, respectively (Hwang et al. 2017;
Kim et al. 2011). Next, to synthesize the spectral smearing-
reflected stimuli, Sspo{37 }nu and S,000{43 }nu were indi-
vidually applied to the simulator with ML, MSL and SL
setups. Then, the output of the simulator was high-pass
filtered using a cut-off frequency of 250 Hz and normal-
ized [denoted by Ssp0{37}mr. Ss00{37}msrs Ss00{37}sL,
S2000{43 Ime> S2000{43 }mse. and Sp00{43}sL] (Fig. 2).

Preparations for ASSR measurement

Sixteen individuals with NH ability participated in this
study (eight males and eight females, age range
21-29 years, median age 24 years, average age
24.5 years). All individuals had no history of neurological
or psychiatric diseases or illness and passed a pure-tone
audiometry test before participating in the experiment. The
experimental protocols were approved by the Institutional
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Fig. 2 Time-domain waveforms of spectral smearing-reflected audi-
tory stimuli. a Sso0{37}nwmLmsLisL, B S2000{43 }nsmLmsLisL

Review Board of Hanyang University, and written
informed consent was obtained from all participants, who
were compensated for their participation. During the data
recording, each participant sat on a chair in the center of an
electrically isolated cage (200 x 120 x 190 cm), with
three electrodes for EEG measurement attached to the head
via a headset (MMS50 iP; Sennheiser Electronic GmbH,
Wedemark, Germany) that provided auditory stimuli. The
EEG signals were measured using a commercial device
(MOBIlab+ with Sahara box; g.tec Medical Engineering
GmbH, Schiedlberg, Austria) (Rutkowski and Mori 2015).
A dry electrode (g.SAHARAelectrode with
7 mm g.SAHARACclip; g.tec) at the C position was used
for signal measurement, and two hydraulic electrodes
(g.SAHARACIipREF/g.SAHARAClipGND; g.tec) at the
left/right ear mastoid were used for the reference and
ground. Before the main experiments, Sspo{37}nu Was
presented in both ears via the headset, and the participants
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were asked to concentrate on the sound for 15 s. Then, the
recorded EEG signals were FFT-processed to determine
whether the ASSR pattern was observed. If the pattern was
not observed, the recording setups were repeatedly tuned
(e.g., hair was removed, the electrode tip wiped clean,
electrodes reattached to reduce skin—electrode impedance,
and the lines were rearranged to eliminate line noises) until
the signal quality became satisfactory.

Protocols for subjective tests

To simulate various real-world HI conditions, we per-
formed the following three subjective evaluations: (1)
SYM-I test: symmetric smearing and identical stimulus to
both ears (no BCI setting), (2) SYM-II test: symmetric
smearing and different stimuli to each ear (binary BCI
setting), and (3) ASYM test: asymmetric smearing and
different stimuli to each ear (binary BCI setting). In all
testing, five training trials were performed before the main
experiments to familiarize the participants with the 15 s
concentration/5 s rest protocol. The volume of each stim-
ulus was fixed at 65 dB SPL using a commercial sound
level meter (SC-30; CESVA, Barcelona, Spain) to elimi-
nate the effect of hearing threshold variations between the
HI setups. To minimize participant fatigue and aid in
concentration, intermediate rest periods (< 2 min) were
provided after five successive trials, and the total elapsed
time per measurement was limited to less than 20 min per
day.

In the SYM-I test, (1) training trials were performed,
and (2) one of eight stimuli—Ss00{37}nu, Ss00{37}mL,
Ss00{37}msLs  Ss00{37}sL.  Sa000{43}nH,  S2000{43 hmr,
82000{43}M5Ls and 82000{43}SL—was presented to both
ears for 15 s. The participant was asked to concentrate on
the stimulus. Step 2 was performed 40 times (8 stimuli x 5
repetitions; the order of the test conditions was random-
ized). In the SYM-II test, (1) training trials were per-
formed, and (2) one of four stimuli sets—[Ssoo{37 }nu,
S2000{43 nml, [Ssoo{37}mr, S2000{43}mLls [Sso0{37 hmst,

S2000{43 }msL], and [Ssoo{37}sr, Sa000{43}sL.l—was pre-
sented for 15 s. The participant was asked to concentrate

on a randomly instructed stimulus (one of the four stimuli
sets was randomly presented, and the participant was asked
to concentrate on the Ss500{37 }nwmrmsLssL). Step 2 was
performed 20 times (4 smearing levels x 5 repetitions;
order randomized). In the ASYM test, (1) training trials
were performed, (2) one of two stimuli sets—[Ss00{37 }nu>
S2000{43 msi], and [Sso0{37}mL, S2000{43}sL]; two-level
difference—was presented for 15 s, and the participant was
asked to concentrate on a randomly instructed stimulus.
Step 2 was performed 20 times (2 stimuli sets x 2 direc-
tions x 5 repetitions; order and direction randomized).
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After completing the experiments, from each EEG
measurement, the ratio between the spectral power at the
modulation frequency and the average spectral power
around the modulation frequency (& 5 bins from the
modulation frequency in FFT) was calculated. In this
study, we assumed that if the ratio was > 2, the ASSR was
generated, and if the ratio was < 2, the ASSR was not
generated. Based on these criteria, only the trials that
contained the proper ASSR signal were utilized for post-
experimental statistical investigation (Hwang et al. 2017).
In addition, the ASSR phase was neglected during the
investigation based on a report of Gander et al., which
demonstrated that attention had no detectable effect on the
ASSR phase (Gander et al. 2010).

Results

Tables 1 and 2 list the amplitudes of the evoked ASSR
signals in the SYM-I, SYM-II, and ASYM tests.

Figure 3 illustrates the ASSR amplitudes in the SYM-I
test. When considering all participants (Fig. 3a), there were
no statistically significant differences in the Kruskal—
Wallis test between the four spectral smearing levels when
the carrier frequency was the same [Ss00{37 } Nu/ML/MSL/SL
and S000{43 }nuwmrmsLssi]. By contrast, the non-para-
metric Mann—Whitney test between each pair with identi-

cal spectral smearing levels and different carrier
frequencies  [(Ssoo{37}nm>  Sz2000{143 ) (Ss500{37 }mLs
So000{43}mr)  (Ssoo{37}msL,  Sz000{43}msp),  and

(Ss500{37}sL, S2000{43}s1)] showed significant differences
between all setups (p < 0.05). When considering only the
female participants (Fig. 3b), a significant difference was
observed in ML setups between the two carrier frequencies.
When considering only the male participants (Fig. 3c),
significant differences were observed between the two
carrier frequencies for all setups, as well as between the
NH and MSL, NH and SL, NH and HI (average of ML,
MSL, and SL), and ML and SL setups when the carrier
frequency was 2000 Hz.

Figure 4 illustrates the ASSR amplitudes in the SYM-II
test. When considering all individuals (Fig. 4a), significant
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Table 2 Average ASSR amplitudes in SYM-II and ASYM tests
SYM-II test ASYM test
NH ML MSL SL HI NH/MSL  ML/SL
E 0384 0331 0353 0352 0345 0.394 0.297
F 0387 0359 0361 0370 0.364 0.387 0.280
M 0381 0306 0343 0.325 0.324 0.400 0.322

Unit pV. E entire group, F female group, M male group

differences were observed between the NH and ML, NH
and SL, and NH and HI setups. However, no significant
differences were observed when considering only the
female individuals (Fig. 4b) and only the male individuals
(Fig. 4c).

Figure 5 illustrates the ASSR amplitudes in the ASYM
test. Commonly, significant differences were observed
between the NH/MSL and ML/SL setups when considering
all (Fig. 5a), female (Fig. 5b), and male (Fig. 5¢)
participants.

Effects of degree of spectral smearing

As shown in Tables 1 and 2, the average ASSR amplitudes
in the NH cases decreased by 10% (between Ssoo{37}nu
and 5500{37}HI) and 25% (between 82000{43}NH and
S2000{43 }11) versus HI cases in the entire group during the
SYM-I test (Fig. 3a). NH cases decreased by 10% versus
HI cases in the entire group during the SYM-II test
(Fig. 4a), and NH/MSL cases decreased by 25% versus
ML/SL cases in the entire group during the ASYM test
(Fig. 5a). These results imply that the application of
spectral smearing to normal sounds may result in ampli-
tude-diminished ASSR signals, although in the current
study these differences were not statistically significant.

Table 1 Average ASSR

amplitudes in SYM-I test Ss00 S2000
NH ML MSL SL HI NH ML MSL SL HI
E 0.415 0.370 0.374 0.380 0.375 0.374 0.264 0.311 0.274 0.281
F 0.422 0.382 0.397 0.378 0.386 0.474 0.278 0.425 0.354 0.344
M 0.408 0.356 0.347 0.384 0.362 0.265 0.248 0.198 0.184 0.213

Unit pV. NH normal hearing, ML moderate hearing loss, MSL moderately-severe hearing loss, SL severe
hearing loss, HI hearing impairment (average of ML, MSL, and SL), E entire group, F' female group,

M male group
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Fig. 3 Results of SYM-I test (mean and standard deviation). HI
represents average of ML, MSL and SL setups. a Entire group
(overall 16 individuals), b female group (eight individuals), ¢ male
group (eight individuals)

Effects of symmetricity of bilateral spectral
smearing

There were no significant differences in ASSR amplitude
between the ML, MSL, and SL cases for either 500 Hz or
2000 Hz carrier frequencies in the entire group during the
SYM-I test (Fig. 3a). There were no significant differences
in ASSR amplitude between the ML, MSL, and SL cases in
the entire group during the SYM-II test (Fig. 4a). Finally, a
significant difference in ASSR amplitude was observed
between the NH/MSL and ML/SL cases in the entire group
during the ASYM test (Fig. 5a). These results imply that
the effect of spectral smearing on the amplitude of the
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ASSR signals is most significant when the degrees of
bilateral spectral smearing are asymmetric.

Effects of carrier frequencies of auditory stimuli

In the SYM-I test, there were no significant differences in
ASSR amplitude between the NH, ML, MSL, SL, and HI
cases in the entire group when the carrier frequency was
identical (Fig. 3a). In addition, when comparing cases with
the same smearing level and different carrier frequencies,
significant differences were observed between the two
carrier frequencies for all setups in the entire group
(Fig. 3a). These results imply that the selection of carrier
frequency in an auditory stimulus can affect the amplitude
of the induced ASSR signal regardless of the degree of
spectral smearing.
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Effects of sex of individual

During the SYM-I test, in the female group, there were no
significant differences in ASSR amplitude between the NH,
ML, MSL, SL, and HI cases when the carrier frequency
was fixed (Fig. 3b). By contrast, in the male group, the
same phenomenon was observed only when the carrier
frequency was 500 Hz, and there were significant differ-
ences between the NH and MSL, NH and SL, NH and HI,
and ML and SL cases when the carrier frequency was
2000 Hz (Fig. 3c). When comparing cases with the same
smearing level and different carrier frequencies, a signifi-
cant difference in ASSR amplitude between the two carrier
frequencies was observed only in the ML case of the
female group (Fig. 3b). By contrast, significant differences

in ASSR amplitude were observed between the two carrier
frequencies for all setups in the male group (Fig. 3c). There
were no significant differences in the ASSR amplitude
between the ML, MSL, and SL cases in either the male or
female groups during the SYM-II test (Fig. 4b, c). Signif-
icant differences in the ASSR amplitude between the NH/
MSL and ML/SL cases were commonly observed in both
the male and female groups during the ASYM test (Fig. 5b,
¢). In addition, a significant difference in ASSR amplitude
was observed between the ML/ML (in SYM-II test) and
ML/SL (in ASYM test) cases in the female group (Fig. 5b).
However, no significant difference in ASSR amplitude was
observed between the same cases of the male group
(Fig. 5¢). These results imply that the sex of the individual
can affect the amplitude of the evoked ASSR signal in
various conditions.

Discussion

When comparing the current simulation data with that of
previous reports, Wilding et al. reported that the average
ASSR amplitude in NH cases was higher than in HI cases
when an S;p00{95} stimulus was applied to both ears
simultaneously, which is consistent with the results for
So000{43} in the SYM-I test (Wilding et al. 2012). Ross
et al. reported that the ASSR amplitude monotonically
decreased as the carrier frequency increased from 250 to
4000 Hz in NH individuals, which is consistent with the
results of the SYM-I test (Ross et al. 2000). In addition, the
results of the SYM-I test demonstrated that this trend was
maintained in all smearing-reflected setups. Papakon-
stantinou et al. used two different stimuli, S;p09{38} for
probe stimulus and S;ppp{42} for the interferer, on 20 NH
individuals and reported that the ASSR amplitude was
reduced owing to the existence of the interferer. This is
consistent with the results of our study (Papakonstantinou
et al. 2013). More specifically, the average ASSR ampli-
tudes for S500{37} in the SYM-I test were reduced during
the SYM-II test in all setups and were also reduced during
the ASYM test in the NH/MSL and ML/SL setups. Picton
et al. demonstrated the difference in ASSR amplitude
between female and male groups; more specifically, the
ASSR amplitude of the female NH group was higher than
that of the male NH group (Picton et al. 2009). In our
study, the average ASSR amplitudes of the male group
were 3, 7, 13, and 6% lower than those of the female group
at 5500{37}NH/ML/MSL/HI in the SYM-I test, and 44, 11, 53,
48, and 38% lower than those of the female group at
52000{43}NH/ML/MSL/SL/HI in the SYM-II test, respectively.
In the Mann—Whitney test, the average ASSR amplitudes
of the male and female groups for S;p00{43}msL/sLmr
showed a statistically significant difference. By contrast, in
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the ASYM test, the average ASSR amplitudes of the
female group were 3% and 13% lower than those of the
male group for the NH/MSL and ML/SL setups, although
there were no significant differences. These values coincide
with previous reports and demonstrate the validity of the
current simulation study. Further, Giintekin et al. reported
that females had higher connectivity between different
parts of the brain than males during emotional processes.
This is another case that demonstrates the difference in
EEG parameters between female and male groups as in our
current study (Glintekin et al. 2017). Among the previous
reports, Ross et al., Papakonstantinou et al., and Picton
et al. recruited only NH individuals and did not consider HI
cases (Ross et al. 2000; Picton et al. 2009; Papakon-
stantinou et al. 2013). The reports of Hosseinabadi and
Jafarzadeh, Swanepoel et al., Maanen and Stapells, and Lin
et al. focused only on the relationship between the ASSR
threshold and the degree of hearing loss, not the ASSR
amplitude, because their primary concern was the devel-
opment of a new methodology of EEG-based audiometric
assessment for infants or patients with autism (Hossein-
abadi and Jafarzadeh 2015; Swanepoel et al. 2004; Maanen
and Stapells 2010; Lin et al. 2009). In addition, Wilding
et al. divided the participants into only two (NH and HI)
groups, did not match the ages of the NH and HI groups,
and did not investigate the effect of sex in the HI group
(Wilding et al. 2012). In this study, we performed the
following steps: (1) we divided the degree of spectral
smearing into ML, MSL, and SL as well as NH and HI, (2)
we matched the ages of the participant groups with dif-
ferent degrees of spectral smearing using a hearing loss
simulator (i.e., we minimized the effects of other hearing
loss symptoms vs. the degree of spectral smearing), (3) we
investigated the effect of the symmetricity of bilateral
spectral smearing, (4) we investigated the effect of the
carrier frequency of the auditory stimulus, and (5) we
investigated the effect of sex between participant groups.
These are the key differences of the current study versus
previous reports.

Deteriorated hearing thresholds and reduced spectral
selectivity owing to spectral smearing are the most repre-
sentative clinical symptoms of sensorineural HI. As we
mentioned in the Introduction, the effect of the former is
not serious in BCI applications because it can be avoided
by selecting proper frequencies of auditory stimuli and
adjusting the stimuli volume to a comfortable level for the
individual; however, avoiding the effect of the latter is not
a simple problem. As we demonstrated in our previous
report, the degree and pattern of spectral smearing can
affect the performance of an ASSR-based BCI system
because they can affect the perception of the stimulus, the
degree of concentration on the stimulus, and comfort in
concentration (Hwang et al. 2017). For this reason, to
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improve the clinical usability of the ASSR-based BCI
system for persons with sensorineural HI, it is important to
reflect the degree and pattern of spectral smearing of the
individual in the parameter fine-tuning.

Although we focused on the ASSR-based auditory BCI
in this study, there are several auditory BCI algorithms that
depend on other EEG parameters such as P300. In previous
reports, Arslan et al. reported that the cognitive function
can affect the amplitude and latency of P300, Huang et al.
reported that the amplitude of auditory P300 changes in
accordance with variations in patterns in an auditory
stimulus, and Li et al. reported that the degree of auditory
attention can affect the characteristics of the N1 signal in
an EEG signal (Arslan et al. 2018; Huang et al. 2016; Li
et al. 2017). As the degree and pattern of spectral smearing
can affect the perception of and concentration on the
auditory stimulus, it is expected that the spectral smearing
may also affect the auditory BCI algorithms based on P300
and N1 as well as ASSR.

As the average life expectancy increases, it is expected
that the number of individuals with neurological disease
and sensorineural HI will consistently increase as time goes
on. The National Institute on Deafness and Other Com-
munication Disorders (NIDCD) reported that 30% of
American adults aged 65-74 and 47% of adults aged over
75 had hearing problems owing to aging in 2006 (NIDCD
2006). In addition, Feder et al. reported that 7.7% of
Canadian youth aged 6-19 had hearing impairments, less
than 2.2% of Canadian youth aged 6—19 had sensorineural
HI, and less than 3.5% of Canadian youth aged 6—19 had
conductive HI (Feder et al. 2017). In addition, in a report of
Tufatulin et al., 72% of hearing-impaired adults had sen-
sorineural HI, and among them, 47% had asymmetric HI
(Tufatulin et al. 2018). These surveillance data demonstrate
the importance of considering the native hearing ability of
individuals during the design of auditory BCI systems, as
we discussed in the current study.

The current study had several limitations. First, we
utilized a hearing loss simulator to prevent age mismatches
between participant groups. Although the performances of
the utilized simulator in simulating deterioration in the
hearing threshold and deterioration in the auditory filter
bandwidth were evaluated in a verification study (Fig. 1)
(Hwang et al. 2015), in real-world situations, various
clinical symptoms are observed in patients with sen-
sorineural HI that are not covered by the simulator. These
symptoms include loudness recruitment, dead zones, and
tinnitus. Second, we used linear audiogram patterns to set
the hearing thresholds of the simulator (Fig. 1a). However,
in real-world situations, the patterns are generally non-
linear, and the hearing threshold value at a specific fre-
quency is not unique for a certain degree of HI. Third, we
recruited only young volunteers with NH ability; therefore,
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the effects of alterations in morphology, structure, con-
nectivity, and function of intracranial auditory processing
parts owing to long-term sensorineural HI are not covered
in this study (Emmorey et al. 2003; Smith et al. 2011;
Shibata 2007; Li et al. 2015).

Conclusion

In this study, we investigated the effect of smearing sen-
sation by spectral smearing owing to sensorineural HI on
the amplitude of evoked ASSR signals using the aspects of
severity, symmetricity, carrier frequency, and sex of the
individual without an age-mismatching problem between
groups using a hearing loss simulator. The results of this
study can aid in estimating the effect of decreased auditory
function on the characteristics of the evoked ASSR signal.
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