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Simple Summary: Aural rehabilitation including hearing aids have been used for hearing disturbance such as
hearing loss. However, there remains a need to investigate the effectiveness of aural rehabilitation and the
method. In this study, we evaluated the potential of intelligible-hearing sound therapy as aural rehabilitation
for hearing loss patients with adding the analysis of central cortex response by cortical auditory evoked fields
and magnetic Mismatch negativity.

Abstract: Aural rehabilitation with hearing aids can decrease the attentional requirements of cognitive
resources by amplifying the deteriorated-frequency sound in hearing loss patients and improve the auditory
discrimination ability like speech-in-noise perception. As aural rehabilitation with an intelligible-hearing
sound also can be hopeful, the aim of this study was to evaluate the effectiveness of the aural rehabilitation
with intelligible-hearing sound for hearing loss patients. Adult native Japanese speakers (17 males and 23
females, 68.43+9.23 years) showed over 30 dB at 125, 250, 500, 1000, 2000, 3000, 4000, 8000, 10000, and 12000Hz
on any side, were recruited and underwent Mini-Mental State Examination Japanese. we conducted self-
evaluation questionnaire for hearing problems of voice, gap detection test, fast speech test, and speech-in-noise
test, pure tone audiogram, speech perception test using Japanese 67-S, cortical auditory evoked fields, and
magnetic mismatch negativity before and after the non-intelligible-hearing (N=20) and intelligible-hearing
(N=20) sound therapy with listening to music for one hour a day for 35 days. Better hearing ear was defined
using a four-frequency pure-tone average at the thresholds of 500, 1000, 2000 and 4000 Hz. After the sound
therapy, speech-in-noise test with signal to noise ratio +10 in better hearing ear showed significant
improvement (p<0.05), and N1m-P2m amplitudes showed the significant increase in Lt superior temporal
gyrus at the stimulus from better hearing ear (p<0.05). The significant enhancement of the magnetic mismatch
negativity amplitude at Lt superior temporal gyrus was exhibited after the sound therapy (p<0.01). Intelligible-
hearing sound therapy can improve the ability of speech-in-noise perception in better hearing ear and the
enhancement of central cortex response, which reflect the ability of working memory, was proved by cortical
auditory evoked fields and magnetic mismatch negativity. Intelligible-hearing sound therapy can be a valuable
aural rehabilitation method for sensory neural hearing loss as same as hearing aids.

Keywords: intelligible-hearing (IH) sound; sensorineural hearing loss; speech-in-noise perception;
cortical auditory evoked fields (AEF); N1m-P2m amplitude; magnetic mismatch negativity
(MMNm)
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1. Introduction

Sensorineural hearing loss, including age-related, noise-induced, sudden, and genetic types, is
associated with a lower quality of life due to difficulties in communication. Hearing loss impairs the
ability to hear and understand speech, especially in background noise [1], and deteriorates speech
recognition, leading to increased listening effort (LE) compared to individuals with normal hearing
[2,3]. LE refers to the attentional requirements of cognitive resources required to comprehend
auditory tasks [4,5]. Increased LE, along with additional requirements such as lip reading and top-
down processing to understand conversations, further impairs listening-in-noise abilities [6,7] and
causes fatigue [8,9,10,11]. The impact of fatigue, along with environmental and circumstantial factors,
negatively affects cognitive processing, quality of life, and workplace productivity in individuals
with hearing loss [4,9]. Additionally, sensorineural hearing loss like age-related hearing loss
exacerbates speech comprehension difficulties due to combined effects of degraded speech signal
transmission from the cochlea to the central nervous system for cognitive and linguistic processing
and declines in episodic memory, processing speed, and working memory. These sensory deficits
from peripheral to central nervous systems accelerate cognitive and neural decline, often
accompanied by fatigue. Regarding hearing disabilities, including fatigue induced by hearing loss,
aural rehabilitation is an effective treatment. This encompasses hearing aids, hearing assistive
technologies, auditory training, music therapy, counseling, and support groups. Aural rehabilitation
can improve or mitigate cortical and cognitive function decline, as well as subcortical physiological
deterioration [12]. Significant improvements in working memory, encompassing both cognitive and
neural functions, have been demonstrated after six months of hearing aid use [12]. Additionally,
improvements in short-term memory and learning ability have also been recognized after six months
of hearing aid use [13]. Hearing aids are effective for tinnitus as they transmit high-frequency sounds
that adequately stimulate the hearing pathway, leading to inhibition in the cortex and auditory
pathway, which causes tinnitus. Neuro-music therapy is effective for recent-onset tinnitus [14], and
constraint-induced sound therapy can prevent maladaptive auditory cortex reorganization in cases
of sudden sensorineural hearing loss [15]. The effectiveness of aural rehabilitation, as mentioned
above, makes hearing aids the most common treatment for mild-to-moderate hearing loss and
tinnitus by amplifying deteriorated-frequency sounds. However, many people do not consistently
use hearing aids [16,17,18]. Around 50% of users wear their hearing aids for less than 8 hours per day,
and about 40% do not use them daily [19]. Dissatisfaction with hearing aids often arises from various
factors such as handling ability, sound quality, type of hearing aid, listening situation, level of
experience, expectations, personality, and user attitude [20,21]. The key to successful rehabilitation is
selecting aural rehabilitation methods that patients can maintain over the long term and the duration
of rehabilitation. Considering aural rehabilitation compliance, other forms of aural rehabilitation
besides hearing aids are also promising for hearing disturbances. Our previous report mentioned that
rehabilitation with intelligible-hearing (IH) sound using an IH loudspeaker, which emphasizes high
tone ranges and reduces sound distortion, can improve pronunciation discrimination by enhancing
cortical auditory processing [22].

The mechanisms of aural rehabilitation primarily involve stimulating cortical auditory
processing by supporting degraded hearing ability through the amplification of high-frequency
sound ranges. Providing intelligible sound from a speaker or other rehabilitation system without
causing dissatisfaction in its use will help hearing loss patients continue aural rehabilitation over the
long term. Therefore, the concept of a personal communication support system (COMUOON pocket,
Universal Sound Design, Tokyo, Japan) was developed based on the technology of the IH
loudspeaker (a communication support system, COMUOON, Universal Sound Design, Tokyo,
Japan). The sound collector emphasizes high frequency sound ranges and reduces distortion of
higher harmonics, similar to COMUOON. The improvement in hearing ability after using the
COMUOON pocket is suggested by some patient-oriented self-assessment results in their daily lives.

To effectively measure the impact of aural rehabilitation, it is essential to monitor cortical
function, which includes cognitive and neural functions, alongside physiological changes in auditory
response. Cortical auditory evoked potentials (AEPs) and auditory evoked fields (AEFs) are long-
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latency potentials generated in response to auditory stimuli. The AEPs is dominated by the P1-N1-
P2 waveform complex, with P1 originating primarily in the lateral portion of Heschl’s gyrus [23,24],
N1 in the primary and secondary auditory cortices [25,26,27,28], and P2 in multiple generators within
the primary and secondary auditory cortex in Heschl’s gyrus of both hemispheres [29]. AEPs/AEFs
can be elicited by the onset, offset, or change in an ongoing sound and are generated without active
participant attention or behavioral response [30]. AEPs/AEFs have been measured as objective
markers for hearing, cognition, and various physical and mental illnesses [31,32,33].

Mismatch negativity (MMN) and magnetic MMN (MMNm) are pre-attentive auditory event-
related potential (ERP) components elicited by infrequent changes in a repetitive acoustic pattern,
reflecting the brain’s automatic response to auditory stimuli changes. MMN/MMNm is attributed to
neural generators within the temporal and frontal lobes and represents higher-order processes in
auditory deviance detection [34]. MMN/MMNm is used to assess the accuracy of central auditory
processing, auditory discrimination abilities, and sensory memory. MMN/MMNm has been
measured to evaluate the effectiveness of hearing aids and other auditory devices in speech-in-noise
perception [35,36]. Therefore, the AEPs with the P1-N1-P2 waveform complex and MMN/MMNm
have been used to detect the response of the auditory cortex, demonstrating the effectiveness of aural
rehabilitation.

As improvements in hearing ability in daily life after using the COMUOON pocket are
occasionally recognized, we hypothesized that aural rehabilitation with IH sound in hearing loss
patients can decrease the attentional requirements of cognitive resources by amplifying deteriorated-
frequency sounds. This can alter the response of cortical auditory processing, thereby improving
auditory discrimination ability in conversations with or without noise. Given the potential of aural
rehabilitation with IH sound to enhance discrimination ability in ordinary conversations with or
without environmental noise, the aim of this study was to evaluate the relationships between aural
rehabilitation with IH sound for hearing loss patients and improvements in hearing level, speech
perception ability, self-assessment of hearing loss, and various hearing abilities associated with
auditory processing. This evaluation included AEFs and MMNm analysis to assess changes in
auditory processing.

2. Materials and Methods

2.1. Participants

Participants underwent pure-tone audiometric tests (PTA) to measure both air-conduction (125,
250, 500, 1000, 2000, 3000, 4000, 8000, 10000, and 12000Hz) and bone-conduction (250, 500, 1000, 2000,
3000, and 4000Hz) thresholds. Adult participants with hearing impairment, native Japanese speakers
(17 males and 23 females, 68.43+9.23 years), who showed thresholds over 30 dB at the above
frequencies in either ear, were recruited for this study. They had no history of neurological or
psychiatric diseases and were not current hearing aid users (3 participants had previously used
hearing aids for 1 to 8 years, with a period of 1 to 7 years since last use). None of the participants were
musicians or had received any special musical training.

The study protocol was approved by the Ethics Committee of Hiroshima University. All
participants provided written consent prior to participation and received compensation for the study.

2.2. Study Design

All participants underwent cognitive evaluation using the Mini-Mental State Examination
Japanese (MMSE-]: cutoff value <23 for dementia, <27 for mild cognitive impairment) on day 1.
Participants in this prospective study were fitted with earphone-type sound collectors. Normal sound
therapy using a standard sound collector was provided to participants randomly assigned to the
control group (Ctrl). The IH sound collector (COMUOON pocket, Universal Sound Design, Tokyo,
Japan), which provides high-quality sound by emphasizing high-frequency ranges and reducing
distortion of higher harmonics for better formant perception, was provided to the other participants
as the IH sound therapy group (HQ). Both groups received sound therapy through the sound
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collectors by listening to preferred songs and/or tunes selected by each participant for one hour a day
for 35 days. Self-evaluation questionnaires for hearing problems related to voice (Figure 1) [37],
auditory processing tests (APT) including gap detection test (GDT), fast speech test (FST), and
speech-in-noise test (SINT: signal-to-noise ratio (S/N) +10, +5, 0, -5, -10, -15), PTA as described above,
and speech perception tests using Japanese 67-S were conducted on days 1 and 35. The better hearing
ear was defined using a four-frequency pure-tone average (PTA) at the thresholds of 500, 1000, 2000,
and 4000 Hz [38].

Self-evaluation questionnaire for hearing problems Yes(x5) |Maybe(x3) |No(x1)
When multiple people talk at once, it's hard to understand. O O O
| often can’t understand conversations in the car. O O O
Recently, it feels like people around me are mumbling and not speaking clearly. OJ O O
My family and friends seem to think | should try wearing a hearing aid. O O O
| work (or have worked) in a noisy environment with loud sounds. O | O
| ask the other person to repeat themselves, or | guess what they said. O O O
| find it easier to understand when | look at the person I'm talking to. O O O
| often can’t understand the dialogue in TV shows and dramas. O O OJ
Sometimes | don’t notice my phone ringing. O O O
“I struggle to understand the content of discussions in meetings, classes, and gatherings. |[J OJ OJ
total point
B~ % 00 B DI z517 ZoIDbL [FABT
(x5) nan(x3) | &gk
AU EDADERFICGELIRD S & L<KEHERN AL LD O O O
BEIEOFRTOED, @MEE>TL20h &L CEHERNAL O O O
DA, AEODADNETES EE-EY LIEFETELTLWALWLSIZEL S O O O
RIECHAREN, FEERE DT THAIZLEEZITWE LS 0 0 0
BEOZVBEBPI2SVARELETOTIREICVD (Wl en'H ) O O O
BFICHSI—ERVELESTRLWEBAIY, Z5 THIFNIZHERNL THlS 2 O O O
ELBEFOBERTCVWRIESINENL N B ERL S 0 0 O
TLE - FoIvohntw) 7L CEEERNEL 0 O O
EFBEOFOHLEBICINEL BN N H D O O O
E4 2H BELCOBTOFONAN LI SR TR O O O
&t =

Figure 1. Self-evaluation questionnaire for hearing problems related to voice. The total score was
calculated. The translated version of the test is shown above, and the original test used in this study
is shown below.

1.GDT test

The GDT was utilized to assess temporal processing ability. Each trial included three
presentations of white noise without a silent gap and one presentation with a silent gap, with
durations ranging from 2 to 34 ms. Participants responded to the presence of a gap in each trial. The
stimuli were adaptively varied, and the threshold of gap duration yielding a 50% correct performance
was measured.

2.FST test

The FST was employed to evaluate auditory closure ability. The stimuli comprised 20 context-
free Japanese three-clause sentences, delivered at three different speaking speeds: normal, 1.5x, and
2x. Participants were required to respond to the sentences at each speed. The percentages of correct
responses were calculated for the beginning, middle, and end of the clauses at each speaking speed.”

3.SINT

The SINT was utilized to assess auditory closure ability. The stimuli consisted of a mixture of 36

two-mora Japanese words and speech-spectrum noise, with signal-to-noise ratios (S/N) of -15, -10, -
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5,0, +5, and +10 dB. Participants responded to the presented words, which were simultaneously and

randomly delivered to both ears. The accuracy rates of SINT at each S/R were calculated.

2.3. Magnetoencephalography Recording

Magnetoencephalography (MEG) recordings were conducted in a magnetically shielded room
(MSR). Due to equipment repairs, 27 recruited participants were examined (Table 1). Functional
auditory evoked fields (AEFs) and MMNm were measured using a 306-channel MEG system
(Vectorview; ELEKTA Neuromag, Helsinki, Finland) with 102 identical triple sensor elements: two
orthogonal planar gradiometers and one magnetometer coupled to a multi-superconducting
quantum interference device (SQUID), providing three independent measurements of the magnetic
fields. Data were recorded with a band-pass filter of 0.1-200 Hz and digitized at 1000 Hz. Epochs
with MEG signals larger than 3.0 pT/cm were excluded from averaging. Collected MEG signals from
204-channel planar-type gradiometers were analyzed with an offline band-pass filter of 1-50Hz.

1. Auditory evoked fields (AEFs)

A train of clicks (60 ms) was presented as the auditory stimulus, consisting of single sine waves
of 1 ms at 1000 Hz and 4000 Hz, with a repetitive frequency of 3.33 Hz, at three different sound
pressures (50 dB, 55 dB, and 60 dB HL), with 240 repeats of the same click. Auditory stimuli were
presented bilaterally, respectively. Each stimulus was started at 50 dB HL and increased in steps of
55 dB and 60 dB HL. Additional bilateral auditory stimuli (1000 Hz, 60 dBHL) were also presented to
identify auditory cortical regions. Sound stimuli were delivered through plastic tubes and earpieces
(E-A-RTone 3A; Aero Company, Indianapolis, IN) using the NBS Presentation software
(Neurobehavioral Systems, Albany, CA, USA).

An equivalent current dipole (ECD) analysis was applied using Neuromag source modeling
software (ELEKTA Neuromag, Helsinki, Finland). The ECD model of magnetic N1 (N1m) was
estimated using 14-20 sensors (7-10 pairs of gradiometers) in the bilateral hemispheres with bilateral
auditory stimulation (1000 Hz, 60 dBHL). The ECD coordinates estimated in the bilateral superior
temporal gyrus (STG) based on a goodness of fit (GOF) exceeding 80% were selected. The ECD
coordinates were superimposed on the responses recorded with the other conditions. The peak-to-
peak amplitude of N1m-P2m (magnetic P2) in each task was analyzed before and after the sound
therapy.”

2.MMNm

The oddball task was presented from the bilateral ear with two random auditory stimuli: a
deviant stimulus (20%, 1000 Hz) and a standard stimulus (80%, 500 Hz), both with a repetitive
frequency of 3.33 Hz and a sound pressure of 50 dB HL. The response were analysis in the same
manner as in the AEFs analysis. MMINm responses were computed by subtracting the evoked
response for the standard stimulus from that of the deviant stimulus, and the peak-to-peak amplitude
around 150 ms was analyzed before and after the sound therapy.”

2.4. Statistical Analysis

Experimental data were analyzed using paired t-tests and two-sample t-tests. All p-values were
two-tailed, and p<0.05 was considered significant. All statistical analyses were performed using SPSS
software (SPSS version 24; IBM, NY). Numerical data are represented as mean + SD.

3. Results

3.1. The Participants

Patient demographics are shown in Table 1. There were no significant differences in the
demographics of participants between the two sound therapy groups. The IH sound collector
primarily emphasizes high frequency ranges and reduces distortion of higher harmonics to improve
formant perception. Therefore, we created subcategory groups, excluding those with a threshold
level over 70 dB at 10,000 Hz bilaterally (HF-Ctrl: high-frequency hearing loss control / HF-HQ: high-

d0i:10.20944/preprints202409.1109.v1
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frequency hearing loss HQ), to analyze the effectiveness of the IH sound therapy. The maximum
output level of the IH sound collector is approximately 75-80 dB HL in high-frequency ranges around
10,000 Hz. The better hearing ear was defined based on the average threshold level according to
WHO criteria, averaging thresholds at 500, 1000, 2000, and 4000 Hz. All PTA, SPT, and auditory
processing tests were analyzed in terms of the better or worse hearing ear based on the PTA results

from day 1.

Table 1. patient’s demographics. There were no significant differences in the demographics of

participants between the two sound therapy groups.

audiological examination HQ Ctrl p value
case 20 20

sex M10,F10 M7,F13 p<0.337

age 69.4+7.81 67.45+10.57 p<0.511

better ear PTA 29.5625+11.314 | 28.8125+15.290 p<0.861

worse ear PTA 38.9375+14.936 | 36.1250+18.987 p<0.606

MMSE 28.9£1.293 28.45+2.0894 p<0.418

audiological examination HF-HQ HF-Ctrl p value
case 15 13

sex M8,F7 M9,F4 p<0.229

age 69.47£7.5 64.85+10.645 p<0.192

better ear PTA 28.9167+12.772 | 22.0192+8.758 p<0.113

worse ear PTA 35.0000+12.7037(29.2308 £ 14.49264 p<0.272

MMSE 28.667+1.3452 | 29.000*1.7795 p<0.578

AEFs and MMNm HQ Ctrl p value
case 14 13

sex M7,F7 M4,F9 p<0.310

age 67.29+7.447 69.69+9.295 p<0.463

better ear PTA 25.7143+8.459 |28.9523£15.2227] p<0.498

worse ear PTA 36.6071+15.6849]35.6731+16.2469|] p<0.880

MMSE 29.143+£0.9493 | 29.077=*1.7059 p<0.901

AEFs and MMNm HF-HQ HF-Ctrl p value
case 10 8

sex M6,F4 M3,F5 p<0.343

age 68.0£8.246 68.25£8.311 p<0.950

better ear PTA 23.875+8.92581 |21.7188+10.0209|] p<0.636

worse ear PTA 30.8750%+1.54175]29.0625+ 14.86171] p<0.766

MMSE 29.000£0.9428 | 29.500*1.4142 p<0.382

3.2. Self-Evaluation Questionnaire
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The self-evaluation questionnaire for hearing problems related to voice did not show any

differences among the sound therapy groups, including HF-Ctrl and HF-HQ, on days 1 and 35, nor
in the changes between days 1 and 35.

3.3. PTA Measurement and Speech Perception Test

The average threshold level in air-conduction PTA, the sound levels at 50% perception, and the
maximum perception percentage in SPT did not show any differences among the sound therapy
groups, including HF-Ctrl and HF-HQ, on days 1 and 35, nor in the changes between days 1 and 35.

3.4. Auditory Processing Test

1. GDT

GDT did not show any differences among the sound therapy groups, including HF-Ctrl and HE-
HQ, on days 1 and 35, nor in the changes between days 1 and 35.

2.FST

FST did not show any differences among the sound therapy groups, including HF-Ctrl and HF-
HQ, on days 1 and 35, nor in the changes between days 1 and 35.

3.SINT

SINT with S/N+10 in the better hearing ear showed significant improvement after sound therapy
in HQ and HF-HQ groups (p<0.05) (Figure 2), whereas Ctrl and HF-Ctrl groups did not exhibit any
significant differences. The improved accuracy rate in HQ and HF-HQ, calculated by subtracting the
pre-therapy accuracy rate from the post-therapy accuracy rate, showed a significantly higher
improvement rate in HF-HQ compared to HF-Ctrl in SINT with S/N+10 in the better hearing ear
(p<0.01). The improvement in SINT with S/N+10 after sound therapy was widely recognized in HQ,
independent of the hearing level in the better hearing ear and the accuracy rate in S/N+10 before

sound therapy.
A) HQ:better hearing ear B) Ctrl:better hearing ear C) HQ/Ctrl:better hearing ear
=Y =
100 W pre therapy 100- . pre therapy = o M
g 3 post therapy ;E 3 post therapy § % o cl
H *p<0.05 g \ g
2 50 2 5 g0 0 ) i}
g £ H
H g 2
H 8 I H
o Y : 'E z R ) T T T T T
S/N+10 S/N+5 S/N+0 S/IN-5 S/N-10 S/N-15 SIN+10 S/N+5 SIN+0 S/N-5 S/N-10 SIN-15 SIN+10 S/N+5 S/N+0 S/N-5 S/N-10 SIN-15
D) HF-HQ:better hearing ear E) HF-Ctrl:better hearing ear F)  HF-HQ/HF-Ctri:better hearing ear
< ~ 40 X%
mm pre therapy 100 mm pre therapy g o HFHQ
9 =3 post therapy g B3 post therapy E 2 o HF-Clil
g * p<0.05 g 8 } { ** 00,01
) ) g {
I s 5
g 3 3
] ] H 20
E

T T T T T T
SINEASMLT SINSD SIS SIN-10 ST, SIN+10 SIN+5 SIN+0 SIN-5 SIN-10 SIN-15

G)

improved accuracy rate(%)

Figure 2. SINT in the better hearing ear: HQ and HF-HQ exhibited significant improvement in S/N+10
after sound therapy (A, D), whereas Ctrl and HE-Ctrl did not show any significant differences (B, E).
The improved accuracy rate in the better hearing ear in HQ did not show any significant differences
compared to Ctrl (C), but HF-HQ exhibited significant improvement in S/N+10 compared to HF-Ctrl
(F). (G) Hearing level in the better hearing ear and improved accuracy rate with the accuracy rate in
S/N+10 before sound therapy in HQ. Improvement in SINT in S/N+10 was observed across all hearing
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levels in this study, with the higher improvement seen in those with low accuracy rates before sound
therapy.

3.5. Magnetoencephalography Recording

1. ECD analysis moment and Auditory evoked potentials

Bilateral auditory stimuli of 1000 Hz at three different sound pressures (50 dB, 55 dB, and 60 dB
HL) elicited clear magnetic deflections (N1m and P2m) after stimulus onset in the bilateral STG in
response to each stimulus side. However, auditory stimuli of 4000 Hz at the same sound pressures
did not show clear magnetic deflections of N1m and P2m under any conditions on day 1 (Figure 3).
Based on these results, we analyzed the N1m and P2m components in the auditory stimuli of 1000
Hz. Inter-peak amplitudes of N1m-P2m were measured by subtracting the instantaneous amplitude
at the peak latency of P2m from the instantaneous amplitude at the peak latency of N1m. Given that
SINT with S/N+10 in the better hearing ear at HQ and HF-HQ showed significant improvement after
sound therapy, we analyzed AEFs, including both latency and amplitude of NIm and N1m-P2m
peak-to-peak in the left STG, between pre- and post-sound therapy and between HQ/HF-HQ and
Ctrl/HF-Ctrl. Compared to Ctrl/HF-Ctrl, HQ/HF-HQ showed a significant increase in the amplitude
of N1m-P2m in the left STG at stimuli of 55 dB (HQ) and 60 dB (HQ/HF-HQ) from the better hearing
ear (P<0.05) after sound therapy (Figure 4). The latency and amplitude of N1m did not show any
significant differences in any group in this study in either STG (data not shown).

Lt stim Rt stim
pre post pre post
E
ff; 10 Nim 10 10 10
50dBHL | ¢ [P 0(»«7%\\ 0 0p= h
2 \ s
£ A \ Y N
E—IO—E{E— -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
1000Hz T
pure Z 10 10 10
2
tone  SOUBHL| ¢ o b 0,&\%& o\
£ WA /7 N .
Q
2-10 -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
E
z 0 . 10 10 10
60dBHL o,ﬁ% s\ e S L
s E VA 7 > N
o -10 -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
E
Z 0 10 10 10
SOdBHL 0 O~ Oper———_ 0=\
Q
Q-0 -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
E
4000Hz z 0 10 10 10
pure  55dBHL e T | e i
tone 5 B
2-10 -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
£
% 10 10 10 10
60dBHL % I I N I S Sy s
[=]
Q-0 -10 -10 -10
0 100 200 0 100 200 0 100 200 0 100 200
time{ms) time(ms) time(ms) time(ms)
left STG right STG | HQgroup, N=14

Figure 3. STG responses to 1000 Hz and 4000 Hz pure tone stimulation at 50, 55, and 60 dB (HQ group,
n=14) (Lt: left, Rt: right): Stimulation at 1000 Hz elicited N1m and P2m responses, whereas stimulation
at 4000 Hz did not elicit any clear magnetic deflections.
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Figure 4. N1m-P2m amplitude in the left STG (Lt STG): HQ (A) and HF-HQ (B) exhibited significant
improvement in N1m-P2m amplitude at 55 dB (HF-HQ) and 60 dB (HQ/HF-HQ) (p<0.05), whereas
Ctrl/HF-Ctrl did not show any significant change in the left STG after sound therapy.

2.MMNm

Superimposed auditory-evoked fields in HQ and Ctrl are shown in Figure 5. Clear deflections
(MMNm) were observed around 100-250 ms. MMNm was measured and analyzed between HQ/HEF-
HQ and Ctrl/HF-Ctrl. In HQ and HF-HQ, a significant increase in MMNm amplitude was observed
at the left STG after sound therapy (p<0.01 for HQ and p<0.05 for HF-HQ), whereas no significant
differences were observed at the right STG in HQ/HF-HQ or at either STG in HF-Ctrl (Figure 6).
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Figure 5. Superimposed auditory-evoked fields in HQ and Ctrl. Blue indicates pre-sound therapy,
and red indicates post-sound therapy. Clear deflections (MMNm) were observed around 100-250 ms
in both STG for HQ and Ctrl. Data are represented as mean + SD.
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Figure 6. MMNm amplitude in left (Lt) and right (Rt) STG at pre- and post-sound therapy: HQ/HE-
HQ showed a significant increase in MMNm amplitude at the left STG after sound therapy (p<0.01
for HQ and p<0.05 for HF-HQ), whereas Ctrl/HF-Ctrl did not exhibit any significant differences
between pre- and post-sound therapy.

4. Discussion

The effectiveness of aural rehabilitation for hearing disturbances, such as hearing loss and
tinnitus, is widely recognized. Hearing aids, a common method of aural rehabilitation, are
extensively used worldwide, especially for patients with hearing loss. Sensory devices like hearing
aids can mitigate the effects of sensory loss by restoring certain aspects of sensory functioning [40,41].
Hearing aids can improve speech-in-noise perception, which is linked to cognitive and signal
processing [42]. Additionally, the use of hearing aids enhances working memory performance, which
is often diminished by hearing loss, and increases cortical amplitudes, correlating with changes in
working memory [12]. These findings suggest that aural rehabilitation for sensorineural hearing loss
can improve cognitive and neural functions by restoring the sensory-cognitive connection, thereby
enhancing speech-in-noise perception through improved working memory performance. In this
study, IH sound therapy improved the SINT of S/N+10 in the better hearing ear, with significant
improvement also observed in HF-HQ compared to HF-Ctrl. The effectiveness of IH sound therapy
was evident in hearing loss up to around 60 dB, and the improved accuracy rate appeared to be
inversely proportional to the pre-accuracy rate of SINT of S/N+10. These results suggest that IH sound
therapy is as effective in improving hearing function as hearing aids. The IH sound collector can
amplify sound up to approximately 75-80 dB at around 10,000 Hz (company-provided data; not
shown), and IH sound therapy was particularly effective for patients with sensorineural hearing loss
who can hear high-frequency sounds at 10,000 Hz at 70 dB. Adequate intelligibility stimulation in the
high-frequency range is necessary to mitigate the effects of sensory hearing loss and improve speech-
in-noise perception in these patients. Improvement in the SINT of S/N+10 in the better hearing ear
was also observed after normal sound therapy in some Ctrl and HF-Ctrl cases. Patients who cannot
hear high-frequency sounds at 10,000 Hz at 70 dB cannot receive high-frequency sound stimulation
from the sound therapy due to limitations in both cochlear function and sound collector specifications,
but they can still receive adequate low-frequency sound stimulation.

Based on the improved accuracy rates between Ctrl and HF-Ctrl, the enhancement provided by
standard sound therapy was primarily observed in patients with severe high-frequency hearing loss,
specifically those with thresholds exceeding 70 dB at 10,000 Hz. The results suggest that some patients
with severe sensorineural hearing loss at 10,000 Hz can benefit from low-frequency stimulation
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without intelligibility, as it effectively stimulates the auditory system. These findings indicate that
early-stage sensorineural hearing loss (up to 70 dB at 10,000 Hz) requires high-frequency
intelligibility sound stimulation to restore the sensory-cognitive connection. In contrast, late-stage
sensorineural hearing loss (over 70 dB at 10,000 Hz) benefits more from low-frequency sound
stimulation due to severe high-frequency hearing loss than early-stage sensorineural hearing loss.
Sound therapy for severe high-frequency hearing loss may improve speech-in-noise perception even
without intelligibility sound. This is likely because sensorineural hearing loss typically begins in the
high-frequency range and progresses to lower frequencies. In the early stages, patients lack high-
frequency information and need high-frequency intelligibility sound. In the late stages, they require
a full range of frequency information but cannot receive adequate high-frequency stimulation due to
cochlear limitations and sound collector specifications. It is recognized that most patients with high-
frequency hearing loss can utilize low-frequency speech cues better than those with normal hearing,
as the brain areas usually responsive to high frequencies adapt to analyze low-frequency sounds [43].
In this context, some patients can reestablish the sensory-cognitive connection even with low-quality
sound, as it still provides some stimulation to the central cortex. Our results showed that the
improvement rate of speech-in-noise perception varied from poor to good with non-IH sound
therapy and from fair to good with IH sound therapy. This indicates that non-IH sound therapy can
sometimes offer better stimulation for speech-in-noise perception but can also occasionally worsen it
due to the lack of intelligibility sound, which may fail to stimulate or even deteriorate the sensory-
cognitive connection. Conversely, IH sound therapy consistently provides better stimulation with
intelligibility sound, effectively stimulating the sensory-cognitive connection in all hearing loss
patients. Therefore, IH sound therapy is superior to non-IH sound therapy and is recommended for
all patients with sensorineural hearing loss.

However, it remains unknown whether aural rehabilitation using IH sound therapy can
counteract the deterioration of brain function associated with auditory processing. The N1m-P2m
complex, a component of the AEFs, originates primarily in the auditory cortex and is associated with
the detection and processing of auditory stimuli [29,44]. The amplitude and latency of these waves
can vary depending on cognitive load and the individual’s working memory capacity, reflecting the
brain’s increased effort to process and store auditory information [44,45]. The N1-P2 complex is also
a marker of sensory memory [46] and auditory learning plasticity [47,48,49]. The N1-P2 response has
advantages such as better frequency specificity, inclusion of higher neurologic centers, and less
reliance on patient relaxation [50]. Consequently, the N1-P2 complex has been studied in various
contexts, including its relationship with cognitive processes like working memory [51,52].
MMN/MMNm is also measured to evaluate automatic cortical auditory processing, selective
attention, and neuronal memory trace [53,54]. MMN/MMNm depends on the degree of sensorineural
hearing loss and the intensity of stimuli (sound volumes) [55], with significantly reduced amplitude
and prolonged latency in hearing-impaired individuals compared to those with normal hearing
[56,57]. Music training can shorten the latencies to harmonic, complex, and speech stimuli, possibly
facilitating neural processing of acoustic parameters, which manifests in concomitant behaviors like
speech perception [58]. The shortening of MMN/MMNm latencies and increased MMN/MMNm
amplitude by speech stimuli were also observed after using IH loudspeakers for IH sound
stimulation, which is the basis of this study. Therefore, MMN is measured to evaluate hearing levels
and discriminative functions, including speech perception, and to analyze the effectiveness of aural
rehabilitation [22]. In our study, HQ/HF-HQ exhibited significant improvement in N1m-P2m
amplitude at 55 dB (HF-HQ) and 60 dB (HQ/HF-HQ) (p<0.05) in the left superior temporal gyrus (Lt
STG). Additionally, HQ/HF-HQ showed a significant increase in MMNm amplitude at Lt STG
(p<0.01 for HQ, p<0.05 for HF-HQ) after sound therapy. This proves that repetitive stimulation of the
auditory cortex can enhance auditory processing [59]. These results demonstrate that IH sound
therapy can provide superior sound stimulation to improve cognitive processes, including working
memory and auditory learning plasticity. As MMN/MMNm amplitude reflects automatic cortical
auditory processing, selective attention, and neuronal memory trace, and is closely associated with
the enhancement of discriminative functions such as speech perception regardless of effort, these
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results explain the improved SINT scores in S/N+10 in the better hearing ear after IH sound therapy.
The improvement in speech-in-noise perception is likely induced by aural rehabilitation using IH
sound therapy, with sound being a key factor in stimulating the auditory cortex and enhancing
cognitive processes, including working memory. Furthermore, the effectiveness of sound therapy
with music has already been demonstrated. Previous reports have indicated that constrained
listening rehabilitation with music, in addition to corticosteroid therapy, can significantly improve
both hearing levels and auditory cortex responses in cases of sudden sensorineural hearing loss [15].
In our study, we used music for sound therapy, which may also contribute to the positive results in
speech-in-noise perception in the better hearing ear. Hearing impairment induces a decline in speech
perception, especially in noisy situations, leading to poor communicative ability and a decline in
cognitive function, which often complicates other dysfunctions such as dementia [60]. Therefore,
various aural rehabilitation methods have been investigated, but no unified method has been
established [61,62]. On the other hand, hearing aids can improve speech-in-noise perception by
enhancing cognitive function through changes in the central cortex response. The development of
hearing aids has focused on device modifications to reduce user dissatisfaction, but some individuals
persistently refuse to use them. IH sound therapy with repetitive music stimuli also shows potential
for improving speech-in-noise perception, similar to hearing aids. The duration of rehabilitation is a
crucial aspect of aural rehabilitation. IH sound therapy with repetitive music stimuli is likely more
enjoyable than simply hearing natural sounds, and the sound collector provides only music without
amplifying background environmental noise. Therefore, improved sound intelligibility mixed with
music may become an alternative method for hearing-impaired patients instead of hearing aids.

However, there are some limitations. In this study, we could not analyze the optimal periods for
IH sound therapy, such as the duration of daily use and the total time of sound therapy. Additionally,
we could not include more severe hearing loss patients to determine whether they could be
candidates for IH sound therapy, and we did not assess satisfaction with IH sound therapy compared
to hearing aids. These aspects should be evaluated for IH sound therapy to become a more common
aural rehabilitation method in the future. Further studies are needed to investigate the efficacy and
satisfaction of IH sound therapy for sensorineural hearing loss.

Conclusions

IH sound therapy can improve speech-in-noise perception in the better hearing ear, as
demonstrated by AEFs and MMNm results, which reflect enhanced central cortex response and
working memory ability. Therefore, IH sound therapy can be a valuable aural rehabilitation method
for sensorineural hearing loss, comparable to hearing aids.
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