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Background and Aim: Effective communication relies on understanding speech in noise,
which can be challenging, especially for hearing-impaired children. Auditory attention
influences speech perception in noise, and auditory attention training can help improve
this critical auditory skill. Today’s neuromodulation methods are used in rehabilitation.
Transcranial-Direct-Current-Stimulation (tDCS) is a promising approach among these
methods. Our hypothesis was that combining electrical stimulation with behavioral auditory
training could accelerate and enhance the effectiveness of auditory training, improving
speech comprehension in noise.

Methods: A pilot study was conducted on 8 children with moderate to severe hearing loss.
In this study, tDCS was administered to the dorsolateral prefrontal cortexes in addition
to behavioral auditory attention training. The participants were divided into two groups,
one receiving real stimulation and the other receiving sham stimulation. 20 minutes of
intervention were conducted through ten sessions. The Test-of-Everyday-Attention-for-
Children (TEA-CH) and the monaural-Selective-Auditory-Attention-Test (mSAAT)
tests were used as behavioral assessments, and the auditory P300 were recorded as an
electrophysiological test to measure attention. Also, speech-in-noise tests were utilized. All
tests were conducted before, immediately, and one month after training.

Results: Children in both groups demonstrated noticeable progress in all tests following
the training sessions. There was a significant difference in the level of improvement in
mSAAT, TEA-CH, word-in-noise, and P300 latency between the two groups. Improvement
was more remarkable in children receiving real stimulation.

Conclusion: When behavioral attention training is combined with attention neuromodulation
through tDCS, it may enhance rehabilitation effectiveness and increase the stability of tDCS
effects.
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Introduction

eople mainly communicate through
speech for various purposes, such as
socializing and learning. However,
noisy environments often make it
difficult to understand speech clearly,
posing a challenge for everyone. People with hearing
loss often struggle with speech perception, especially
in noisy group settings, which can significantly
impact verbal communication. Understanding speech
involves the auditory system’s peripheral and central
functions. Cognitive skills like attention, memory, and
comprehension are necessary, especially in challenging
listening environments. Successfully understanding
speech relies on a combination of bottom-up (sensory)
and top-down (cognitive) processes [1]. The ability
to concentrate and sustain attention in the presence
of background noise is a crucial cognitive trait that
significantly impacts communication effectiveness.

In a recent study, researchers discovered significant
differences in cognitive abilities in hearing-impaired
children. Children with hearing loss may struggle to
maintain focus when listening to multiple speakers [2].
Researchers have identified significant brain changes
in children with Congenital Sensorineural Hearing
Loss (CSNHL), affecting regions related to auditory
processing, and cognitive abilities [3, 4]. This illustrates
the broad impact of CSNHL on child development and
learning, highlighting the need for targeted interventions.
Additionally, preschool children with SNHL show
altered functions in the prefrontal cortex, suggesting
that early hearing loss can affect cognitive behavior [5].
Recent research has highlighted the crucial involvement
of the Prefrontal Cortex (PFC) in the auditory pathway
and its function in top-down regulation [6]. While
modern hearing aids can maintain speech qualities with
remarkable fidelity, they are limited in their effectiveness
in noisy environments. Hearing-impaired children
require auditory training to enhance speech perception
in noise after they have worn hearing aids. In recent
years, training methods such as top-down or bottom-up
approaches have been used to address the challenges
of speech perception in noise [7]. Training designed to
improve auditory attention can significantly enhance a
person’s ability to understand speech in noise, helping
them focus better amid distractions.
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Neuroenhancement uses noninvasive techniques to
improve cognition, and there is a growing trend in using
neuromodulation devices like transcranial Direct Current
Stimulation (tDCS) [8]. In recent years, in addition to
traditional rehabilitation, neuromodulation has been
considered a low-risk approach for addressing cognitive
issues. Researchers have observed that tDCS affects
healthy individuals’ cognitive functions, like attention
and memory. According to Rooholamini et al., the tDCS
intervention program improves the selective attention
and flexibility of students with learning disabilities [9].
The research conducted by Lema et al. showed the effects
of tDCS on improving the attention networks of healthy
students [10]. Moslemi et al.’s research demonstrated the
effectiveness of tDCS in improving attention and visual-
auditory working memory in dyslexic children [11].

The primary method through which tDCS affects
the cerebral cortex is by slightly modifying the resting
membrane potentials of neurons below the threshold.
tDCS stimulates glutamatergic neurons, reduces GABA
activity, and modulates N-Methyl-D-Aspartate (NMDA)
and o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors. The level of post-synaptic AMPA
receptors determines whether activation of a presynaptic
neuron leads to supra-threshold post-synaptic activation.
Therefore, a change in AMPA receptor density is the
primary mechanism for both Long-Term Potentiation
(LTP) and Long-Term Depression (LTD) [12]. The
findings demonstrate that tDCS can directly generate
LTP-like plasticity in the human cortex [13]. LTP is a
critical mechanism underlying brain plasticity, learning,
and memory.

Functional Magnetic Resonance Imaging (fMRI)
studies have linked selective attention to the Dorsolateral
Prefrontal Cortex (DLPFC) functioning, indicating
its role in managing attention and task priorities. This
suggests that the DLPFC is involved in top-down
attentional control. Studies also report that attention
processing can be modulated using tDCS [10, 14]. In
tDCS studies, carefully positioning both the anodal
and cathodal electrodes is crucial. The current flow
pathway through the brain depends on these placements.
Additionally, it is important to note that tDCS effects
extend beyond the immediate cortical areas beneath the
electrodes, potentially impacting other cortical regions
between the stimulation electrodes [15]. Research
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findings indicate that the concurrent application of
left anodal and right cathodal tDCS to the DLPFC has
impacted the attention network [16]. This suggests that
specific electrical stimulation to these brain areas can
influence attention-related cognitive processes.

Auditory training programs for children also utilize
the brain’s plasticity to improve function through
training. Performing tDCS in the prefrontal cortex is
expected to enhance the brain’s receptiveness to attention
training by increasing plasticity and its impact on LTP.
Consequently, behavioral training for auditory attention
is anticipated to yield more significant improvement
by leveraging the heightened plasticity in these brain
regions. The problem with this method is its short-term
durability [17], which can be extended by combining it
with behavioral rehabilitation.

A pilot study was conducted to assess the plausibility
of the hypothesis regarding the combined impact of
behavioral training and the neuromodulation method on
improving speech perception in noise for children with
hearing loss. To test our hypothesis, we used the Test of
Everyday Attention For Children (TEA-CH) [18] and the
monaural Selective Auditory Attention Test (mSAAT)
[19] tests to evaluate sustained and selective auditory
attention. Based on findings from past research on the
cognitive engagement with speech material at different
levels of nonsense syllables, single words, and sentences
[20], this study employs the Consonant-Vowel-in-Noise
(CV-In-Noise) [21], Word-in-Noise (WIN) [22], and
(BKB-SIN)
[23] tests to measure the ability to comprehend speech

Bamford-Kowal-Bench-Speech-in-Noise

in noisy settings.

Attention modulates neural responses at the cortical
level. Electrophysiological techniques are noninvasively
used to study cortical functioning. The late positive
Event-Related Potential (ERP) P300 is extensively used
to study this cognitive skill and has also been applied
to investigate the effects of tDCS [24]. Additionally,
understanding and identifying P300 latency has proven
to be a reliable indicator of the potential intervention
outcomes [25]. In this research, to objectively assessed
the effects of the intervention alongside behavioral tests,
the P300 test was utilized. During the analysis, eight
regions of interest were examined. These positions
encompassed the z location, and the DLPFC was
subjected to stimulation.

Methods

Eight participants aged 8 to 11 had bilaterally
55-75 dB HL sensorineural hearing loss with type An
tympanogram. The children had been using appropriate
bilateral hearing aids for at least three years, and the
maximum average threshold with hearing aids was 30
dB in both ears. In the forward digit span test, memory
capacity should be at least three units, abnormal scores on
the WIN, and at least one attention tests were confirmed.
The absence of neuropathy history were checked.

Additional criteria were considered for inclusion:
right-handedness with the Edinburgh Handedness Scale,
no history of psycho-neurological disorders; normative
intelligence score of at least 85 on the Wechsler
Intelligence Scale for Children-Revised (WISC-R),
permission from parents and children to participate in
the study; and possessing either standard or modified
vision.

Exclusion criteria included the absence of any entry
criteria, the loss of criteria during the process, and the
inability to record ERP.

Following the establishment of entry criteria, two
groups of children were formed using random blocks of
six samples. Active group received active tDCS combined
with auditory attention training, while the sham group
underwent sham tDCS with the same auditory attention
training. Each child participated in 10 training sessions
based on their assigned group. After completing the
training sessions, all the auditory attention and speech
perception in noise tests and P300 wave were re-evaluated.
All tests were repeated one month later.

The speaker’s sound output was calibrated using a
sound level meter for tests and training. This calibration
was performed for a speaker at a zero-azimuth degree
with one-meter distance from participant position,
with an intensity level set at 70 dB SPL. According to
the degree of hearing loss in participants, the selected
intensity level was adjusted to a comfortable listening
level (30-40 dB SL) at the time of the test.

Before starting the study, the participants received
a comprehensive explanation of the experimental
procedures, and informed consent was secured from
each individual.

Aud Vestib Res. Summer 2025;34(3):257-268
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Auditory attention and speech in noise tests

The mSAAT test was utilized to evaluate selective
attention, while the TEA-CH test was used to evaluate
sustained auditory attention. The CV-in-noise, WIN,
and BKB-SIN tests were conducted to assess speech
perception in noise. During the tests, the child wearing
a hearing aid sat in front of the speaker at a zero-degree
azimuth, and the tests were administered at the most
comfortable level. The order in which the tests were
administered was randomized, with no specific pattern
or predefined sequence.

Electrophysiology measures P300

We conducted a go/no-go task to record the P300
wave. P300 waves were recorded using the 32-channel
Electroencephalography (EEG) system and electrode
children cap. Electrode positions were based on the
international 10-20 system. Acoustic stimuli were
presented at the comfortable listening level for the
participant in a quiet room. The task comprised two
blocks of trials, each containing tone bursts with an
80% probability, along with tone bursts that had a
20% probability of occurrence [26]. Participants were
instructed to remain focused on both the frequent and
rare stimuli. In response to the rare sound, the child
pressed the click button. The P300 peaks were identified
by two researchers.

Ten intervention sessions were conducted three times
a week for each child in both groups

Auditory attention training

This study used Auditory Attention Training (AAT)
with TEA-CH test materials for rehabilitation in a
comfortable listening environment based on initial
evaluation results. Non-test equivalent lists were
used for training session to decrease learning effects.
In the following sessions, if the participant achieved
a correct response rate of 70% on the tasks, the
sustained attention training was adjusted by increasing
the duration of each exercise, shortening the interval
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between stimuli, increasing the number of words to be
remembered simultaneously during stimulation, and
making the response requirements more challenging.
If the correct responses were below 70%, the tasks
would have been as challenging as during the previous

session.

Transcranial direct current stimulation

The EEG children cap was used to identify specific
locations on the scalp where electrodes would be placed
for electrical stimulation. These locations were then
cleaned. Two electrodes, each measuring 25 cm?, were
placed on the skull, and their pads were moistened with
a standard saline solution. The anode was positioned
at the DLPFC (F3) on the left side, while the cathode
was located at the DLPFC (F4) on the right side [16].
Studies have shown that when combined methods
of electrical stimulation and cognitive training are
presented simultaneously (online), the effect is greater
than when the training is presented after electrical
stimulation (offline) [27]. Also, considering that tDCS
requires more than three minutes to induce excitability
and cortical activity changes [28], similar to the study
conducted by Martin et al., the exercises commenced
five minutes after the stimulation began for both groups
[29]. Behavioral training was carried out for a duration
of 15 minutes.

The children in sham group participated in a program
that involved behavior training for auditory attention,
and they also received sham electrical stimulation. In
this group, the electrical stimulator is programmed to
operate at 1 mA for a duration of 30 seconds. Children
in the active group underwent auditory attention training
while receiving real tDCS (Figure 1).

Statistical analyses were conducted using descriptive
statistics, including the mean and standard deviation
of auditory attention and speech in noise tests and
P300 latencies. Then, the paired t-test compared the
before-and-after results. ANCOVA analysis was used
to compare the intervention effects of the two groups.
All the analyses were conducted using version 17 SPSS.
The significance level adopted was 0.05 (5%), with
confidence intervals of 95%.
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Figure 1. Diagram flow of the current study trial. tDCS; transcranial direct current stimulation, AAT; auditory attention training

Table 1. Distribution of age, gender, and degree of hearing loss among children participating in the study across two groups

Group n Age Percentage (boys) Hearing loss
Sham tDCS+AAT 4 9.50+1.29 75% 65.40+1.26
Active tDCS+AAT 4 9.75+0.95 50% 67.10+1.12

tDCS; transcranial-direct-current-stimulation, AAT; auditory attention training

Results

Eight children with moderate to severe hearing loss
(3 females and 5 males) aged 8 to 11 years (9.75+0.70)
participated. Seven children had abnormal results in
all tests, while one child was normal in the score and
Walk/Don’t-Walk tests but abnormal in the others. The
analysis of the average mSAAT and TEA-CH tests
after the rehabilitation revealed statistically significant
differences compared to before in all tests within sham
group. As for active group, statistically significant results
were observed in all tests except for the Score and Walk/
don’t-walk tests. In the comparison between groups in
the mSAAT test and the Sky-Search-Dual-Task sub-test
of the TEA-CH test, the statistical analysis (ANCOVA
test) showed a significant difference between the two
groups. In all tests except the Walk/Don’t-Walk test, the
changes in active tDCS group and AAT were greater
than in sham tDCS group and AAT (Table 1).

After one month, there were no significant
differences in the mSAAT and TEA-CH tests compared
to the results immediately after the intervention,
as indicated by the paired t-test. Additionally, no
significant overall differences were observed in
ANCOVA. It was found that recovery remained stable
in both groups (Table 2).

The intervention significantly impacted three tests:
WIN, CV-in-noise, and BKB-SIN. The paired t-test
showed a statistically significant improvement in all
three tests. Additionally, the ANCOVA test revealed a
significant difference between the two groups in the WIN
test. Notably, active group showed greater improvement
in all the tests.

Following one month, the results from the tests assessing
CV-in-noise, WIN, and the BKB-SIN tests showed no
significant differences compared to the immediate post-
intervention results, as indicated by the paired t-test.
Additionally, no statistical significance was found based
on the ANCOVA. These findings suggest that recovery
remained stable in both groups over the month (Table 3).

The latency in the P300 wave at eight electrode
locations before and after the intervention was assessed
using a paired t-test. In both groups, the latency
decreased significantly in all locations. ANCOVA
analysis indicated a significant difference between
active and sham groups in the most locations. Active
group demonstrated a greater reduction in latency in
all locations compared to sham group. Following the
intervention, analyses using paired t-tests and ANCOVA
did not reveal any significant changes in p300 latency
across all locations one month later (Table 4) (Figure 2).
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Table 2. Comparing the auditory attention tests scores at baseline, post-test, and follow-up
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value p-value p-value p-value
oag  Paired  ANCOVA  ANCO-
Test Grou n Baseline Post-test Follow-up g t-test (baseline/ VA
P (MeantSD) (Mean+SD) (Mean+SD) . (post-test/  post-test)/ (post-
(baseline/ .
—— fol- partial eta  test/fol-
p low-up) squared low-up)
mSAAT thgiKAT 4 11.00+4.89  15.00+4.16  14.00+4.69 0.006 0.092
Active 0.02/0.69 0.77
tDCS+AAT 4 13.50£3.69  20.25+4.42  19.50+4.65 <0.001 0.058
Sham
(DCS+AAT 4 6.50+2.08 9.00+0.81 8.50+1.29 0.03 0.182
Score Py 0.10 0.92
ctive
(DCS+AAT 4 7.25+2.75 9.75+0.50 9.50+0.57 0.12 0.39
Sham
Score (DCS+AAT 4 7.00+3.36 10.50+£3.10  10.50+3.10 0.03 1.00
dual o 0.08 0.56
task ctive
(DCS+AAT 4 9.25+3.40 14.50+3.31 14.50+3.69 <0.001 1.00
Sky Sham 4 30.61416.46 2278+12.14 2385+1038  0.04 0.48
TEAS gearch (DG5S 0.0200.64  0.17
CH dual Active ’ ’ ’
task (DCS+AAT 4 29.41+£10.84 13.36+4.87  13.47+4.81 0.02 0.87
Sham
Code (DCS+AAT 4 26.00+£6.68  31.25+2.87  30.25+2.87 0.08 0.05
trans- Py 0.30 0.51
mission G
(DCS+AAT 4 26.00+£6.05  33.25+5.73  32.50+6.02 0.01 0.05
Sham
Walk/  (DCS+AAT 4 15.7542.50  18.50+1.29  17.75%1.70 0.02 0.05
don’t- P 0.98 0.27
walk cuave
(DCS+AAT 4 16.75£2.06  19.00£2.00  18.75+1.89 0.09 0.39

mSAAT; monaural selective auditory attention test, tDCS; transcranial direct current stimulation, AAT; auditory attention training, TEA-CH; test

of everyday attention for children

Discussion

In the current study, we examined our hypothesis by
investigating the combined impact of auditory attention
behavioral training and neuromodulation method on
speech perception in noise for children with hearing
loss. Based on our findings, there have been no reported
complaints regarding the side effects of electrical
stimulation. Additionally, no side effects were observed
throughout the intervention.

In the analysis of selective attention, it was found
that there was a substantial difference in the level of
improvement between the two groups. The group that
received the combined method demonstrated a notably
higher score increase. Moreover, in the evaluations of
sustained attention, the group that received the combined
method exhibited a more pronounced improvement The

results of Boroda et al.’s study support the effectiveness
of combining tDCS and cognitive behavioral training for
children with Fetal Alcohol Spectrum Disorders (FASD)
[30]. The study demonstrated that using anodal tDCS
targeted atthe left DLPFC with abipolar montage (placing
the anode at F3 and the cathode at Fp2) in conjunction
with cognitive behavioral training led to more significant
improvements in continuous performance tests for
children with FASD compared to cognitive behavioral
training alone [30]. Our study’s findings are in line
with the research conducted by Alvarez-Alvarado et
al. they demonstrated that the combination of cognitive
behavioral training with active-tDCS, with stimulation
delivered over F3 (cathode) and F4 (anode) electrode
placements, resulted in sustained increases in excitatory
neurotransmitter concentration [31]. Compared to our
research results, the findings from Martina et al.” study
on cognitive training combined with tDCS for mild

Aud Vestib Res. Summer 2025;34(3):257-268
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Table 3. Comparing the speech in noise tests scores at baseline, post-test, and follow-up

p-value p-value p-value p-value
t Grou n Baseline Post-test Follow-up  Paired t-test Paired t-test ANCOVA ANCOVA
Tes P (Mean£SD) (MeantSD) (Mean+SD) (baseline/ (post-test/  (baseline/  (post-test/
post-test) follow-up)  post-test)  follow-up)
; Sham 4 12604329  8.60+2.47  8.20+1.36 0.003 0.60
Word-in- ¢y CcS+AAT 005 00 <UL : :
noise SNR X 0.015 0.69
50% Active 4 13.0042.10  6.00£3.06  6.60+3.01 0.001 0.31
tDCS+AAT AU HUES DUES- : :
Sham
4 13.0024.08 19.00£2.94  18.5043.41 0.002 0.49
CV-in-noise  tDCS+AAT
0.15 0.98
6 SNR Active 1) 004258 20254287  19.7542.75 0.005 0.18
{DCS+AAT AR o= oS : :
Sham
4 9754263  15.50£1.00 15.25+0.95 0.005 0.63
CV-in-noise  tDCS+AAT
0.36 0.53
0 SNR Active 0005141 16.7553.50  16.00£3.36 0.01 0.05
(DCS+AAT AU o HUE : :
Sham
4 350£1.91  7.7540.50  7.75+0.95 0.01 1.00
CV-in-noise  tDCS+AAT
0.16 0.90
“OSNR Active 4050189 13.0062.94  13.00£336  0.003 1.00
tDCS+AAT o= SRS AU : :
Sham
(DOSIAAT 4 1075457 625:3.30  650+3.74 0.01 0.63
BKB-SIN ) 0.24 0.70
Active 4 gs01044 3008331 3.75:2.75 0.002 0.21
tDCS+AAT UL U OEL : :

SNR; signal to noise ratio, tDCS; transcranial direct current stimulation, AAT; auditory attention training, CV; consonant-vowel, BKB-SIN; Bam-

ford-Kowal-bench-speech-in-noise

cognitive impairment did not show a notable distinction
between the groups receiving active stimulation and
those receiving sham stimulation. In their study, the
anode was positioned over the F3 electrode site and the
cathode over F8. Although both groups demonstrated
improvement, no significant difference was observed
between them [32]. The differences in results could be
due to variations in the placement of tDCS electrodes,
especially the location of the cathode electrode. To
date, no specific research has been found that addresses
the effects of using anodal F3/cathodal F4 electrode
placement on auditory attention ability in children with
hearing loss. This research gap emphasizes the necessity
for further exploration into the potential advantages of
this particular electrode configuration when combined
with behavioral attention training. This research could
lead to a better understanding of how to enhance
auditory attention in this specific population. Our pilot
study has yielded promising results that inspire us to
continue our work in the field of pediatric audiology
and neurology. The results show that neuromodulation
methods can significantly enhance auditory attention
in children with hearing impairments. When combined

with behavioral training, these methods not only support
but also expedite the progress of these children.

We can influence the resting potential and LTP
by
alongside attention training. This combined approach

function incorporating electrical  stimulation
has the potential to accelerate the pace at which attention
rehabilitation in hearing-impaired children improves,
ultimately leading to faster attainment of desired results.

Study tests

consonant-vowel sounds, words, and sentences in various

involving different speech using
background noises demonstrated improvements in both
groups. Auditory attention training led to improvement
in speech perception in noisy environments. The results
of this study aligned with the findings of Soveri et al.,
indicating that top-down training significantly affects
the speech perception of healthy adults [33]. The active
group that receiving real tDCS and behavioral training
demonstrated more significant improvements. This
could be attributed to the impact of electrical stimulation
on enhancing auditory attention, ultimately leading
to better speech comprehension in noisy conditions.

Aud Vestib Res. Summer 2025;34(3):257-268
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Table 4. Comparing the average P300 latency at baseline, post-test, and follow-up in both groups.

p-value p-value IS
Bassline P300/ Bostiitest P00 e Caor YRR o s I paired e N COVESRpRyiue
Electrode P300 (baseline/ ANCOVA
location Gizey n  Latency (ms)  Latency (ms) Latency (ms) ttest ttest post-test)/  (post-test/
(Mean+SD) (Mean+SD) (baseline/  (post-test/ .
(Mean£SD) Partial eta  follow-up)
post-test)  follow-up)
squared
Sham 4 409.00+£29.13 377.50+£29.71  378.75+28.02 0.003 0.41 0.01/0.73 0.54
o (DCSEAAT . . . . . . . . . . .
Active
DCS+AAT 4  405.75+£27.76  353.50+18.35 357.00+£19.88 0.002 0.12
RiEL 4 406.25+36.13 373.25+33.61  375.50+30.75 <0.001 0..32 0.03/0.64 0.58
i, (DCS+AAT b b . d . ! 1 . / d .
Active
(DCS+AAT 4 4052542853 355.25+22.01 360.254+22.39 0.004 0.08
Sham 4 405.75£34.04 374.00£24.62  375.50+30.74 0.002 0.29 0.01/0.75 0.56
tDCS+AAT ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
Fpz .
Active 4 4050042876 3475041837  351.00420.92  0.003 0.14
tDCS+AAT ’ ' ’ ’ ’ ’ ’ ’
i 4  413.75+£31.85 382.75+30.63  384.50+27.87 0.003 0.310 0.01/0.74 0.85
; (DCS+AAT . . . ! . . ; ; ! . .
V4
Active
(DCS+AAT 4 407.50+27.67 352.50+16.86 356.00+19.20 0.004 0.14
Sham 4 410.75+40.70 382.00+41.99  383.25438.87 0.005 0.49 0.02/0.64 0.53
(DCS+AAT . . . . . . . . . . .
FCz Acti
ctive
(DCS+AAT 4 407.25429.22 353.75+17.82  358.25+19.36 0.006 0.09
har 4 419.00+33.80 389.75+33.21 391.25+28.96 0.001 0.59 0.02/0.67 0.75
e tDCS+AAT ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’
zZ
Active
DCS+AAT 4 409.25+£25.78 356.75+£10.81 360.75+12.44 0.009 0.067
Sham 4  413.00+£30.31 385.50+31.34  386.00+27.11 0.003 0.86 0.06 0.81
P tDCS+AAT ’ ' ’ ’ ' ’ ’ ’ ’ '
VA
Active
(DCS+AAT 4 408.75£26.19 358.75+£13.40 362.75+15.32 0.016 0.11
Sham 4 4185042867 392.25:30.85 392752685  0.003 0.83 0.08 0.55
o (DCS+AAT . . . 3 . 3 | b d .
Z
Active
(DCS+AAT 4 404.75+43.52 357.25+38.22  360.75+40.08 0.016 0.11

tDCS; transcranial direct current stimulation, AAT; auditory attention training

However, achieving complete recovery may necessitate
additional training, such as working memory and
bottom-up processing, in conjunction with auditory
attention training.

In the assessment of speech comprehension tests
conducted in noisy environments, it was observed that
following the intervention, there were notable differences
in all three tests. Furthermore, during the analysis of the
correlation between changes in attention and alterations
in speech comprehension in noisy conditions, it was
found that the most noteworthy correlation existed

between changes in word comprehension in noisy
settings and variations in attention. This indicates
that changes in attention strongly influenced word
comprehension in noisy environments. The perception
of vowel and consonant sounds in noisy environments
relies more heavily on sensory information directly
from the auditory stimulus (bottom-up factors) rather
than higher-level cognitive processes. Understanding
sentences in noisy environments is a challenging
task involving many factors. These factors can differ
significantly between individuals with normal hearing
and those with hearing impairments, affecting their
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Figure 2. The average auditory p300 wave latency in different electrode locations in both groups (sham group and active group). tDCS;

transcranial direct current stimulation, AAT; auditory attention training

ability to comprehend sentences [34]. To improve the
speech comprehension of hearing-impaired children, it
is crucial to identify the specific factors that influence
their understanding of sentences in noisy conditions. By
pinpointing these factors, targeted exercises and attention
training can be developed to address and improve
their speech comprehension abilities. This approach is
essential for enhancing the ability of individuals with
hearing impairments to understand and process speech
in challenging, noisy environments.

In our research, we had a limited number of
samples and observed significant variations in both
intra-individual and extra-individual amplitude levels
of P300. Due to these variations, we chose to focus on
the latency variable. Considering the amplitude in a
study with larger sample size is suggested. In the P300
wave latency, there was a significant decrease in the
latency in eight positions, and this decrease was greater
in the combined group than in the group that received
behavioral training with sham stimulation. The changes
provided concrete evidence of improved behavioral
outcomes.

To enhance the robustness of our findings, we
strongly advocate for future studies to be conducted
with larger sample size. To comprehensively assess the

influence of behavioral training on the sustainability of
electrical stimulation, it is advisable to include another
group in the study that exclusively receives the electrical
stimulation method in addition to the two existing
groups.

In all assessments of auditory attention, speech
perception in noise, and P300, there was no discernible
difference in the retention effect between the two
groups. The results from our study after one month
show differences from the findings of Murugaraja et al.,
investigated cognitive function in people experiencing
mild cognitive impairment [35], and Yadollahpour et
al. conducted a study on the management of tinnitus in
individuals affected by the condition [36]. This contrast is
noticeable when comparing the average scores obtained
in their studies after a month of average reduction.
Noninvasive brain stimulation techniques generally
lead to transient changes. Incorporating the behavioral
method with the tDCS method may offer a solution to the
short-term stability issue associated with this approach.
Longer follow-up assessments at three and six months
are recommended to evaluate the sustained effects of
interventions. According to the study of Watanabe et al.
in rat demonstrated that tDCS of the medial prefrontal
cortex induces LTP-like plasticity in the hippocampus-
prefrontal pathway in rats [37]. This pathway, critical
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for cognitive and memory functions, could be positively
impacted by this plasticity. Investigating this combined
method with neuromodulation through tDCS is suggested
by placing the electrode in the medial prefrontal.

Conclusion

Based on the current pilot study’s findings, the
hypothesis of using neuromodulation techniques, like
transcranial-direct-current-stimulation, to  improve
attention along with the use of behavioral auditory
attention training methods was investigated. The
combined method improves and accelerates the
effectiveness of behavioral techniques in increasing
attention and improving the main problem of children
with hearing loss, i.e., improving speech perception in
noise through cognitive and auditory behavioral tests in
addition to auditory P300 improvement in objective and
electrophysiology evaluations. Properly combining these
two behavioral and neuromodulation methods ensures
the stability of electrical stimulation’s effectiveness in
improving auditory attention and speech comprehension
in noisy environments. In order to generalize present
study’s findings, a study with larger sample size and
more electrode positions is required. This method is
suggested for investigation in other groups with hearing
attention and perception speech in noise problems,
such as the elderly and those with auditory processing
disorders.
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