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The number of older adults is increasing globally. Aging is associated with cognitive
and sensory decline. Additionally, declined auditory performance and cognitive function
affect the quality of life of older adults. Therefore, it is important to develop an intervention
method to improve both auditory and cognitive performances. The current study aimed
to investigate the beneficial effects of auditory and cognitive training on auditory ability
and cognitive functions in healthy older adults. Fifty healthy older adults were randomly
divided into four training groups—an auditory-cognitive training group (AC training;
n = 13), an auditory training group (A training; n = 13), a cognitive training group (C
training; n = 14), and an active control group (n = 12). During the training period, we
reduced the sound intensity level in AC and A training groups and increase training
task difficulty in AC, A, and C training groups based on participants’ performance.
Cognitive function measures [digit-cancelation test (D-CAT); logical memory (LM); digit
span (DS)], auditory measures [pure-tone audiometry (PTA)], and magnetic resonance
imaging (MRI) scans were performed before and after the training periods. We found
three key findings. First, the AC training group showed difference between other training
groups (A, C, and active control training groups) in regional gray matter volume (rGMV)
in the right dorsolateral prefrontal cortex, the left inferior temporal gyrus (L. ITG), the left
superior frontal gyrus, the left orbitofrontal cortex, the right cerebellum (lobule 7 Crus
1). Second, the auditory training factor groups (ATFGs, the AC and A training groups)
improved auditory measures and increased the rGMV and functional connectivity (FC)
in the left temporal pole compared to the non-ATFGs (the C training group and active
control group). Third, the cognitive training factor groups (CTFGs; the AC and C training
groups) showed statistically significant improvement in cognitive performances in LM
and D-CAT compared to the non-CTFGs (the A training group and active control group).
Therefore, the auditory training factor and cognitive training factor would be useful in
enhancing the quality of life of older adults. The current AC training study, the plasticity
of the brain structure was observed after 4 weeks of training.

Keywords: auditory-cognitive training, cognitive function, auditory ability, older adults, temporal pole

Frontiers in Aging Neuroscience | www.frontiersin.org 1 March 2022 | Volume 14 | Article 826672

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.826672
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2022.826672
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.826672&domain=pdf&date_stamp=2022-03-31
https://www.frontiersin.org/articles/10.3389/fnagi.2022.826672/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-826672 March 31, 2022 Time: 13:30 # 2

Kawata et al. Auditory Cognitive Training

INTRODUCTION

Aging is associated with cognitive and sensory decline (Deal
et al., 2017). The incidence of age-related hearing loss (ARHL)
has been increasing among older adults worldwide. Hearing
loss has become a public health problem with the burgeoning
aging population (WHO, 2011). ARHL is characterized by
degeneration of the mechanotransducing inner and outer hair
cells of the cochlea as well as the auditory nerve (neural
presbycusis) (Schuknecht and Gacek, 1993; Ohlemiller, 2004).
In addition to peripheral lesions, changes are likely to occur
in the central auditory pathways, and these contribute to the
development and progression of ARHL (Jayakody et al., 2018).
ARHL is a multifactorial disorder with several underlying risk
factors, such as age, environment, and lifestyle (Yamasoba et al.,
2013). ARHL causes speech perception problems (Lin, 2011) and
has been linked to consequent decline in cognitive function (Deal
et al., 2017; Kawata et al., 2021), increased social isolation (Mick
et al., 2014), reduced quality of life (Li et al., 2014), increased
risk of depression (Li et al., 2014), and decline in ability to
independently perform activities of daily living (Dalton et al.,
2003). Epidemiological evidence across populations suggests that
cognitive decline with ARHL is a risk factor for the development
of dementia in older adults (Taljaard et al., 2016).

Speech comprehension involves the perceptual sensitivity
of the peripheral nervous system and the language-specific
cognitive abilities of the central nervous system (Sommers,
1997). Success in achieving listening goals may depend on the
distribution of greater cognitive functions of the listeners and
the quality of the signals (Pichora-Fuller et al., 2016). Therefore,
it is important to consider the aspects of both hearing and
cognitive functions. Multiple factors (such as hearing loss and
decline in cognitive function) contribute to speech recognition
difficulties (Wayne and Johnsrude, 2015; Kawata et al., 2020).
When a speech signal is poorly processed, it is transmitted from
the ear to the brain, and greater cognitive resources may be
required to interpret the meaning of the sound than would
be with a properly processed sound (Schneider et al., 2010).
Thus, there is no guarantee that increasing cognitive energy
will solve hearing problems. Therefore, success in achieving
auditory goals may depend on the considerable cognitive energy
expenditure that is required when the quality of the signal
available to the listener is suboptimal. Therefore, it would be
important to improve cognitive function as well as auditory
sensory function. One approach is using a combination of
auditory and cognitive training (AC training). Recently, an AC
training has been proposed (Yusof et al., 2019). Yusof used AC
training to improve speech recognition, auditory processing, and
cognitive abilities in older adults with normal cognitive and
mild cognitive impairment (Yusof et al., 2019). Yusof used five
adaptive training tasks (word-in-noise, sentence-in-noise, word
span, word order, and word position). After 8 weeks’ of AC
training, improvements in general cognitive functions measured
by Montreal Cognitive Assessment and auditory processing
ability measured by a dichotic digits test was observed in older
adults with normal cognition and neurocognitive impairment
compared to that of a control group.

A previous study reported that AC training had positive
effects on cognitive and auditory functions (Yusof et al., 2019).
However, some limitations were noted. First, they did not directly
measure auditory abilities using objective auditory assessment
measures, such as the pure-tone audiometry (PTA) threshold.
Second, they did not use a suitable active control group. In the
previous study, the control group participants were asked to
watch documentary programs on history and literature using
the same device used for AC training (Yusof et al., 2019). This
ensured that the control and training groups matched in terms of
training duration and the auditory stimuli received. However, it is
unclear which components of the auditory and cognitive aspects
are important for improving cognitive and auditory performance.
Third, the previous study used different signal-to-noise-ratio to
modify the difficulty of the task (Yusof et al., 2019). Although
it is important to listen to the words and sentences with noises
(Pichora-Fuller et al., 1995), older adults usually show difficulty
with low sound intensity level [decibel (dB)] (Slade et al., 2020).
Fourth, previous study did not investigate whether AC training
affect neural systems. It is still unclear that AC training would
have positive effects on brain functions and brain structures.

The present study was designed to evaluate the beneficial
effects of AC training on hearing ability and cognitive and
brain functions in healthy older adults. We conducted a single-
blinded randomized controlled trial using an AC training group,
an auditory (A) training group, a cognitive (C) training group,
and an active control group. Considering the abovementioned
shortcomings of the previous studies, we used objective auditory
measures (PTA) to assess auditory abilities. Moreover, to resolve
the issue with the active control group, we used an active
control group that eliminated the need for change in cognitive
or auditory training difficulty. In this study, we controlled the
sound intensity level to manipulate the auditory factor during
training. By controlling the sound intensity level, we were able to
control auditory training factor in the AC and A training groups.
Furthermore, we conducted magnetic resonance imaging (MRI)
before and after training to investigate changes in brain plasticity
after training. In the field of cognitive aging, the application of
structural and functional connectivity of the brain is particularly
important because these brain changes usually precede behavioral
changes (Farras-Permanyer et al., 2019). In addition, previous
studies demonstrated that cognitive training led to change brain
structures (gray matter volume) and functional connectivity after
interventions (Chaddock-Heyman et al., 2021; Yin et al., 2021).
Based on the previous finding, we investigated brain plasticity
using MRI with change in the regional gray matter volume and
the resting-state functional connectivity.

The present study conducted a training period of 4 weeks.
Previous studies of auditory training performed auditory training
for 4 weeks (Karawani et al., 2016). Significant improvements
were observed in all training conditions in both the ARHL
and normal hearing groups. Improvements in assessments of
cognitive function after 4 weeks of training have been reported
in a study of cognitive training in the elderly (Biel et al., 2020).
Moreover, the previous AC training study conducted training for
8 weeks (Yusof et al., 2019). The participants were evaluated after
4 and 8 weeks of training. Both the normal hearing and hearing
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loss groups were shown to have improved auditory processing
and cognitive function. In a cognitive training study, the plasticity
of the brain structure was observed after 4 weeks of training
(Biel et al., 2020). For this reason, the present study conducted
training for 4 weeks.

This is the first study to use AC training with a lower intensity
level than the subjective comfortable listening level to control the
difficulty in auditory training factor. To evaluate the beneficial
effect of AC training on auditory ability and cognitive and brain
functions in healthy older adults, we used PTA to measure
auditory performance, cognitive measures (D-CAT, LM, DS), and
brain structure and functional connectivity (FC).

We proposed the following three hypotheses regarding the
behavioral change and the brain plasticity from each training
group. First, we hypothesized that AC training would show a
superior beneficial effect on cognitive and auditory performances
than would the other training groups because cognitive
(tasks difficulty during training) and auditory (sound intensity
level control) factors were changed based on participants’
performance. For the brain plasticity, we also expected that AC
training would alter regional gray matter volume (rGMV) and
FC related to cognitive and auditory processes. For example,
we expected brain plasticity in the bilateral temporal cortex
(speech perception) (Peelle, 2019), the temporal pole (TP),
and the precuneus, that are related to auditory processes
(high listening effort) (Olson et al., 2007; Rosemann and
Thiel, 2019). Moreover, we expected brain plasticity in the
dorsal attention network (DAN) (Sanchez-Perez et al., 2019),
prefrontal regions (Nissim et al., 2017), and medial temporal lobe
(MTL), that are related to high cognitive processes (Tsukiura
et al., 2002). Second, we assumed that the auditory training
factor groups (ATFGs; the AC and A training groups) would
show improvement in the auditory performance and the brain
plasticity in the abovementioned auditory process-related brain
regions. Third, we hypothesized that the cognitive training
factor groups (CTFGs; the AC and C training groups) would
show improvements in the cognitive performance and the
brain plasticity in the abovementioned cognitive process-related
brain regions because previous cognitive training studies have
reported the beneficial effects of cognitive training on several
cognitions in the healthy older adults (Nouchi et al., 2016b;
Alnajjar et al., 2019).

EXPERIMENTAL METHODS

Ethics Statement
This study was registered in the UMIN Clinical Trial Registry
(UMIN000042271). It was conducted between August 2019 and
December 2019 in Sendai City, Miyagi Prefecture, Japan.

Participants were informed that the study was designed to
investigate the effects of four training programs. The researchers
who were not involved in generating the randomization sequence
enrolled eligible participants and conducted pre-assessments.
These participants were then randomly assigned to receive
combination training (AC training group), single training (A
training group or C training group), and no training (active

control group). The researchers (who were not involved in
generating the randomization sequence) enrolled and allocated
participants to either the A (C training group), B (A training
group), C (AC training group) or D (active control group)
letters. The random allocation sequence was generated using
an online computer program.1 All participants engaged in their
assigned training during in-person visits for 4 weeks. After
training, the participants completed the post-training outcome
assessments (Figure 1).

Participants
Fifty-six participants [13 men and 43 women; mean
age = 68.07 years (standard deviation, SD = 4.14)] were recruited
from the general population through advertisements in a local
town paper and local newspapers (Kahoku Weekly). Interested
participants were screened using a semi-structured telephone
interview (10 questions) that approximately 10 min. The 10
questions pertaining to the inclusion and exclusion criteria were
related to (1) age, (2) sex, (3) previous experience in intervention
studies, (4) native language, (5) handedness, (6) subjective
memory function, (7) history of medication use and disease
(including hearing-related problems), (8) blood pressure, (9)
history of diabetes, and (10) ability to complete training schedule.

1https://www.graphpad.com/quickcalcs/

FIGURE 1 | CONSORT flowchart.
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The participants were then invited to visit Tohoku University.
We collected written informed consent from 55 participants
(one participant did not visit the institution on the first day).
Subsequently, all participants were subjected to a detailed
auditory assessment [including assessment of PTA threshold
and speech reception threshold (SRT)], cognitive function tests
[such as the Mini-Mental State Examination (MMSE), LM,
DS, and D-CAT], and MRI. None of the participants were
excluded based on MMSE scores. However, two participants
declined to participate before they were randomized into
groups. One participant was excluded based on the auditory
assessment (profound unilateral hearing loss), one participant
was excluded because the MRI examination criteria were not
met, and two participants declined to participate after initiating
training (Figure 1).

Overview of Auditory Measures
To investigate the effect of auditory sensitivity after performed
auditory training, we performed the PTA measurement, before
and after the training. All participants underwent auditory
assessment before starting the training schedule and after
completing the eight training sessions at Tohoku University
in a soundproof room. The PTA air conduction thresholds
were measured using an audiometer (AA-76, RION, Tokyo,
Japan) and standard headphones (AD-06B). The audiometer
was calibrated in dB hearing level according to standards of
the International Organization for Standardization (ISO/TC,
1996) and the American National Standard Institute (2019).
Before PTA, all participants underwent an otoscopic examination
to exclude occluded ear canals or other irregularities (i.e.,
no tympanic membrane abnormalities were observed). Each
ear was assessed. Details of these measures are described in
Supplementary Material.

Overview of Cognitive Function Measures
To measure the effects of cognitive training on each training
group, participants performed the follow cognitive measures.
Cognitive function was divided into four categories: general
cognition, episodic memory, working memory, and attention.
Global cognitive status was measured using the MMSE (Folstein
et al., 1975). Episodic memory was measured using LM
(Wechsler, 1987). Working memory was measured using DS
(Wechsler, 1997). Attention was measured using D-CAT (Hatta
et al., 2001). Details of these measures are described in
Supplementary Material.

Magnetic Resonance Imaging Data Acquisition and
Imaging Parameter
To acquire MRI data, we used a 3.0 Tesla Philips Achieva
MRI scanner (Philips, Amsterdam, The Netherlands) with an
eight-channel head coil at the Institute of Development, Aging
and Cancer, Tohoku University. Fifty participants performed
MRI before and after assessment. They were instructed to
avoid moving their head. High-resolution T1-weighted structural
images [240 × 240 matrix, time repetition (TR) = 6.6 ms, time
echo (TE) = 3 ms, field of view (FOV) = 24 cm, slices = 162, and

slice thickness = 1 mm] were collected using a magnetization-
prepared rapid gradient-echo sequence. The quality of all imaging
data was checked visually. The total scan time was 8 min. For
the resting-state parameter, we used 34-transaxial gradient-echo
images (64 × 64 matrix, TR = 2,000 ms, TE = 30 ms, flip
angle = 70◦, FOV = 24 cm, and slice thickness = 3.75 mm)
covering the entire brain and acquired using an echo-planar
sequence. For this scan, 160 functional volumes were obtained,
while the participants were resting. The total scan time was 6 min.
we utilized the same parameters as those used in a previous
laboratory study (Takeuchi et al., 2012). During resting-state
scanning, the participants were instructed to keep their eyes
closed, stay as motionless as possible, not fall asleep, and avoid
thinking about anything in particular.

Inclusion and Exclusion Criteria
Based on the previous intervention studies for older adults
(Nouchi et al., 2019, 2021), the following participants were
included: those who self-reported being right-handed, those who
were native Japanese speakers; those who were unconcerned
about their memory function; those who were not taking
medications that interfered with cognitive function (such as
benzodiazepines, antidepressants, and other central nervous
system agents); those who did not have a history of diseases
that affect the central nervous system, including thyroid
disease, multiple sclerosis, Parkinson’s disease, stroke, severe
hypertension (systolic blood pressure > 180 mmHg and
diastolic blood pressure > 110 mmHg), and diabetes; and those
who were > 60 years old. Participants who had participated
in other cognitive or auditory intervention studies were
excluded. Participants with an MMSE score of < 26 (Folstein
et al., 1975) or those with moderate-to-profound hearing loss
were also excluded.

Training Materials
Four Training Groups
We set four training groups (AC training, A training, C
training, and active control groups) (Table 1). All training groups
performed three cognitive training tasks (short-term memory,
working memory, and attention training tasks) with intensity
level controlled audio stimuli (Figure 2). The short-term,
working memory, and attention training tasks were developed
based on our previous cognitive training studies (Nouchi et al.,
2016a, 2019, 2020a, 2021, 2022; Takeuchi et al., 2020). Each
cognitive training task had 4 task difficulty levels as a cognitive
training factor [from level 1 (easy) to level 4 (difficult)]. Sound
intensity level of auditory stimulus had 4 levels as an auditory
training factor [from level 1 (easy) to level 4 (difficulty)].

The AC training group underwent a combination of cognitive
and auditory training. In this group, the levels of the cognitive
and auditory training factors were changed at the same time from
level 1 to level 4 depending on the participants’ performance.

In the A training group, the auditory training factor
varied from level 1 to level 4 depending on the participants’
performance. However, the cognitive training factor was not
changed. The participants completed the three cognitive training
tasks at level 1 difficulty of the cognitive training factor.
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TABLE 1 | Based on the three cognitive task training (cognitive training factor) and
audio stimuli intensity level control (auditory training factor), we set four training
groups [auditory-cognitive training (AC), auditory training (A), cognitive training (C),
active control groups].

Training group Auditory training factor Cognitive training factor

AC training + +

A training + –

C training – +

Active control group – –

The “+” symbol means that it contains variations in level difficulty. The “–” symbol
means that it does not contain ant variation in the degree of level difficulty.

FIGURE 2 | Training task procedure for working memory training task (A),
short-term memory training task (B), and attention training task (C).

In the C training group, the cognitive training factor
varied from level 1 to level 4 depending on the participants’
performance. However, the auditory training factor did not
change. The participants completed the three cognitive training
tasks at level 1 of the auditory training factor.

In the active control group, there were no variations in the
cognitive or auditory training factors. The participants completed

the three cognitive training tasks at level 1 of cognitive and
auditory training factors in all the training sessions.

Criteria of Level Change of Cognitive and Auditory
Training Factors
We checked the participants’ performance after each session.
Levels of cognitive and auditory training factors were changed
in every training session. The training level was increased
when performance was > 70%; it was maintained when the
performance on the training tasks was 50–70% and was decreased
by one level when the performance was < 50%.

Manipulation of Sound Intensity Level of Auditory
Stimulus
All three cognitive training tasks used auditory stimulus. Stimuli
were presented in both ears. In the first session, all participants
completed the three cognitive training tasks at level 1 of the
auditory training factor. The level 1 of the auditory training factor
differed among the participants because the level 1 of auditory
factor was set based on the SRT at baseline.

For, the C training and active control groups the auditory
training factor levels were not changed throughout the training
sessions. They completed each cognitive training task at the level
1 of the auditory training factor. In the AC and A training
groups, the sound intensity level of auditory stimuli for each
cognitive training task was changed based on the cognitive
training performance.

In this study, level 1 sound intensity level was set at SRT+ 3 dB
to SRT—3 dB. Level 2 sound intensity level was set at SRT+ 0 dB
to SRT—6 dB. Level 3 sound intensity level was set at SRT—
3 dB to SRT—9 dB. Level 4 sound intensity level was set at
SRT—6 dB to SRT—12 dB.

Details of Each Training Task
The subjects performed the tasks in the following order: short-
term memory task, working memory task, and attention task.
There were no criteria that decided the order. However, all
subjects performed the same order. In addition, we selected
the short-term/episodic memory training using words stimulus
and working memory training using numbers stimulus based
on previous cognitive training studies such as working memory
training (Takeuchi et al., 2013) and short-term/episodic memory
training (Ball et al., 2002). Also, to avoid a confusion of both
training procedure, we used different types of stimuli between
working memory training and short-term/episodic memory
training. We expected that participants can easily understand
the differences of training task procedure and perform trainings
without confuse.

Short-Term and Episodic Memory Training Task
Short-term and episodic memory training task was performed
using a word recall task. After listening to each list of words, the
participants were asked to recall the words they could remember
from the list in the same order. The recall of each trial was
recorded. If all words were repeated in the correct order in a
trial, then a score of 1 was given; if the response was incorrect
in any way, then the trial was assigned a score of 0. In one
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training session, the participants performed all the tasks three
times for 5 min. Level 1 was composed of three words. Level 2
comprised four words. Level 3 included five words, and level 4
was composed of six words.

Working Memory Training Task
Working memory training task included the most commonly
used listening span training. Participants listened (via
headphones) to numbers and then recalled all numbers in
reverse order. The recall was made orally and recorded. There
was no time limit for responding. The subsequent trial started
only when the participants pressed a button. If all digits in atrial
were recalled in the correct order, then the trial was given a score
of 1; if the response was incorrect in any way, then the trial was
assigned a score of 0. In one training session, the participants
performed all tasks three times for each task for 5 min. Level 1 of
cognitive training was composed of three numbers. Level 2 was
comprised four numbers. Level 3 was composed of five numbers,
and level 4 six numbers.

Attention Training Task
In the attention training task (go/no-go attention task), the
participants were presented one spoken vowel (i.e.,/a/) through
headphones. The participants were instructed to press a “red
button” key as quickly as possible each time a specific target vowel
was presented. The response time (RT) and number of correct
responses were recorded. In one training session, the participants
performed the task three times for 5 min. Level 1 comprised one
vowel and one target. Level 2 was composed of two vowels and
one target. Level 3 involved three vowels and two targets. Level
4 was consisted of four vowels and two or three targets. The
attention training task is similar task used in auditory attention
training studies (Tallus et al., 2015).

Training Session Schedule
Each training session involved approximately 1 h of training
per day was conducted 2 days per week for 4 weeks, resulting
in a total of 8 session in predetermined order. The examiner
and participants contacted each other by telephone in case of
health problems (rescheduling the training date) and delays on
the training session day. On the training day, it was possible to
train two participants simultaneously for 1 h (two soundproof
rooms were available).

Sample Size
No previous studies are using combined auditory and cognitive
training on hearing ability, cognitive function, and brain
plasticity in healthy older adults. Therefore, we did not conduct
the sample size estimation for this study with accuracy. However,
similar studies using cognitive training have been reported
the improvements of cognitive functions after training. For
example, the combined auditory and cognitive training with
16 participants led to the improvement in cognitive function
(Yusof et al., 2019). Moreover, 4-week cognitive training study
using 14 participants also reported cognitive improvements in
processing speed and executive functions (Nouchi et al., 2012).
For this reason, the present study was set from 14 to 16
participants in each group.

Analysis
Behavioral Data Analysis
Table 2 presents the baseline characteristics of the participants.
We calculated the changes in scores (post-assessment score
minus pre-assessment score) for all cognitive function tests and
auditory assessments. Cognitive function measures and auditory
measures were dependent variables. We used a two (the auditory
training factor: with/without) by two (the cognitive training
factor: with/without) factorial analysis covariance (ANCOVA)
with permutation tests to investigate significant group differences
in each cognitive function measure and auditory measure.
All analyses were performed using the “aovp” function of
the “lmPerm” package for changes in scores associated with
each cognitive measure and auditory measure. We used the
permutation ANCOVA test because it is suitable for small sample
analysis and is freely distributed. Therefore, the permutation
ANCOVA test is suitable and sufficiently powered for present
study (Kulason et al., 2018; Nouchi et al., 2020b, 2022). The
changes in scores in each group (AC training group, A training
group, C training group, and active control group) were the
dependent variables. All pre-assessment scores of the dependent
variables, sex, age, and MMSE were used as covariates to adjust
for background characteristics and exclude the possibility of any
pre-existing difference in measures between the groups affecting
the result. Fifty randomly allocated participants were included
in the analyses. The level of significance was set at p < 0.05.
The PTA threshold was the primary outcome. We applied
the Bonferroni–Holm procedure (Holm, 1979) separately for
cognitive measures (LM, D-CAT, and DS findings) and auditory
measures (PTA threshold). All analyses are performed using the
R software (RStudio Team, 2019) (R Core Development Team,
Toulouse, France).

Additionally, participants in the active control group
performed the baseline (level 1) in all sessions. In the behavioral
analysis, we excluded the effect of active control on behavioral
measures. Therefore, we excluded the possibility that the effect of
active control had an impact on any outcome.

Image Preprocessing of Structural Brain Image
As a first step, we reviewed and converted all pre- and post-
Digital Imaging and Communication in Medicine scans into
the Neuroimaging Informatics Technology Initiative format
using MRICRON software before running the analysis. All
imaging data were analyzed using Statistical Parametric
Mapping 12 (SPM12; Wellcome Department of Cognitive
Neurology; London, United Kingdom) implemented in
MATLAB (MathWorks Inc., Natick, MA, United States).
Briefly, SPM12 and Computational Anatomy Toolbox 12
(CAT12)2 were used to create an asymmetric diffeomorphic
anatomical registration through exponentiated Lie (DARTEL)
algebra template from the original and flipped gray matter and
white matter segments. T1-weighted structural images of each
participant (pre- and post-imaging data) were segmented and
normalized to the Montreal Neurological Institute (MNI) space
using CAT12 to generate images with 1.5× 1.5× 1.5 mm3 voxel

2http://www.neuro.uni-jena.de/cat/
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TABLE 2 | characteristics of participants in the AC training group, A training group, C training group, and active control group.

AC-training group A-training group C-training group Active control group Max value

Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI Mean SD 95% CI

Global cognitive status

MMSE (score) 28.77 1.05 [28.10, 29.42] 29.31 0.82 [28.79, 29.82] 29.36 0.81 [28.87, 29.84] 6.8 1.6 [26.59, 29.00] 30

Working
memory

DS (score) 7.07 2.26 [5.26, 8.30] 6.69 1.97 [5.44, 7.93] 6.78 2.54 [5.64, 8.50] 5.4 1.68 [4.12, 6.67] 16

Episodic
memory

LM (score) 10.46 3.02 [8.03, 13.11] 9.53 3.41 [7.39, 11.68] 10.57 4.36 [8.55, 12.36] 8.4 4.36 [5.10, 11.69] 25

Attention

D-CAT (score) 172.9 21.44 [148.28, 190.64] 168.6 34.98 [146.60, 190.62] 174.8 44.22 [159.43, 186.41] 164.1 44.08 [130.85, 197.340] 200

Pure-tone
audiometry

PTA (dB) 16.44 7.58 [-2.80, 1.27] 16.54 6.28 [-2.08, 1.27] 21.43 10.71 [-2.41, 1.12] 23.88 7.86 [-2.46, 1.12] 90*

*Maximum output limits of the audiometer. AC, Auditory-cognitive training; A, auditory training; C, cognitive training; MMSE, Mini-Mental State Examination; DS, digit
span; LM, logical memory; D-CAT, digit cancelation; PTA, pure-tone audiometry).

size diffeomorphic anatomical registration through the DARTEL
registration process. Moreover, we performed volume change
correction (modulation). We used a SPM12 image calculator
(ImCalc) to calculate the post-imaging value minus pre-imaging
value for all participants. The required mask expression was
(i2—i1).∗(i2 > 0.1).∗(i1 > 0.1). The mask expression was used to
restrict the statistical analysis to regions of the brain expected to
contain true signals. Subsequently, the generated rGMV image
was smoothed using a Gaussian kernel of 8-mm full width at
half maximum (FWHM).

Brain Structural Statistical Analysis
Full factorial model analysis was performed using SPM12
and CAT12. This approach was used to analyze the superior
effects of AC training compared to other training groups,
the effect of the auditory training factor (with/without), and
the cognitive training factor (with/without). The main effects
of both the factors and group comparisons were used as
contrasts of interest (cognitive training factor main effect:
AC + C > A + active control; auditory training factor main
effect: AC + A > C + active control; the superior effects of AC
training compared to other training groups: AC > A+C+ active
control). The model included two levels of each factor (cognitive
and auditory training factors), age, sex, and total intracranial
volume as covariates. Additionally, in the analysis of the superior
effects of AC training compared to other training groups, we
included the mask images (AC > C, AC > A, and AC > active
control, a threshold of p < 0.05, uncorrected). Furthermore,
we analyzed the relationship between behavioral changes scores
(auditory and cognitive measures) and GMV. The covariates were
mean centered, and we used threshold-free cluster enhancement
(TFCE) with randomized (5.000 permutations) non-parametric
testing using the TFCE toolbox.3 We applied a cluster-level FWE-
corrected at p < 0.05 (Takeuchi et al., 2012).

3http://dbm.neuro.uni-jena.de/tfce/

Preprocessing and Analysis of Resting-State
Functional Connectivity
Resting-state FC preprocessing and analysis were performed
using a standard pipeline in the CONN toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012), implemented in MATLAB.
Preprocessing included realignment, direct segmentation,
normalization to the MNI space (2 mm3), outlier detection
(artifact detection tool based identification of outlier scans
for scrubbing; motion correction = 0.9 mm; global-signal
z-value threshold = 5),4 and smoothing (FWHM = 8 mm).
The realignment and scrubbing parameters and the BOLD
signal from the WM and cerebrospinal fluid were regressed
using a general linear model. Data were band-pass filtered at
0.008–0.09 Hz to reduce the effects of low-frequency drifts
and high-frequency noise. First-level analyses included the
calculation of individual whole-brain seed-to-voxel FC maps
(Takeuchi et al., 2017).

Resting-State Functional Connectivity of Analysis
For second-level analysis, in the group-level comparisons, seed-
based FC maps were used to analyze the superior effects of AC
training compared to other training groups (AC > A+C+ active
control), main effect of the auditory training factor, and main
effect of the cognitive training factor. We included the mask
expression (AC > C, AC > A, and AC > active control, a
threshold of p < 0.05, uncorrected). The brain seed regions
were selected with reference to the results obtained in the brain
structure analysis. Furthermore, we analyzed the relationship
between behavioral changes scores (auditory and cognitive
measures) and functional connectivity. We used TFCE with
randomized (5.000 permutations) non-parametric testing using
the TFCE toolbox (see text footnote 3). The clusters were
threshold at an FWE corrected at p< 0.05 using a cluster-forming
threshold of p < 0.001, which was uncorrected.

4https://www.nitrc.org/projects/artifact_detect
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RESULTS

Behavioral Data
All participants had normal cognitive function, as indicated by
MMSE scores [mean = 28.88, standard deviation (SD) = 1.22],
and a normal to mild PTA threshold according to the Japan
Audiological Society (mean = 19.23, SD = 2.95). Cognitive and
auditory assessment scores before and after training in all groups
are presented in Figure 3.

First, to investigate whether a group difference existed
at the baseline (before training), we performed a two (the
auditory training factor: with/without) by two (the cognitive
training factor: with/without) ANCOVA with permutation tests
for the baseline data. We did not find statistically significant
interaction between the auditory and cognitive training factors
{LM [F(1,44) = 0.49, p = 0.63, adjusted p = 0.85], D-CAT
[F(1,44) = 0.17, p = 0.64, adjusted p = 0.85], DS [F(1,44) = 0.65,
p = 0.51, adjusted p = 0.85], PTA [F(1,44) = 3.25, p = 0.08,
adjusted p = 0.48]}. We did not find any significant effect of the

auditory training factor {LM [F(1,44) = 0.02, p = 0.96, adjusted
p = 0.96], D-CAT [F(1,44) = 0.04, p = 0.60, adjusted p = 0.48], DS
[F(1,44) = 0.96, p = 0.23, adjusted p = 0.58], PTA [F(1,44) = 1.50,
p = 0.17, adjusted p = 0.58]}, and the main effects of the
cognitive training factor {LM [F(1,44) = 0.91, p = 0.26, adjusted
p = 0.58], D-CAT [F(1,44) = 1.12, p = 0.9, adjusted p = 0.96], DS
[F(1,44) = 1.37, p = 0.29, adjusted p = 0.58], PTA [F(1,44) = 0.021,
p = 0.96, adjusted p = 0.96]}. The results indicated that the
cognitive functions and auditory performance at baseline did not
differ among the groups.

Second, we investigated effects of the interventions on
cognitive function and auditory performance using the ANCOVA
for changes in scores. We did not find statistically significant
beneficial effects of AC training on PTA thresholds [F(1,43) = 0.72,
p = 0.27, adjusted p = 0.40], LM [F(1,42) = 0.19, p = 0.38,
adjusted p = 0.49], D-CAT scores [F(1,42) = 2.30, p = 0.06,
adjusted p = 0.17], and DS [F(1,42) = 0.28, p = 0.92, adjusted
p = 1.00] compared to other training groups. However, we found
statistically significant main effects in the factor groups. In terms

FIGURE 3 | Change scores in cognitive function measures [logical memory (LM), digit cancelation (D-CAT), digit span (DS)] and auditory [pure-tone auditory (PTA)] in
each training group [auditory-cognitive training (AC), auditory training (A), cognitive training (C)].
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of cognitive functions, the CTFGs (the AC and C training groups)
had improvements in LM [F(1,42) = 5.15, p = 0.009, adjusted
p = 0.04] and D-CAT scores [F(1,42) = 7.2, p = 0.006, adjusted
p = 0.04] compared to the non-CTFGs (Figure 3). Moreover, the
ATFGs (the AC and A training groups) had improved auditory
performance [F(1,42) = 3.12, p = 0.02, adjusted p = 0.06] compared
to the non-ATFGs (Figure 3).

Brain Structural Results
Only the AC training group showed changes between other
training groups (A, C, and active control training groups) in
rGMV in the right dorsolateral prefrontal cortex (R. DLPFC),
the left inferior temporal gyrus (L. ITG), the left superior frontal
gyrus (L. SFG), the left orbitofrontal cortex (L. OFC), and the
right cerebellum (lobe 7 Crus 1) (FWE corrected at p < 0.05,
Figure 4 and Table 3). In addition, the ATFGs showed changes
in the cluster located in the left temporal pole (L. TP) compared
to the non-ATFGs (FWE corrected at p < 0.05, Figure 4 and
Table 3). Differences were observed in the clusters located in the
right inferior occipital gyrus (R. IOG), right cerebellum (lobule
7 Crus 1) and R. ITG between the CTFGs and non-CTFGs
(FWE corrected at p < 0.05, Figure 4 and Table 3). In addition,
we analyzed the relationships between behavior (cognitive and
auditory) changes and brain structural changes. However, any
changes of auditory and cognitive measures did not significantly
correlate with brain structure changes.

Brain Functional Connectivity Results
The brain seed regions were selected based on the results obtained
from the brain structure analysis. Thus, the AC training group
showed no statistically significant changes compared to the
other training groups. Compared to the non-ATFGs, the ATFGs
had significantly increased FC between the TP and precuneus
(Figure 5 and Table 4). Compared to the non-CTFGs, the
CTFGs showed no statistically significant changes compared
with the other training groups. In addition, we analyzed the
relationships between behavior changes and brain structural
changes. However, any changes of auditory and cognitive
measures did not significantly correlate with changes of brain
functional connectivity changes.

DISCUSSION

In this study, we investigated the beneficial effects of AC training
on cognitive functions (via LM, D-CAT, and DS), auditory
performance (via PTA), and MRI measures (brain structure and
FC) in healthy older adults. We found three main results related
to our hypotheses. First, AC training led to a change in rGMV in
the frontal regions but did not improve cognitive and auditory
performance compared to the other groups. Second, the ATFGs
improved auditory performance (PTA threshold), changed the
rGMV in the L. TP, and increased the FC between the L. TP and
the precuneus compared to the non-ATFGs. Third, the CTFGs
improved cognitive performance in terms of LM and D-CAT and
changed the rGMV in the R. DLPFC, L. ITG, OFC, and right

FIGURE 4 | (A) The regional gray matter volume results in the AC training
group compared to that in the other training groups (AC > A + C + active
control). The regional gray matter volume results of the auditory training factor
main effect (B) and cognitive training factor main effect (C). [Orbitofrontal
cortex (OFC), left inferior temporal gyrus (L.ITG), right superior frontal gyrus
(R.SFG), left temporal pole (L.TP), right inferior occipital gyrus (R.IOG),
auditory-cognitive training (AC), auditory training (A), cognitive training (C)]
FWE corrected at p < 0.05 based on 5,000 permutations. The color
represents the strength of the TFCE values.

cerebellum (lobule 7 Crus 1) compared to the non-CTFGs. We
have discussed these findings separately below.

In the first finding, AC training showed neural plastic changes
in the rGMV, but did not improve any cognitive function or
auditory performance compared to the other training groups.
This finding partially supports our hypothesis. For neural plastic
changes, we found that AC training increased the rGMV in
the R. DLPFC, L. ITG, OFC, and right cerebellum (lobule 7
Crus 1). The DLPFC is suggested to be involved in central
executive processes (Hertrich et al., 2021). Particularly relevant
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TABLE 3 | Brain regional gray matter volume with a significant cluster in main effects analysis and group comparison analysis.

Peak MNI coordinates

Anatomical Cluster size Corrected p-value (FWE) x y z

location (mm3)

AC > A + C + active control

R. DLPFC 747 0.005 56 –5 51

L. ITG 2,554 0.001 –48 –27 –29

L. SFG 682 0.025 –48 6 53

L. OFC 184 0.017 –5 44 –32

R. Cerebellum
Lobule 7 Crus 1

1,610 0.002 12 –87 –20

The main effect of the auditory factor

L. TP 81 0.021 –48 15 –42

The main effect of the cognitive factor

R. IOG 893 0.005 14 –81 –14

R. Cerebellum
R. Lobule 7 Crus 1

35 0.036 38 –78 –23

ITG 71 0.032 –47 -29 –32

R. DLPFC, Right dorsolateral prefrontal cortex; L.ITG, left inferior temporal gyrus; L. SFG, left superior frontal gyrus; L. OFC, left orbitofrontal cortex; 7 crus1, cerebellum
lobule; L. TP, left temporal pole; R. IOG, right inferior occipital gyrus; AC, auditory-cognitive training; A, auditory training; C, cognitive training) FWE corrected at p < 0.05.

to multiple tasks, the DLPFC is involved in scheduling processes
in complex tasks (task management) (Smith and Jonides, 1999).
Moreover, our results are consistent with previous findings in
a multitasking cognitive training study (two or more cognitive
activities at the same time); multitasking cognitive training using
an auditory stimulus and a visual stimulus tasks increased the
rGMV in the DLPFC in healthy young adults after a 4-week
training period (Takeuchi et al., 2014). Additionally, previous
neuroimaging studies have reported that the OFC, ITG, and
cerebellum (lobule 7 Crus 1) are important for the integration of
visual and auditory information (Wu et al., 2013; Nogueira et al.,
2017; Lin et al., 2020). The OFC is thought to play an important
role in adaptation to goal-directed behavior (Furuyashiki and
Gallagher, 2007). During AC training, the participants had to
integrate multisensory information during the combination of
auditory and cognitive training factors. Therefore, the rGMV in
the R. DLPFC, L. ITG, OFC, and right cerebellum (lobule 7 Crus
1) increased after 4 weeks of AC training. We did not find any

FIGURE 5 | The functional brain connectivity of the auditory training factor
groups (ATFGs) compared to the non-ATFGs. The red color represents
positive functional connectivity. FWE corrected at p < 0.05.

significant beneficial effects of AC training on cognitive function
and auditory performance compared to other training groups.
This result is inconsistent with previous findings (Yusof et al.,
2019). The training duration might be one of the reasons for this
inconsistency, as the previous study had an 8-week intervention
period, compared with the 4 weeks in the present study.

In the second finding, the ATFGs improved auditory
performance (PTA threshold), changed rGMV-related speech
perception, and increased brain connectivity in regions related
to listening effort and language processing compared to the non-
ATFGs. These findings support the second hypothesis of the
present study. It was been previously reported that older adults
could discriminate between words and sentences in high-noise
situations after a 4-week training period (Karawani et al., 2016).
However, the current study is the first to report that older adults
can also listen to a sound with low intensity level, as shown with
the PTA threshold.

The ATFG brain imaging results showed an increase in the
rGMV in the left TP compared to that of the non-ATFGs.
A previous fMRI study used sentence-listening tasks for normal
hearing and listening difficulty (Stewart et al., 2020); it included
three contrasts (phonology, intelligibility, and semantics). The
phonology contrast showed bilateral activation in the middle
and superior temporal gyrus, including the Heschl’s gyrus and
TP. Phonology is a system of processing the smallest units of
speech sounds and their linguistic combinations. As per previous
findings (Khalfa et al., 2001), the TP descending influence may
improve the auditory afferent message by adapting the hearing
function according to the cortical analysis of the ascending
input. Previous studies, as well as the current study, have shown
that listening to adverse conditions increases the activity of the
anterior temporal cortex regions, specifically in the TP. In the
present study, the participants in the ATFGs required auditory
effort because the sound intensity level decreased during the
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TABLE 4 | The peak MNI coordinates and intensity of brain clusters with significance in brain connectivity.

Network and seed
region

Brain region Cluster size
(mm3)

p-value FWE
p < 0.05

Peak MNI coordinates(X, Y, Z) Direction of
correlation

The main effect of the auditory factor

L. TP Precuneus 184 0.019892 + 12 –52 + 50 Positive

L. TP, Left temporal pole; AC, auditory-cognitive training; A, auditory training; C, cognitive training. FWE corrected at p < 0.05.

auditory training task. In terms of FC, the ATFGs showed a
significant increase in FC between the L. TP and precuneus
compared to the non-ATFGs. The FC between the TP and
precuneus is reportedly important in hearing sounds in situations
requiring high auditory effort (Rosemann and Thiel, 2019).
A study has suggested that the FC between the TP and precuneus
is associated with auditory effort (Rosemann and Thiel, 2019).
In the ATFGs, the participants focused on low sound intensity
level during the auditory training tasks. Therefore, FC between
the TP and precuneus was comparable between the ATFGs
and non-ATFGs.

In the third finding, the CTFGs improved cognitive
performance and increased the rGMV in the R. ITG, R.
IOG, and right cerebellum (lobule 7 Crus 1) compared to the
non-CTFGs. These results support the third hypothesis in
present study. For cognitive improvements, the CTFGs showed
significant improvements in the LM and D-CAT. Multiple
cognitive training usually presents better results than single
cognitive training (Auffray and Juhel, 2001). In addition,
previous studies that used cognitive training reported near
transfers in cognitive function (Golino et al., 2017). In this study,
our cognitive training included several cognitive components,
such as attention, episodic memory, and working memory.
Therefore, we found significant improvements in episodic
memory and attention performance.

The CTFGs showed a significant increase in the rGMV in the
R. ITG, R. IOG, and right cerebellum (lobule 7 Crus 1) compared
to the non-CTFGs. Previous functional neuroimaging studies
have shown that the L. ITG should be recruited more for the
maintenance of words than pseudowords (Fiebach et al., 2006). In
studies of language processing, the ITG has also been associated
with prelexical processing of abstract word form (Cohen et al.,
2000) and conceptual semantic processing (Herbster et al., 1997),
independent of presentation modality (Cohen et al., 2004).
The previous training study supports the suggestion that the
cerebellum may be important for shifting performance from the
attentionally demanding stage to a more automatic state (Holtzer
et al., 2017). Previous neuroimaging studies have reported that
the ITG and cerebellum (lobule 7 Crus 1) are associated with
information integration (Wu et al., 2013; Nogueira et al., 2017;
Lin et al., 2020). Additionally, a previous study reported that
activity occurs in the IOG during tasks that require episodic
memory usage (Matthaus et al., 2012). The participants in the
CTFGs were required to exert more cognitive effort as the
cognitive training tasks increased in difficulty. Therefore, brain
imaging results showed an increase in the rGMV in the R. ITG,
R. IOG, and right cerebellum (lobule 7 Crus 1).

The present study had some limitations. First, AC training
had fewer beneficial effects on behavioral performance compared

to other training modalities. However, we found positive effects
on the brain structure and FC. A possible explanation for this
could be the different measurement indices used (cognitive,
auditory, and brain) had an effect. Second, we did not consider
the effects that could occur over time after training. Third,
the present study did not evaluate the beneficial effects of
training on quality of life. As mentioned previously, ARHL
causes a cascade of deficits that can lead to dementia. Thus,
after the present training, the participants may have affected
communicating in quality of life and change in social isolation.
It would be beneficial is a future study would consider the
quality of life effects of AC training. Fourth, the PTA was used
to assess auditory sensitivity, but the cognitive potential noted
cannot be excluded. Fifth, the auditory and cognitive training
factors increased the level of difficulty in the training groups
relative to the subject‘s performance. However, the auditory
training factor may partially lead to a change in the difficulty
of the cognitive task, especially considering that the study
group consisted of older adults. Sixth, for the working memory
and short-term/episodic memory tasks, it is also necessary to
check whether the same effect can be achieved by changing
the stimulus of the training task. Final limitation is the small
number of participants. Due to the small sample number
of samples, it is hard to generalize the current results into
general a population. This is a first step in the overall research
on AC training using low sound intensity level as auditory
training task. In the future study it is important to conduct
a large sample RCT to investigate beneficial effects of AC
training on auditory and cognitive performance as well as
neural plasticity.

Hearing aids are the first choice for people with hearing
loss and have made significant technological advances over
the last two decades. Although satisfaction with hearing aids
has improved, hearing aid users often encounter difficulties in
challenging listening conditions (Ohlenforst et al., 2017). The
disadvantages of hearing aids include the following: (1) they do
not block background noise, (2) separate speech from sounds in
noisy environments, and (3) they allow users to hear sounds at
a distance (Ohlenforst et al., 2017). Thus, the current auditory
training method have important implications for the clinical
management of people with deterioration in auditory processing.
The present study showed that the auditory training to increase
auditory performance. Especially, AC training changed the brain
structure in the DLPFC and ITG, which are associated with
working memory and auditory processing. We believe that this
study has implications for improving auditory performance
in older adults. In addition, the present training methods
may improve auditory sensitivity and alter brain structure and
functional connectivity.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 March 2022 | Volume 14 | Article 826672

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-826672 March 31, 2022 Time: 13:30 # 12

Kawata et al. Auditory Cognitive Training

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board at the Tohoku
University of Sendai, Japan. The participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

NYSK: conceptualization, data curation, formal analysis,
investigation, visualization, writing—original draft, and
writing—review and editing. RN: conceptualization,
investigation, methodology, validation, visualization, writing—
original draft, and writing—review and editing. KO and YM:
investigation, writing—review and editing. RK: supervision and
writing—review and editing. All authors contributed to the article
and approved the submitted version.

FUNDING

This study was supported by the JSPS KAKENHI Grant Numbers
16KT0002, 19H01760 [Grant-in-Aid for Scientific Research
(B)] and 19H05003 [Grant-in-Aid for Scientific Research on
Innovative Areas (Research in a proposed research area)].
None of the funding sources had any involvement in the
study design, collection, analysis, interpretation of data, or the
writing of the manuscript.

ACKNOWLEDGMENTS

We are grateful to Haruka Nouchi, Kumiko Takahashi, Ayuko
Inoue, and Shoko Suzuki. They conducted psychological
assessments. They had no involvement in the study
design, analysis, or reporting of the results. We would
like to thank Editage (www.editage.com) for English
language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.826672/full#supplementary-material

REFERENCES
Alnajjar, F., Khalid, S., Vogan, A. A., Shimoda, S., Nouchi, R., and Kawashima,

R. (2019). Emerging cognitive intervention technologies to meet the needs
of an aging population: a systematic review. Front. Aging Neurosci. 11:291.
doi: 10.3389/fnagi.2019.00291

American National Standard Institute (2019). Methods For Manual Pure-Tone
Threshold Audiometry ANSI/ASA S3.21-2004 (R2019). Available online at:
https://infostore.saiglobal.com/en-us/Standards/ANSI-ASA-S3-21-2004-
R2019--133165_SAIG_ASA_ASA_2747350/

Auffray, C., and Juhel, J. (2001). General and differential effects of a multimodal
cognitive training program for the eldenly. Annee Psychol. 2001:101. doi: 10.
3406/psy.2001.29716

Ball, K., Berch, D. B., Helmers, K. F., Jobe, J. B., Leveck, M. D., Marsiske, M.,
et al. (2002). Effects of cognitive training interventions with older adults: a
randomized controlled trial. JAMA 288, 2271–2281. doi: 10.1001/jama.288.18.
2271

Biel, D., Steiger, T., Volkmann, T., Jochems, N., and Bunzeck, N. (2020). The gains
of a 4-week cognitive training are not modulated by novelty. Hum. Brain Map.
2020:41. doi: 10.1002/hbm.24965

Chaddock-Heyman, L., Loui, P., Weng, T. B., Weisshappel, R., Mcauley, E., and
Kramer, A. F. (2021). Musical training and brain volume in older adults. Brain
Sci. 2021:11. doi: 10.3390/brainsci11010050

Cohen, L., Dehaene, S., Naccache, L., Lehericy, S., Dehaene-Lambertz, G., Henaff,
M. A., et al. (2000). The visual word form area: spatial and temporal
characterization of an initial stage of reading in normal subjects and
posterior split-brain patients. Brain 123(Pt 2), 291–307. doi: 10.1093/brain/123.
2.291

Cohen, L., Jobert, A., Le Bihan, D., and Dehaene, S. (2004). Distinct unimodal and
multimodal regions for word processing in the left temporal cortex. Neuroimage
23, 1256–1270. doi: 10.1016/j.neuroimage.2004.07.052

Dalton, D. S., Cruickshanks, K. J., Klein, B. E. K., Klein, R., Wiley, T. L.,
and Nondahl, D. M. (2003). The impact of hearing loss on quality of
life in older adults. Gerontologist 43, 661–668. doi: 10.1093/geront/43.
5.661

Deal, J. A., Betz, J., Yaffe, K., Harris, T., Purchase-Helzner, E., Satterfield, S., et al.
(2017). Hearing impairment and incident dementia and cognitive decline in
older adults: the health ABC study. J. Gerontol. A Biol. Sci. Med. Sci. 72, 703–709.
doi: 10.1093/gerona/glw069

Farras-Permanyer, L., Mancho-Fora, N., Montala-Flaquer, M., Bartres-Faz, D.,
Vaque-Alcazar, L., Pero-Cebollero, M., et al. (2019). Age-related changes in
resting-state functional connectivity in older adults. Neural. Regen Res. 14,
1544–1555. doi: 10.4103/1673-5374.255976

Fiebach, C. J., Rissman, J., and D’esposito, M. (2006). Modulation of inferotemporal
cortex activation during verbal working memory maintenance. Neuron 51,
251–261. doi: 10.1016/j.neuron.2006.06.007

Folstein, M. F., Folstein, S. E., and Mchugh, P. R. (1975). “Mini-mental
state”: a practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90
026-6

Furuyashiki, T., and Gallagher, M. (2007). Neural encoding in the orbitofrontal
cortex related to goal-directed behavior. Ann. N. Y. Acad. Sci. 1121, 193–215.
doi: 10.1196/annals.1401.037

Golino, M. T. S., Flores Mendoza, C., and Golino, H. F. (2017). Effects of cognitive
training on cognitive performance of healthy older adults. Span J. Psychol.
20:E39. doi: 10.1017/sjp.2017.38

Hatta, T., Ito, Y., and Yoshizaki, K. (2001). Digit Cancellation Test (D-CAT) for
Attention. Osaka: Union Press.

Herbster, A. N., Mintun, M. A., Nebes, R. D., and Becker, J. T. (1997). Regional
cerebral blood flow during word and nonword reading. Hum. Brain Mapp. 5,
84–92. doi: 10.1002/(SICI)1097-0193(1997)5:2<84::AID-HBM2>3.0.CO;2-I

Hertrich, I., Dietrich, S., Blum, C., and Ackermann, H. (2021). The role of the
dorsolateral prefrontal cortex for speech and language processing. Front. Hum.
Neurosci. 15:645209. doi: 10.3389/fnhum.2021.645209

Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. J.
Stat. 6, 65–70.

Holtzer, R., Schoen, C., Demetriou, E., Mahoney, J. R., Izzetoglu, M., Wang, C.,
et al. (2017). Stress and gender effects on prefrontal cortex oxygenation levels
assessed during single and dual-task walking conditions. Eur. J. Neurosci. 45,
660–670. doi: 10.1111/ejn.13518

Frontiers in Aging Neuroscience | www.frontiersin.org 12 March 2022 | Volume 14 | Article 826672

http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fnagi.2022.826672/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.826672/full#supplementary-material
https://doi.org/10.3389/fnagi.2019.00291
https://infostore.saiglobal.com/en-us/Standards/ANSI-ASA-S3-21-2004-R2019--133165_SAIG_ASA_ASA_2747350/
https://infostore.saiglobal.com/en-us/Standards/ANSI-ASA-S3-21-2004-R2019--133165_SAIG_ASA_ASA_2747350/
https://doi.org/10.3406/psy.2001.29716
https://doi.org/10.3406/psy.2001.29716
https://doi.org/10.1001/jama.288.18.2271
https://doi.org/10.1001/jama.288.18.2271
https://doi.org/10.1002/hbm.24965
https://doi.org/10.3390/brainsci11010050
https://doi.org/10.1093/brain/123.2.291
https://doi.org/10.1093/brain/123.2.291
https://doi.org/10.1016/j.neuroimage.2004.07.052
https://doi.org/10.1093/geront/43.5.661
https://doi.org/10.1093/geront/43.5.661
https://doi.org/10.1093/gerona/glw069
https://doi.org/10.4103/1673-5374.255976
https://doi.org/10.1016/j.neuron.2006.06.007
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1196/annals.1401.037
https://doi.org/10.1017/sjp.2017.38
https://doi.org/10.1002/(SICI)1097-0193(1997)5:2<84::AID-HBM2>3.0.CO;2-I
https://doi.org/10.3389/fnhum.2021.645209
https://doi.org/10.1111/ejn.13518
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-826672 March 31, 2022 Time: 13:30 # 13

Kawata et al. Auditory Cognitive Training

ISO/TC (1996). Preferred test conditions for determining hearing thresholds
for standardization. ISO/TC 43/WG 1 Threshold of hearing. international
Organization for Standardization Technical Committee 43. Scand Audiol. 25,
45–52. doi: 10.3109/01050399609047555

Jayakody, D. M. P., Friedland, P. L., Martins, R. N., and Sohrabi, H. R. (2018).
Impact of aging on the auditory system and related cognitive functions: a
narrative review. Front. Neurosci. 12:125. doi: 10.3389/fnins.2018.00125

Karawani, H., Bitan, T., Attias, J., and Banai, K. (2016). Auditory perceptual
learning in adults with and without age-related hearing loss. Front. Psychol.
6:2066. doi: 10.3389/fpsyg.2015.02066

Kawata, N. Y. S., Hashimoto, T., and Kawashima, R. (2020). Neural mechanisms
underlying concurrent listening of simultaneous speech. Brain Res.
1738:146821. doi: 10.1016/j.brainres.2020.146821

Kawata, N. Y. S., Nouchi, R., Saito, T., and Kawashima, R. (2021). Subjective
hearing handicap is associated with processing speed and visuospatial
performance in older adults without severe hearing handicap. Exp. Gerontol.
156:111614. doi: 10.1016/j.exger.2021.111614

Khalfa, S., Bougeard, R., Morand, N., Veuillet, E., Isnard, J., Guenot, M., et al.
(2001). Evidence of peripheral auditory activity modulation by the auditory
cortex in humans. Neuroscience 104, 347–358. doi: 10.1016/S0306-4522(01)
00072-0

Kulason, K., Nouchi, R., Hoshikawa, Y., Noda, M., Okada, Y., and Kawashima,
R. (2018). The beneficial effects of cognitive training with simple calculation
and reading aloud (SCRA) in the elderly postoperative population: a pilot
randomized controlled trial. Front. Aging Neurosci. 10:68. doi: 10.3389/fnagi.
2018.00068

Li, C. M., Zhang, X., Hoffman, H. J., Cotch, M. F., Themann, C. L., and
Wilson, M. R. (2014). Hearing impairment associated with depression in US
adults, National Health and Nutrition Examination Survey 2005-2010. JAMA
Otolaryngol. Head. Neck Surg. 140, 293–302. doi: 10.1001/jamaoto.2014.42

Lin, F. R. (2011). Hearing loss and cognition among older adults in the
United States. J. Gerontol. A Biol. Sci. Med. Sci. 66, 1131–1136. doi: 10.1093/
gerona/glr115

Lin, Y. H., Young, I. M., Conner, A. K., Glenn, C. A., Chakraborty, A. R., Nix, C. E.,
et al. (2020). Anatomy and White Matter Connections of the Inferior Temporal
Gyrus. World Neurosurg. 143, e656–e666. doi: 10.1016/j.wneu.2020.08.058

Matthaus, F., Schmidt, J. P., Banerjee, A., Schulze, T. G., Demirakca, T., and Diener,
C. (2012). Effects of age on the structure of functional connectivity networks
during episodic and working memory demand. Brain Connect. 2, 113–124.
doi: 10.1089/brain.2012.0077

Mick, P., Kawachi, I., and Lin, F. R. (2014). The association between hearing loss
and social isolation in older adults. Otolaryngol. Head Neck Surg. 150, 378–384.
doi: 10.1177/0194599813518021

Nissim, N. R., O’shea, A. M., Bryant, V., Porges, E. C., Cohen, R., and Woods, A. J.
(2017). Frontal structural neural correlates of working memory performance in
older adults. Front. Aging Neurosci. 8, 328–328. doi: 10.3389/fnagi.2016.00328

Nogueira, R., Abolafia, J. M., Drugowitsch, J., Balaguer-Ballester, E., Sanchez-Vives,
M. V., and Moreno-Bote, R. (2017). Lateral orbitofrontal cortex anticipates
choices and integrates prior with current information. Nat. Comm. 8:14823.
doi: 10.1038/ncomms14823

Nouchi, R., Taki, Y., Takeuchi, H., Hashizume, H., Akitsuki, Y., Shigemune, Y.,
et al. (2012). Brain training game improves executive functions and processing
speed in the elderly: a randomized controlled trial. PLoS One 7:e29676. doi:
10.1371/journal.pone.0029676

Nouchi, R., Taki, Y., Takeuchi, H., Nozawa, T., Sekiguchi, A., and Kawashima, R.
(2016b). Reading aloud and solving simple arithmetic calculation intervention
(learning therapy) improves inhibition, verbal episodic memory, focus
attention and processing speed in healthy elderly people: evidence from a
randomized controlled trial. Front. Hum. Neurosci. 10:217. doi: 10.3389/
fnhum.2016.00217

Nouchi, R., Saito, T., Nouchi, H., and Kawashima, R. (2016a). Small acute benefits
of 4 weeks processing speed training games on processing speed and inhibition
performance and depressive mood in the healthy elderly people: evidence from
a randomized control trial. Front. Aging Neurosci. 8:302. doi: 10.3389/fnagi.
2016.00302

Nouchi, R., Kobayashi, A., Nouchi, H., and Kawashima, R. (2019). Newly
developed TV-based cognitive training games improve car driving skills,
cognitive functions, and mood in healthy older adults: evidence from a

randomized controlled trial. Front. Aging Neurosci. 11:99. doi: 10.3389/fnagi.
2019.00099

Nouchi, R., Kawata, N., Saito, T., Himmelmeier, R. M., Nakamura, R., Nouchi, H.,
et al. (2020a). Dorsolateral prefrontal cortex activity during a brain training
game predicts cognitive improvements after four weeks’ brain training game
intervention: evidence from a randomized controlled Trial. Brain Sci. 10:560.
doi: 10.3390/brainsci10080560

Nouchi, R., Nouchi, H., and Kawashima, R. (2020b). A Single 30 Minutes
bout of combination physical exercises improved inhibition and vigor-
mood in middle-aged and older females: evidence from a randomized
controlled Trial. Front. Aging Neurosci. 12:179. doi: 10.3389/fnagi.2020.
00179

Nouchi, R., Hu, Q., Saito, T., Kawata, N., Nouchi, H., and Kawashima, R. (2021).
Brain training and sulforaphane intake interventions separately improve
cognitive performance in healthy older adults, whereas a combination of
these interventions does not have more beneficial effects: evidence from
a randomized controlled trial. Nutrients 2021:13. doi: 10.3390/nu1302
0352

Nouchi, R., Nouchi, H., Dinet, J., and Kawashima, R. (2022). Cognitive Training
with Neurofeedback Using NIRS improved cognitive functions in young adults:
evidence from a randomized controlled Trial. Brain Sci. 2022:12. doi: 10.3390/
brainsci12010005

Ohlemiller, K. K. (2004). Age-related hearing loss: the status of Schuknecht’s
typology. Curr. Opin. Otolaryngol. Head. Neck. Surg. 12, 439–443. doi: 10.1097/
01.moo.0000134450.99615.22

Ohlenforst, B., Zekveld, A. A., Jansma, E. P., Wang, Y., Naylor, G., Lorens, A.,
et al. (2017). Effects of hearing impairment and hearing aid amplification on
listening effort: a Systematic Review. Ear. Hear. 38, 267–281. doi: 10.1097/AUD.
0000000000000396

Olson, I. R., Plotzker, A., and Ezzyat, Y. (2007). The Enigmatic temporal pole: a
review of findings on social and emotional processing. Brain 130, 1718–1731.
doi: 10.1093/brain/awm052

Peelle, J. (2019). The neural basis for auditory and audiovisual speech perception.
Milton Park: Routledge. doi: 10.31234/osf.io/39ej7

Pichora-Fuller, M. K., Kramer, S. E., Eckert, M. A., Edwards, B., Hornsby, B. W.,
Humes, L. E., et al. (2016). Hearing impairment and cognitive energy: the
framework for understanding effortful listening (FUEL). Ear. Hear. 37(Suppl.
1), 5S–27S. doi: 10.1097/AUD.0000000000000312

Pichora-Fuller, M. K., Schneider, B. A., and Daneman, M. (1995). How young
and old adults listen to and remember speech in noise. J. Acoust. Soc. Am. 97,
593–608. doi: 10.1121/1.412282

Rosemann, S., and Thiel, C. M. (2019). The effect of age-related hearing loss and
listening effort on resting state connectivity. Sci. Rep. 9:2337. doi: 10.1038/
s41598-019-38816-z

RStudio Team (2019). RStudio: Integrated Development for R. Boston, MA:
RStudio. Available online at: http://www.rstudio.com/

Sanchez-Perez, N., Inuggi, A., Castillo, A., Campoy, G., Garcia-Santos, J. M.,
Gonzalez-Salinas, C., et al. (2019). Computer-based cognitive training improves
brain functional connectivity in the attentional networks: a study with primary
school-aged children. Front. Behav. Neurosci. 13:247. doi: 10.3389/fnbeh.2019.
00247

Schneider, B. A., Pichora-Fuller, K., and Daneman, M. (2010). “Effects of Senescent
Changes in Audition and Cognition on Spoken Language Comprehension,”
in The Aging Auditory System, eds S. Gordon-Salant, R. Frisina, A. Popper,
and R. Fay (New York, NY: Springer Handbook of Auditory Research), 34.
doi: 10.1007/978-1-4419-0993-0_7

Schuknecht, H. F., and Gacek, M. R. (1993). Cochlear pathology in presbycusis.
Ann. Otol. Rhinol. Laryngol. 102, 1–16. doi: 10.1177/00034894931020
S101

Slade, K., Plack, C. J., and Nuttall, H. E. (2020). The effects of age-related hearing
loss on the brain and cognitive function. Trends Neurosci. 43, 810–821. doi:
10.1016/j.tins.2020.07.005

Smith, E. E., and Jonides, J. (1999). Storage and executive processes in
the frontal lobes. Science 283, 1657–1661. doi: 10.1126/science.283.5408.
1657

Sommers, M. S. (1997). Speech perception in older adults: the importance of
speech-specific cognitive abilities. J. Am. Geriatr. Soc. 45, 633–637. doi: 10.
1111/j.1532-5415.1997.tb03101.x

Frontiers in Aging Neuroscience | www.frontiersin.org 13 March 2022 | Volume 14 | Article 826672

https://doi.org/10.3109/01050399609047555
https://doi.org/10.3389/fnins.2018.00125
https://doi.org/10.3389/fpsyg.2015.02066
https://doi.org/10.1016/j.brainres.2020.146821
https://doi.org/10.1016/j.exger.2021.111614
https://doi.org/10.1016/S0306-4522(01)00072-0
https://doi.org/10.1016/S0306-4522(01)00072-0
https://doi.org/10.3389/fnagi.2018.00068
https://doi.org/10.3389/fnagi.2018.00068
https://doi.org/10.1001/jamaoto.2014.42
https://doi.org/10.1093/gerona/glr115
https://doi.org/10.1093/gerona/glr115
https://doi.org/10.1016/j.wneu.2020.08.058
https://doi.org/10.1089/brain.2012.0077
https://doi.org/10.1177/0194599813518021
https://doi.org/10.3389/fnagi.2016.00328
https://doi.org/10.1038/ncomms14823
https://doi.org/10.1371/journal.pone.0029676
https://doi.org/10.1371/journal.pone.0029676
https://doi.org/10.3389/fnhum.2016.00217
https://doi.org/10.3389/fnhum.2016.00217
https://doi.org/10.3389/fnagi.2016.00302
https://doi.org/10.3389/fnagi.2016.00302
https://doi.org/10.3389/fnagi.2019.00099
https://doi.org/10.3389/fnagi.2019.00099
https://doi.org/10.3390/brainsci10080560
https://doi.org/10.3389/fnagi.2020.00179
https://doi.org/10.3389/fnagi.2020.00179
https://doi.org/10.3390/nu13020352
https://doi.org/10.3390/nu13020352
https://doi.org/10.3390/brainsci12010005
https://doi.org/10.3390/brainsci12010005
https://doi.org/10.1097/01.moo.0000134450.99615.22
https://doi.org/10.1097/01.moo.0000134450.99615.22
https://doi.org/10.1097/AUD.0000000000000396
https://doi.org/10.1097/AUD.0000000000000396
https://doi.org/10.1093/brain/awm052
https://doi.org/10.31234/osf.io/39ej7
https://doi.org/10.1097/AUD.0000000000000312
https://doi.org/10.1121/1.412282
https://doi.org/10.1038/s41598-019-38816-z
https://doi.org/10.1038/s41598-019-38816-z
http://www.rstudio.com/
https://doi.org/10.3389/fnbeh.2019.00247
https://doi.org/10.3389/fnbeh.2019.00247
https://doi.org/10.1007/978-1-4419-0993-0_7
https://doi.org/10.1177/00034894931020S101
https://doi.org/10.1177/00034894931020S101
https://doi.org/10.1016/j.tins.2020.07.005
https://doi.org/10.1016/j.tins.2020.07.005
https://doi.org/10.1126/science.283.5408.1657
https://doi.org/10.1126/science.283.5408.1657
https://doi.org/10.1111/j.1532-5415.1997.tb03101.x
https://doi.org/10.1111/j.1532-5415.1997.tb03101.x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-826672 March 31, 2022 Time: 13:30 # 14

Kawata et al. Auditory Cognitive Training

Stewart, H. J., Cash, E. K., Maloney, T., Vannest, J., and Moore, D. R. (2020).
Effect of listening difficulties on speech cortical activation and connectivity in
children. medRxiv doi: 10.1101/2020.10.26.20218495

Takeuchi, H., Magistro, D., Kotozaki, Y., Motoki, K., Nejad, K. K., Nouchi, R., et al.
(2020). Effects of simultaneously performed dual-task training with aerobic
exercise and working memory training on cognitive functions and neural
systems in the elderly. Neural. Plasticity 2020:3859824. doi: 10.1155/2020/
3859824

Takeuchi, H., Taki, Y., Hashizume, H., Sassa, Y., Nagase, T., Nouchi, R., et al. (2012).
The association between resting functional connectivity and creativity. Cereb.
Cortex 22, 2921–2929. doi: 10.1093/cercor/bhr371

Takeuchi, H., Taki, Y., Nouchi, R., Hashizume, H., Sekiguchi, A., Kotozaki, Y.,
et al. (2013). Effects of working memory training on functional connectivity and
cerebral blood flow during rest. Cortex 49, 2106–2125. doi: 10.1016/j.cortex.
2012.09.007

Takeuchi, H., Taki, Y., Nouchi, R., Hashizume, H., Sekiguchi, A., Kotozaki, Y., et al.
(2014). Effects of multitasking-training on gray matter structure and resting
state neural mechanisms. Hum. Brain Mapp. 35, 3646–3660. doi: 10.1002/hbm.
22427

Takeuchi, H., Taki, Y., Nouchi, R., Yokoyama, R., Kotozaki, Y., Nakagawa, S.,
et al. (2017). Regional homogeneity, resting-state functional connectivity and
amplitude of low frequency fluctuation associated with creativity measured by
divergent thinking in a sex-specific manner. Neuroimage 152, 258–269. doi:
10.1016/j.neuroimage.2017.02.079

Taljaard, D. S., Olaithe, M., Brennan-Jones, C. G., Eikelboom, R. H., and Bucks,
R. S. (2016). The relationship between hearing impairment and cognitive
function: a meta-analysis in adults.Clin. Otolaryngol. 41, 718–729. doi: 10.1111/
coa.12607

Tallus, J., Soveri, A., Hämäläinen, H., Tuomainen, J., and Laine, M. (2015). Effects
of auditory attention training with the dichotic listening task: behavioural and
neurophysiological evidence. PLoS One 10, e0139318–e0139318. doi: 10.1371/
journal.pone.0139318

Tsukiura, T., Fujii, T., Takahashi, T., Xiao, R., Sugiura, M., Okuda, J., et al. (2002).
Medial temporal lobe activation during context-dependent relational processes
in episodic retrieval: an fMRI study. Functional magnetic resonance imaging.
Hum. Brain Mapp. 17, 203–213. doi: 10.1002/hbm.10068

Wayne, R. V., and Johnsrude, I. S. (2015). A review of causal mechanisms
underlying the link between age-related hearing loss and cognitive decline.
Ageing Res. 23, 154–166. doi: 10.1016/j.arr.2015.06.002

Wechsler, D. (1987). Wechsler Memory Scale Revised. San Antonio, TX: The
Psychological Corporation.

Wechsler, D. (1997). Wechsler Adult Intelligence Scale, 3rd Edn. San Antonio, TX:
The Psychological Corporation. doi: 10.1037/t49755-000

Whitfield-Gabrieli, S., and Nieto-Castanon, A. (2012). Conn: a functional
connectivity toolbox for correlated and anticorrelated brain networks. Brain
Connect 2, 125–141.

WHO (2011). World Health Organization Global Health and Aging. Natl. Inst.
Health 2011, 1–32.

Wu, T., Liu, J., Hallett, M., Zheng, Z., and Chan, P. (2013). Cerebellum and
integration of neural networks in dual-task processing. Neuroimage 65, 466–
475. doi: 10.1016/j.neuroimage.2012.10.004

Yamasoba, T., Lin, F. R., Someya, S., Kashio, A., Sakamoto, T., and Kondo,
K. (2013). Current concepts in age-related hearing loss: epidemiology and
mechanistic pathways. Hear. Res. 303, 30–38. doi: 10.1016/j.heares.2013.
01.021

Yin, S., Xiong, J., Zhu, X., Li, R., and Li, J. (2021). Cognitive training modified
age-related brain changes in older adults with subjective memory decline. Aging
Ment. Health 2021, 1–9. doi: 10.1080/13607863.2021.1972931

Yusof, Y., Mukari, S. Z. S., Dzulkifli, M. A., Chellapan, K., Ahmad, K., Ishak, I.,
et al. (2019). Efficacy of a newly developed auditory-cognitive training system
on speech recognition, central auditory processing and cognitive ability among
older adults with normal cognition and with neurocognitive impairment.
Geriatr. Gerontol. Int. 19, 768–773. doi: 10.1111/ggi.13710

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kawata, Nouchi, Oba, Matsuzaki and Kawashima.
This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 March 2022 | Volume 14 | Article 826672

https://doi.org/10.1101/2020.10.26.20218495
https://doi.org/10.1155/2020/3859824
https://doi.org/10.1155/2020/3859824
https://doi.org/10.1093/cercor/bhr371
https://doi.org/10.1016/j.cortex.2012.09.007
https://doi.org/10.1016/j.cortex.2012.09.007
https://doi.org/10.1002/hbm.22427
https://doi.org/10.1002/hbm.22427
https://doi.org/10.1016/j.neuroimage.2017.02.079
https://doi.org/10.1016/j.neuroimage.2017.02.079
https://doi.org/10.1111/coa.12607
https://doi.org/10.1111/coa.12607
https://doi.org/10.1371/journal.pone.0139318
https://doi.org/10.1371/journal.pone.0139318
https://doi.org/10.1002/hbm.10068
https://doi.org/10.1016/j.arr.2015.06.002
https://doi.org/10.1037/t49755-000
https://doi.org/10.1016/j.neuroimage.2012.10.004
https://doi.org/10.1016/j.heares.2013.01.021
https://doi.org/10.1016/j.heares.2013.01.021
https://doi.org/10.1080/13607863.2021.1972931
https://doi.org/10.1111/ggi.13710
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Auditory Cognitive Training Improves Brain Plasticity in Healthy Older Adults: Evidence From a Randomized Controlled Trial
	Introduction
	Experimental Methods
	Ethics Statement
	Participants
	Overview of Auditory Measures
	Overview of Cognitive Function Measures
	Magnetic Resonance Imaging Data Acquisition and Imaging Parameter
	Inclusion and Exclusion Criteria

	Training Materials
	Four Training Groups
	Criteria of Level Change of Cognitive and Auditory Training Factors
	Manipulation of Sound Intensity Level of Auditory Stimulus

	Details of Each Training Task
	Short-Term and Episodic Memory Training Task
	Working Memory Training Task
	Attention Training Task
	Training Session Schedule
	Sample Size

	Analysis
	Behavioral Data Analysis
	Image Preprocessing of Structural Brain Image
	Brain Structural Statistical Analysis
	Preprocessing and Analysis of Resting-State Functional Connectivity
	Resting-State Functional Connectivity of Analysis


	Results
	Behavioral Data
	Brain Structural Results
	Brain Functional Connectivity Results

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


