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Abstract

Cognitive function can decline irreversibly with age, potentially progressing to dementia. Intervention during the preclinical
stage is considered effective, but evaluation often requires large-scale equipment and tests. & decline in inhibitory function
precedes and is involved in a general decline in higher-order brain functions, making its assessment a key target for early
detection. We focused on error-related negativity (ERN) to capture the neural network of inhibitory function. While larger
ERN amplitudes indicate higher error detection ability and correlate with inhibitory function, the causal relationship, mutual
influences, and age-related effects in older adults remain unclear.

This study measured brain activity during an inhibitory task in young and older adults to examine the neural networks related
to error detection and inhibitory function. We used LORETA iCoh Full Vector Field analysis to verify directional connectivity.
In the elderly group, during error responses, we observed significantly stronger beta-band directionality from the ventral
anterior cingulate cortex (ACC) to the left frontal pole. Between the ventral and dorsal ACC, we also found significantly
stronger directionality in the theta, alpha, and beta bands. During correct responses, they showed significantly stronger alpha
and beta-band directionality from the left dorsolateral prefrontal cortex (DLPFC) to the right frontal pole.

Compared to the elderly, the young group exhibited significantly stronger mutual directionality between the ventral and dorsal
prefrontal cortices in the alpha and beta bands. They also showed widespread, significantly strong directionality among the
ACC, bilateral DLPFC, and frontal poles. These results suggest that error detection ability is important for the normal
functioning of inhibitory control in older adults. Furthermore, an age-related decline in metacognitive abilities may be
associated with impaired inhibitory function. The insights from this study can contribute to developing risk prediction models
for cognitive decline and establishing effective preventive strategies.

Key words: cognitive decline; inhibitory control; error-related negativity (ERN); aging; event-related potentials (ERP);
anterior cingulate cortex (ACC); neuroimaging; early detection

1.Introduction

Age-related decline in higher brain function is a phenomenon caused by
structural changes in the brain. Age-related structural changes in the brain
are caused by the accumulation of subtle changes, such as a decrease in the
number of neurons, reduction in synapses, and changes in neurotransmitters
[1]. These changes are thought to lead to a decrease in brain plasticity and
efficiency of neural networks, resulting in impaired information processing
abilities [2]. Recent diffusion tensor imaging studies have demonstrated that
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subtle structural changes in the white matter are closely associated with
cognitive decline [3], particularly with reduced connectivity in the
prefrontal—parietal network, which is associated with impaired executive
function [4]. These structural changes progress with age, becoming
particularly prominent from the 50s onward, as revealed by longitudinal
studies [5]. Higher educational attainment and rich intellectual activity
enhance cognitive reserves, thereby mitigating the effects of age-related
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structural changes in the brain [6]. The concept of cognitive reserve has
gained attention as a theoretical framework for explaining why individuals
with similar structural changes in the brain may exhibit different degrees of
cognitive decline [7]. Particularly, higher educational attainment and
continued intellectual activity enhance cognitive reserve and improve
functional resilience against structural changes in the brain [8]. These
findings highlight the importance of early preventive interventions,
suggesting that age-related declines in higher brain function are not
necessarily inevitable and that their progression can be delayed or mitigated
through appropriate preventive measures [9].

A detailed examination of the process of age-related changes in higher brain
functions reveals that their progression is gradual [10]. The first stage is the
preclinical stage of dementia, in which mild impairment of higher brain
function occurs without significant impairment in daily life or clear declines
in objective cognitive function tests [11]. From this stage, the condition
progresses gradually, passing through a stage of mild cognitive impairment
(MCI), in which mild functional decline can be detected through objective
cognitive function tests, ultimately leading to dementia [12]. Recent
longitudinal studies have reported that changes in functional connectivity
within brain networks occur during the preclinical stages of dementia [13].
In particular, changes in the interaction between the default mode network
and the executive control network have been suggested as potential early
markers of cognitive decline [14]. Additionally, machine learning analyses
have suggested the potential of predicting the risk of cognitive decline using
brainwave data [15]. Active interventions, such as cognitive rehabilitation,
during the preclinical stage of dementia, when no clinical symptoms are
present, can delay the decline of higher brain functions or maintain the
current state to some extent [16]. However, to accurately assess higher brain
function in the preclinical stage, advanced medical devices and specialized
examinations, such as functional magnetic resonance imaging and
biomarkers, are required [17]. Therefore, data on changes in higher brain
function in the preclinical stages of dementia are currently limited. In
addition, regarding age-related changes in neural substrates, the mechanisms
underlying the decline in individual functions and how they interact with
each other remain poorly understood [18].

In human cognitive function, inhibitory function is a key component of
executive function [19]. This function enables appropriate actions aligned
with goals by suppressing inappropriate responses or behaviors [20]. Recent
meta-analyses have revealed that the right inferior frontal gyrus, pre-
supplementary motor area, and ACC play central roles in inhibitory function
[21]. Additionally, the functional connectivity between these regions
correlates with inhibitory function performance [22]. Inhibitory function has
multiple aspects, including response, cognitive, and interference inhibitions,
each interacting with different cognitive processes [23]. Response inhibition
is involved in stopping ongoing actions, cognitive inhibition suppresses
unnecessary thoughts or memories, and interference inhibition controls the
influence of task-irrelevant information [24]. These functions form the basis
of adaptive behaviors in daily life and play important roles in learning and
social interactions [25]. In particular, inhibitory function shows a relatively
early decline with age [26] and has a significant impact on overall cognitive
function, making it important to examine its functional mechanisms in
relation to other cognitive functions. Inhibitory functions are closely related
to various cognitive functions, particularly working memory, attention
control, and metacognitive abilities [27].

These functions share the prefrontal cortex and mutually influence each other
[28]. For example, working memory is responsible for maintaining and
updating goal-relevant information, whereas inhibitory function suppresses
inappropriate responses based on that information [29]. Attention control
enables the maintenance of attention to relevant information and the shifting
of attention away from irrelevant information, thereby supporting efficient
functioning of the inhibitory function [30]. Error detection functions identify
errors that occur during behavioral or cognitive processes and facilitate
action correction based on these errors [31]. Error detection plays a crucial
role in behavioral adjustment and serves as the foundation for adaptive
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behavior [32]. The processing of error detection involves both metacognitive
conscious processing and distinct unconscious processing mechanisms [33].
Metacognitive error detection primarily occurs in the frontal polar cortex
(FPC) [34] and involves conscious evaluation of the outcomes of actions or
thoughts and making necessary corrections. This process involves explicit
awareness of one’s cognitive state or the outcomes of actions, enabling more
complex cognitive control [35].

This function plays a particularly important role in problem-solving and
learning situations and supports long-term behavioral adjustment [36]. In
contrast, unconscious error detection has a different neural basis from
conscious error detection and is primarily associated with the ACC [37]. This
processing mechanism rapidly detects potential errors before the results of
the actions are consciously recognized, enabling immediate behavioral
corrections [38]. This unconscious error detection process is observed as the
error-related negativity (ERN), one of the events- related potential
components [39]. ERN is a negative potential that appears 50—-150 msec after
the response, and its amplitude is correlated with the sensitivity of error
detection [40]. These two distinct processing processes operate at different
stages—immediate processing and deliberative processing while leveraging
their respective characteristics to contribute to behavioral control [41].

The interrelationships among the three systems—inhibitory function,
metacognitive error detection, and unconscious error detection—are not yet
fully understood. These processes are neurologically processed in different
brain regions, but further investigation is required to understand how they
coordinate, particularly regarding the order and interactions of these
processes [42]. For example, the detailed mechanisms by which initial error
detection signals in the ACC influence processing in the FPC and how this
ultimately contributes to the adjustment of inhibitory functions remain
unclear [43].

Additionally, empirical investigations are required to clarify how these
processing mechanisms are involved in a stepwise manner, from immediate
response control to long-term behavioral adjustment [44]. Recent studies
have suggested that the dynamic interactions between these functions may
enable flexible cognitive control [45]. Elucidating such relationships can
contribute to a better understanding of cognitive dysfunction and the
development of effective intervention methods, making this an important
research topic.

This study aimed to clarify how conscious and unconscious error detection
abilities are involved in the decline in inhibitory functions with age.
Clarifying the relationship between conscious and unconscious error
detection abilities and decline in inhibitory functions may provide important
insights into the mechanisms underlying age-related decline in inhibitory
functions. This is expected to lead to a new understanding that adds the
functional aspect of error detection to the previously identified neural basis
of prefrontal cortex dysfunction. Furthermore, this study aimed to clarify the
dynamic interactions of neural networks involved in cognitive function using
the latest brainwave analysis technique, Low-Resolution Electromagnetic
Tomography (LORETA) iCoh Full Vector Field analysis, to examine the
directed connections between brain regions in detail.

2. Participants and Methods
2.1 Participants

This study comprised 17 elderly men (n = 9) and women (n = 8) residing in
the community (mean age, 78.3 +4.2 years) and 15 healthy adult men (mean
age, 20.3 £ 0.5 years) as the control group. The inclusion criteria were a sleep
duration of > 6.5 h on the previous day and no caffeine intake for 6 h prior
to the experiment. The exclusion criteria included a Mini-Mental State
Examination score of <27 [46], visual impairments that would interfere with
task performance, motor or sensory impairments that would interfere with
task performance, orthopedic disorders or disorders related to higher brain
functions, and medication that could affect brain activity. Participant
recruitment for this study started on 2 October 2023 and ended on 31 March
2024. The research content was explained verbally and in writing, and
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written informed consent was obtained. This study was approved by the
Kyoto Tachibana University Research Ethics Committee (approval number:
23-45) and was conducted in accordance with the Declaration of Helsinki.

2.2 Experimental procedures

In this study, after a pre-assessment, brainwave activity was measured during
a 2-min resting state (pre-Rest) while seated in a chair. During this period,
the participants were instructed to maintain a stable posture and avoid
unnecessary body movements. To maintain a more natural state of
wakefulness, measurements were taken with the eyes open. After
completion, the participants were presented with multiple target stimulus
conditions (geometric stimuli) on a digital display in front of them and were
instructed to press or not press a switch button as quickly as possible in
response to the stimuli. This task was referred to as the “inhibition task™ in
this study. During the inhibition task, the participants were instructed to
focus their gaze on the center of the monitor and perform the task. When the
presented stimulus was a figure with five arrows arranged horizontally in the
same direction (match stimulus), the participants were instructed to “not
press the button.” When the presented stimulus was a figure with five arrows
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arranged horizontally in the same direction with only the middle arrow
pointing in the opposite direction (mismatched stimulus), the participants
were instructed to “press the button.” The number of stimuli was set to 30
trials for each side for left-right matched stimuli and 20 trials for each side
for left-right mismatched stimuli, for a total of 100 trials.

Each stimulus was presented for 300 + 0.5 msec. To prevent anticipatory
responses from the participants, stimuli were presented randomly at intervals
of 1995 + 99 msec. A multitrigger system (Medical Try System Co., Ltd.)
was used as the stimulus device (Figure 1). After completing the task, the
participants were seated again with their eyes open, and brain wave activity
was measured during a 2- min rest period (post-rest). Prior to the post-rest
measurement, short breaks were provided, as needed, to account for fatigue
from the task. To ensure consistency between the pre-rest and post-rest
measurements, careful attention was paid to controlling the posture and
environmental conditions. All measurements were conducted in a
soundproof laboratory, with room temperature and humidity maintained at
comfortable levels.

Stimuli
presented
continuously C DL
on the display
time:msec
<KL L
&
Response
button C e
o RS>

>>>>>

/

- Respond only when the central arrow points in the opposite direction
* Press the button corresponding to the direction of the arrow

Figure 1: Schematic diagram of the cognitive task system

2.3 Analysis of behavioural indicators

To compare the number of correct responses during the inhibitory task, the
number of times each participant correctly responded during the task was
recorded. Specifically, the number of times an appropriate button was
pressed in response to an incongruent stimulus was counted as a correct
response. For the correct response data of each group (young and elderly
groups), we first confirmed normality using the Shapiro—Wilk test. To
compare the number of correct responses in the inhibition task according to
age, we examined the differences in the number of correct responses between
the group conditions (elderly and young groups). The significance level for
all the tests was set at 5%.

2.4 Electroencephalogram measurement and analysis

The measurements were conducted in a shielded room to minimize external
electromagnetic noise. For electroencephalogram (EEG) measurements, the
bilateral auricles were used as reference electrodes, and 19 scalp electrodes
were placed according to the international 10-20 system at the following
locations: FP1, FP2, F3, F4, C3, C4, P3, P4, O1, 02, F7, F8, T3, T4, T5, T6,
Fz, Cz, and Pz on the scalp based on the international 10-20 method. The
sampling frequency was 1000 Hz, and the bandpass filter was set to 0.5-35
Hz. The recorded data were analyzed using BIMUTAS II (Kissei Comtec
Co., Ltd.). Responses were classified as correct when the appropriate button
was pressed in response to a mismatched stimulus and as incorrect when the
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wrong button was pressed. Brainwave data spanning 1000 msec, from 300
msec before to 700 msec after the stimulus, were extracted.

Additionally, electrooculogram was measured from the eyelid region of the
dominant eye, and components > 100 pV were excluded as artifacts.
Independent component analysis (ICA) was performed using MATLAB
(version R2023b, MathWorks) to process the noise. The latest artifact
removal techniques were applied to the preprocessing of the EEG data.
Specifically, in addition to ICA, the Artifact Subspace Reconstruction
algorithm was used [47]. This enabled a more effective removal of artifacts
derived from electromyography and eye movements [48]. The potentials of
each component were summed and averaged, and the resulting ERP
components were analyzed. Brain activity locations were identified using the
LORETA analysis program, a brain functional imaging filter based on
coordinate transformation, according to the standard brain based on the
Montreal Neurological Institute atlas. In this analysis, we first identified the
brain activity regions of ERN and N2 during correct and incorrect responses
in the inhibitory task. ERN was analyzed as brain activity during the negative
potential onset in the 50-150 msec time window [49]. N2 was analyzed as
brain activity during the negative potential onset in the 200-350 msec time
window [50]. After identification, data from the 700-msec interval
containing all ERP components related to inhibitory function activation were
analyzed, and the average activity regions were calculated. To visualize the
activity intensities, a color scale based on the current density values was
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adopted, with regions where the current density values were significantly
higher than the 2SD method threshold depicted in red.

Furthermore, to verify the directionality between brain regions showing
brain activity during the inhibitory task, we used the “iCoh full vector field”
analysis within the LORETA analysis program. For the brain regions
identified by LORETA, the brain coordinates of the dorsal and ventral ACC
(BA24, 25, 32), left and right dorsolateral prefrontal cortex (DLPFC) (BA9),
and left and right FPC (BA10) were defined within a radius of 5 mm from
the center coordinates reported in previous studies [51]. Regarding the
frequency bands, we defined the 4-7 Hz range as the theta wave band, the
8-13 Hz range as the alpha wave band, and the 14-30 Hz range as the beta
wave band.
Elderly group

Young group
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3. Results
3.1 Results of behavioral indicators

Statistical analyses were performed using IBM SPSS Statistics for Windows
version 27 (IBM). The Shapiro—Wilk test was used to assess data normality.
Because the data did not follow a normal distribution, the nonparametric
Mann—Whitney U test was adopted. The difference in the number of correct
responses in the inhibition task between the elderly and young groups was
examined using the Mann—Whitney U test. The results showed that the
elderly group had significantly fewer correct responses than the young group
(z=-4.99, p <0.001). The effect size was large (r = 0.88) (Table 1, Fig. 2).

Z-score P-score Effect sizes (r)

33.0 (31.5-35.5)

Number of correct responses

40.0 (40.0-40.0)

p <0.001

Table 1: Comparison of correct responses in the inhibitory task between age groups

Data are presented as medians (Q1, Q3), where Q1 represents the first quartile (25th percentile) and Q3 represents the third quartile (75th percentile). Group
comparisons were performed using the Mann—Whitney U test. Effect sizes were calculated as r and interpreted according to Cohen’s criteria: r = .10 (small),

r=.30 (medium), and r = .50 (large).

a0 |

s

sasuodsal 30944090 Jo Aousanbai4
g

young group

elderly group

Age group

Figure 2: Distribution of correct responses in the inhibitory task according to age group

3.2 Brain activity during the inhibitory task in the elderly group

Using LORETA analysis, during the inhibitory task, both during correct and
incorrect responses, ERN showed brain activity in the ACC, and N2 showed
brain activity in the ACC and FPC. Additionally, during the 700-msec
interval associated with inhibitory function, superior brain activity was
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observed in the ACC, DLPFC, and FPC during both correct and incorrect
responses to theinhibitory task (Figures 3 and 4). Results from independent
group comparisons using LORETA showed no statistically significant
differences between correct and incorrect responses to the inhibitory task.
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Figure 4: Brain activation regions during incorrect responses in the inhibitory task in the elderly group
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3.3 Directionality of brain activity during inhibitory tasks in the elderly
group
3.3.1 Functional differences in directionality between inhibitory task
correct responses and errors

During inhibitory task correct responses in the elderly group, a significantly
stronger directedness was observed from the left DLPFC to the right FPC in
the alpha and beta wave bands. Additionally, a significantly stronger
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directedness was observed from the right FPC to the ventral ACC and both
DLPFCs in the alpha and beta wave bands. In contrast, during inhibitory task
incorrect responses in the elderly group, a significantly stronger directedness
was observed from the ventral ACC to the left FPC in the beta wave band.
Additionally, mutually significant stronger directedness was observed
between the ventral ACC and dorsal ACC in the theta, alpha, and beta wave
bands (Figure 5).

dACC  VACC VACC RDLPFC LDLPFC RFPC  LFPC
(BA24) (BA25) (BA32) (BA9)  (BA9) (BA10)  (BA10)
dACC e SEReY DS - —— ERRRL
(BA24) v h/______JJ“V\\‘~j\A~___<wr-—--. | |
vACC | A
BA2S) | WV — A |
vACC ‘ | ;
(BA32) r~—0u B e W, |
— |
RDLPFC | |
(BA9) N\/\I‘/\'\/ /\/\/’V\’%_v\l\ |
LDLPFC | T l 1 | % |
I N e e s N N |
RFPC |
(8A10) NN~ N—— —" j—
LFPC | ' j ' = 1 —
(BA10) \h_____Qvf\\-‘7N" —1____ H\ .

Red: Incorrect responses were significantly higher in the elderly group

Blue: Correct responses were signif

0 - 30Hz

icantly higher in the elderly group

Figure 5: Directed graph comparing incorrect and correct responses in the inhibitory task in the elderly group

The results of this analysis are presented as a 7 x 7 matrix showing the
directional connectivity between brain regions. In each matrix cell, the
horizontal axis represents frequency (0-30 Hz), and the vertical axis
represents partial directed coherence values (dimensionless). The
superimposed red and blue lines indicate statistically significant directional
connectivity. The vertical arrangement of the matrix indicates the direction
of information flow, with information flowing from the regions displayed
horizontally (senders) to the regions displayed vertically (receivers).

3.4 Brain activity during the inhibitory task in the young group
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During correct responses to the inhibitory task, ERN showed brain activity
in the ACC, and N2 showed brain activity in the ACC and FPC. Furthermore,
during the 700-msec interval related to inhibitory function, dominant brain
activity was observed in the ACC, DLPFC, and FPC during correct responses
to the inhibitory task (Figure 6). Directional analysis of correct and incorrect
responses to the inhibitory task in the elderly group could not be performed
in the young group because the number of data points required for additive
averaging in EEG data processing was insufficient, thus preventing the
verification of functional differences.
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Figure 6: Brain activation regions during correct responses in the inhibitory task in the young group

3.5 Comparison of brain activity between the elderly and young groups

Independent group comparisons of data for the 700-msec interval related to
inhibitory function using LORETA revealed that brain activity during
correct inhibitory task responses was significantly higher in the young group
than in the elderly group in the FPC and occipital lobe.

3.6 Comparison of directionality during inhibitory task correct
responses between the elderly and young groups
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Comparing data from the young group during inhibitory task correct
responses with data from the elderly group during inhibitory task correct
responses, significantly stronger directionality was observed in the alpha and
beta wave bands between the ventral and dorsal ACC in the young group.

Additionally, a significantly stronger directionality was observed in the alpha
and beta wave bands between the ACC and left and right DLPFC and
between the left and right FPC. Furthermore, significant stronger
directionality was observed between the DLPFC and FPC in the alpha and
beta wave bands (Figure 7).
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Figure 7: Directed graph comparing correct responses in the inhibitory task between the young and elderly groups

The results of this analysis are presented as a 7 x 7 matrix showing the
directional connectivity between brain regions. In each matrix cell, the
horizontal axis represents frequency (0-30 Hz), and the vertical axis
represents partial directed coherence values (dimensionless). The
superimposed red and blue lines indicate statistically significant directional
connectivity. The vertical arrangement of the matrix indicates the direction
of information flow, with information flowing from the regions displayed
horizontally (senders) to the regions displayed vertically (receivers).

4. Discussion
4.1 Behavioral indicators

As the Shapiro—Wilk test rejected the assumption of data normality, the
Mann—Whitney U test, a nonparametric test, was used to examine the
difference in the number of correct responses between the elderly and young
groups in the inhibition task. The results showed that the elderly group had
significantly fewer correct responses than the young group (z = —4.99, p <
0.001). The effect size was also large (r = 0.88), suggesting a decline in
inhibitory function in older adults. A performance decline in older adults
evaluating specific executive functions was clearly demonstrated by this
task.

Verhaeghen et al. [52] reported a meta-analysis examining age-related
effects on executive function and attention, suggesting that executive
function generally declines with age and that this decline contributes to
impaired performance on cognitive tasks. The results of this study support
previous findings on age-related changes in cognitive function in older
adults. Furthermore, a large-scale meta-analysis published in 2023
demonstrated that inhibitory function decline was more pronounced than that
of other executive functions in adults aged > 65 years [53]. Additionally,
reports indicate that a decline in inhibitory function is associated with
difficulties in activities of daily living [54], which supports the clinical
significance of this study.

4.2 Neural basis of inhibitory function in the elderly

4.2.1 Brain activity during the appearance of error-related negativity
and N2
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To examine the neural activity associated with inhibitory function, we
compared brainwave data during the 700-msec period following a trigger,
focusing on correct and incorrect responses during an inhibitory task. Prior
to this analysis, using LORETA analysis, significant brain activity was
observed in the ACC and FPC during the appearance of the ERN and N2
components during correct and incorrect responses. These brain regions have
previously been reported to be involved in error detection and response
inhibition, and the present results are consistent with those of previous
studies [55]. These findings indicate that the neural activity associated with
inhibitory function is appropriately captured, thereby establishing the
validity of the subsequent detailed analyses.

4.2.2 Characteristics of brain activity during the inhibitory task in the
correct response condition

Significant directed activity observed in the alpha and beta wave bands from
the left DLPFC to the right FPC and from the right FPC to both DLPCs
during the correct response in the elderly has been previously reported. These
findings suggest that alpha and beta waveband activities in the frontal lobe
are closely associated with the control of executive function, maintenance of
cognitive flexibility [56], and optimization of performance processes [57].
In particular, the information transmission pathway from the DLPFC to the
FPC serves as the foundation for metacognitive processing [58] and enables
flexible behavioral control adapted to the situation [59]. Concurrently,
reverse information transmission from the FPC to DLPFC contributes to the
establishment of effective self-monitoring systems [60]. The bidirectional
directionality observed in this study suggests that self-monitoring functions
within the metacognitive system operate efficiently and that feedback
mechanisms based on information obtained therein are integrated to facilitate
performance optimization.

Recent studies indicate a positive relationship between DLPFC-FPC
functional connectivity and cognitive flexibility [61]. Additionally,
stimulation of the DLPFC using transcranial direct current stimulation
improves inhibitory function in older adults [62]. These findings support the
importance of the bidirectional connectivity observed between the DLPFC
and FPC in this study. Furthermore, regarding the significantly stronger
directedness from the right FPC to the ventral ACC in the alpha and beta
wave bands, previous studies have reported that activity in the frontal alpha
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and beta wavebands functions as the neural basis for self-referential
information processing [63], the behavioral monitoring system, and
metacognitive functions [64]. Furthermore, the FPC plays a central role in
metacognitive functions, and the functional connectivity between the ACC
and FPC influences the accuracy of metacognitive functions [65]. Based on
these findings, the present results suggest that efficient metacognitive
functions, such as behavioral monitoring, contribute to the realization of
appropriate cognitive control.

These results support the understanding that appropriate functioning of
inhibitory control in older adults is dependent on their metacognitive and
error detection abilities. Previous studies have also pointed out that the
ability to appropriately monitor one’s own cognitive activities and adjust
them as needed is essential for maintaining cognitive control in older adults
[66]. The findings of this study provide empirical evidence that such
interactions and interconnections among cognitive functions can be observed
as dynamics within brain networks. Furthermore, in addition to the existing
finding that inhibitory function can be improved through cognitive training
[67], this study suggests that a comprehensive intervention approach that
focuses on enhancing metacognitive abilities is necessary to achieve more
effective functional improvements.

4.2.3 Characteristics of brain activity during inhibitory task errors

Compared with correct responses in the elderly group, mutually significant
stronger directedness was confirmed in the ACC during error responses
across all frequency bands (theta, alpha, and beta). Regarding the network
activity within the ACC region, frontal theta waveband activity is involved
in unconscious error detection, subsequent cognitive control mechanisms,
and emotional response processing [68], whereas frontal alpha waveband
activity reflects attention control and the inhibition of unnecessary responses
[69]. Additionally, frontal beta waveband activity is closely associated with
the fine-tuning of behavior and the processing of feedback information [70].
Furthermore, the ACC itself plays an important role in error detection
systems, emotional processing, and the control of inhibitory functions [71].
Specifically, regarding the functional differentiation of the ACC, the dorsal
region is responsible for higher-order cognitive control, whereas the ventral
region primarily handles emotion-related information processing, suggesting
that the ACC as a whole enhances the efficiency of cognitive control [72].
Taken together, these findings suggest that the reciprocal directionality
observed within the ACC in this study reflects unconscious error detection
and precise inhibitory actions, which play a core role in the behavioral
correction process following error responses in inhibitory tasks.

Compared with the correct response condition in the elderly group,
significantly stronger directionality from the ventral ACC to the left FPC was
observed in the beta wave band during the error response condition.
Additionally, compared with the error response condition in the elderly
group, significantly stronger directionality from the right FPC to the ventral
ACC was observed in the alpha and beta wave bands during the correct
response condition. Alpha and beta waveband activities in the frontal lobe
are associated with cognitive control functions and higher-order information
processing [73] and metacognitive judgment processes [74]. Additionally,
regarding the functional connectivity between the ACC and FPC, the FPC
functions as a central hub for metacognitive judgment [75], and coordinated
activity with the ACC enables the integration of cognitive and emotional
information [76].

Based on these findings, the results of this study can be interpreted as
reflecting a process in which negative feedback information generated by
error responses is transmitted from the ventral ACC to the left FPC, thereby
promoting the higher-order processing of that information. Furthermore,
activation of metacognitive judgment functions in the right FPC suggests that
it contributes to the realization of appropriate cognitive control.

These findings provide important insights into the role of ACC activity in
the error correction process in older adults, suggesting that ACC activity
plays a central role and is finely tuned by input from the FPC. Previous
studies have also suggested that the functional connectivity between the
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ACC and FPC plays an important role in cognitive control in older adults
[77]. In particular, the FPC is a brain region less affected by age-related
structural and functional changes [78] and is considered to play a crucial role
in maintaining cognitive function in older adults. The results of this study
suggest that these functions of the FPC are exerted through coordinated
activity with the ACC.

4.3 Age-related changes in cognitive function

4.3.1 Age-related changes in error detection ability and their association
with inhibitory function

In a comparison between the older and younger groups, mutual directionality
between the ventral ACC and dorsal ACC was observed only in the younger
group in the alpha and beta wave bands, which is considered to reflect age-
related changes in error detection ability and inhibitory function.

The ACC is involved in behavioral monitoring and detection of cognitive
conflicts, playing a crucial role as the neural basis for error detection ability
[79]. Specifically, the dorsal ACC is involved in the execution of cognitive
control, whereas the ventral ACC is associated with processing emotional
responses [80]. These regions interact to efficiently process information,
enabling appropriate cognitive activities, such as error detection. The
reciprocal directed interactions observed within the ACC in the young group
suggest that information processing related to error detection is being
efficiently performed. However, the absence of such interactions within the
ACC in the elderly group suggests a decline in error detection ability with
age. This suggests that an age-related decline in error detection ability may
be closely related to a decline in inhibitory function. Age-related declines in
error detection ability and inhibitory function occur simultaneously [81]. The
ACC utilizes the information generated by error detection to adjust the
inhibitory function. Therefore, ACC dysfunction may affect both error
detection ability and inhibitory function. The results of this study provide
insights into age-related functional changes in the ACC from the perspective
of brain network dynamics.

4.3.2 Age-related changes in immediate cognitive control and their
association with inhibitory function

In comparisons between the elderly and young groups, the significant
stronger directedness observed in the alpha and beta wave bands between the
ACC and DLPFC in the young group has been reported in previous studies
to indicate that the ACC is involved in detecting cognitive competition [82]
and that this information promotes immediate inhibitory behavioral control
in the DLPFC [83].

Furthermore, evidence suggests that the ACC and DLPFC achieve efficient
cognitive control through parallel information processing and integration
[84]. Considering these reports, the results of this study are thought to reflect
an immediate inhibitory behavioral control mechanism mediated by a
coordinated and parallel information processing system between the ACC
and DLPFC. This suggests that self-referential information processing and
behavioral monitoring within the metacognitive system play essential roles
in achieving appropriate cognitive control and immediate inhibitory
behavioral control, providing evidence that these functions decline with age.

4.4. Interaction mechanisms among inhibitory function, error detection
ability, and metacognitive ability

The results of this study suggest that the interaction mechanism among
inhibitory function, unconscious error detection ability, and metacognitive
ability involves the functional integration of the ACC and FPC, which plays
a crucial role in the integration of these functions. The ACC is involved in
inhibitory control and unconscious error detection, whereas the FPC is
associated with metacognitive monitoring. Coordinated activity between
these regions contributes to the realization of appropriate cognitive control.
Second, this study suggests that age-related declines in inhibitory function
may be associated with reductions in unconscious error detection and
metacognitive abilities.
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Comparing the elderly and young groups, this study found that the young
group showed superior functional connectivity between the ACC and FPC,
suggesting that age-related declines in metacognitive ability may contribute
to the decline in inhibitory function. The decline in cognitive function with
age is associated with the interaction between multiple cognitive functions
[85].

Metacognitive ability is a higher-order function that regulates the efficiency
of other cognitive functions, and its decline leas to a decline in other
cognitive functions [86]. The results of this study empirically demonstrate
the role of metacognitive ability in relation to inhibitory function and error
detection ability. Further investigations are necessary to determine the
effects of interventions aimed at improving error detection and
metacognitive abilities on the maintenance and improvement of other
cognitive functions, including inhibitory functions.

5. Limitations and future prospects of the present
study

One limitation of this study is its relatively small sample size. In particular,
the number of participants in the elderly group was limited to 17; therefore,
caution should be exercised when generalizing the results. From the
perspective of statistical power, verification using a larger sample size is
desirable. Furthermore, this study only used the flanker task as an inhibitory
task. However, we consider it important to examine the generalizability of
the findings regarding correlations with other types of inhibitory tasks, such
as the Stroop and Go/No-go tasks. Additionally, more detailed consideration
is required regarding the difficulty level of the tasks. This study focused on
comparisons between age groups; thus, it is possible that individual
differences, such as educational background and cognitive ability, may have
influenced the results. These factors affect the cognitive function and brain
activity [87]. Educational background is associated with cognitive reserve
and may have a protective effect against age-related changes in cognitive
function [88]. The extent of daily intellectual and social activities should also
be considered a factor that may have influenced our results. Future studies
should examine these factors while appropriately controlling for them.
Furthermore, because this study adopted a cross-sectional design, it was not
possible to directly examine age-related changes.

A longitudinal study design that tracks changes within individuals could
allow for a more detailed understanding of age-related changes in cognitive
function and brain activity [89]. In particular, as cognitive function exhibits
significant individual differences, a longitudinal approach can help clarify
the factors underlying these individual differences. Furthermore, although
this study focused only on healthy elderly individuals, including those with
MCI or early-stage dementia, it provides a more comprehensive
understanding of the mechanisms underlying cognitive decline [90].
Particularly, the relationship between inhibitory function and changes in
metacognitive ability during cognitive decline is an important research topic.

The findings of this study provide important insights for the early detection
of cognitive decline and development of preventive interventions. In
particular, the establishment of noninvasive evaluation methods using EEG
is expected to enhance the feasibility of cognitive function screening at the
community level. It is anticipated that machine learning algorithms can be
used to construct predictive models of cognitive decline risk based on the
neural network characteristics identified in this study [91]. Additionally, the
development and validation of intervention programs aimed at improving
metacognitive abilities and error detection abilities are important challenges
[92].

Furthermore, it is worth investigating the potential of non-invasive brain
stimulation methods, such as transcranial electrical stimulation, for
intervention [93]. By integrating these study findings, a comprehensive
approach for the prevention and early intervention in cognitive decline can
be established.
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