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Abstract. Brain-computer interface (BCI) technology is an emerging technology that enables direct
interaction between the brain and external devices by recording and decoding neural signals. With
the development of neuroscience and machine learning, the application of BCI has expanded to the
fields of cognitive enhancement and neurorehabilitation. This study explores the potential of BCI
technology in improving learning ability, enhancing memory and promoting neurorehabilitation. BCI
relies on neuroplasticity, especially Hebb plasticity and operant conditioning, in which long-term
potentiation (LTP) promotes memory and learning ability by repeatedly activating neuronal
connections. In addition, neurofeedback technology can help users self-regulate brain activity to
optimize cognitive function. In addition, progress has been made in the application of BCI in
neurological diseases, such as Alzheimer's disease (AD) and attention deficit hyperactivity disorder
(ADHD). Studies have shown that tDCS helps improve the memory recall ability of AD patients, while
EEG combined with games and slow cortical potential (SCP) training can help ADHD patients
regulate brain electrical activity and improve attention and impulse control. Although BCI still faces
challenges such as signal accuracy and personalized program development, future research can
further explore ways to improve signal recognition accuracy and provide more effective solutions for
cognitive enhancement and neurorehabilitation.
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1. Introduction

Brain-Computer Interface (BCI) technology is an emerging field that enables direct
communication between the brain and external devices. By recording and decoding neural signals,
BCI systems can influence brain activity and facilitate interaction with computers, prosthetic devices,
and even the nervous system itself. Initially, BCI research focused primarily on motor control,
particularly in assisting individuals with paralysis or amputations by enabling them to operate robotic
limbs or computer cursors through thought alone. However, advancements in neuroscience and
machine learning have expanded BCI applications beyond motor rehabilitation, into other aspects of
life.

Recent studies have demonstrated a great progress in this field, indicating the existed and potential
application of BCls technology on cognitive enhancement and rehabilitation. For instance, a notable
systematic review investigated and analyzed the research on BCI patterns and its implementation for
enhancing cognitive capabilities of students, indicating that BCI technology could improve students’
learning and cognitive skills when associated with different learning and teaching strategies, which
positively contributed to the educational learning environment [1]. BCl-based therapy has shown
promising results for post-stroke motor rehabilitation in a lot of researches. In spite of the success of
BCl-based interventions in the motor domain, there is also a research paper highlighted the
importance of the potential for the use of BCI systems beyond the motor domain, particularly in
improving cognition and emotion of stroke patients [2]. However, the application among these field
still carried risks, including the possibility of damaging brain tissue for invasive implant, and it might
raise concern about human free will regarding modifying cognitive function.

This essay intends to further explore the potential of BCI technology when applied to recovery of
cognitive abilities including neuronal rehabilitation and stroke, improving cognitive and learning
abilities, enhancing memory.
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2. Basic mechanisms

BCI records and decodes brain signals and sends feedback to external devices or the nervous
system itself, thereby affecting neural activity and shaping brain function. Its shaping of the brain
mainly relies on neuroplasticity, which is the ability of neurons and synapses to adjust their structure
or function based on experience, learning or external stimulation.

To better understand the application of BCIs, exploring mechanisms underlying cognitive
enhancements is an essential step. Cognitive enhancement refers to the enhancement of cognitive
functions such as attention, memory, learning and decision-making through training, technology or
physiological intervention. In general, it is based on Hebbian Plasticity and operant conditioning. To
be more specific, Hebbian plasticity is a neural learning mechanism based on principle “neural that
fire together, wire together”, when presynaptic neuron and post-synaptic neurons are fired, their
connection will be strengthened. Long-term potentiation (LTP) is a form of synaptic plasticity that
occurs when two neurons are repeatedly activated simultaneously, increasing the efficiency of
synaptic transmission, making the transmission of neural signals stronger. This is the basis of learning
and memory, explaining the process of cognitive improvement. Apart from that, operant conditioning,
a type of learning that alters frequency of certain behavior through rewards and punishments,
indicating how cognition can be enhanced [3, 4].

3. Memory

Regarding memory improvement, there are several methods and techniques that could be used to
mentor, record or regulate human cognition. One of the most common applications is based on Non-
invasive BCI, where surgical implantation of electrodes is not required.

There is growing evidence showing that Transcranial direct current stimulation (tDCS), a non-
invasive neuromodulatory technique, could improve a variety of brain cognitive functions, especially
learning and memory performances. First, it applies current through electrodes, which passes through
scalp and skull to reach the brain before exciting through another electrode. A number of studies have
indicated that neural exitability will increase through anodal stimulation, making neurons more likely
to fire, and this enhancement will further lead to improved learning and memory performance. Also,
the concentration of excitatory neurotransmitters like glutamate and brain-derived neurotrophic factor
(BDNF) will be increased, thereby strengthening synaptic plasticity and memory formation [5].

For older people with memory declining, tDCS has also been proved to be an effective tool in
improving this condition. Aging is associated with deterioration of cognitive function such as memory
foramtion and detention, which is resulted from reduced neural plasticity, lower level of certain
neurotransmitters. By adopting anodal stimulation over the dorsolateral prefrontal cortex (DLPFC)
among elder individuals, working memory performance can be improved [6].

Apart from that, in education setting, BClIs technology, particularly EEG also shows great potential
for improving students’ learning ability including memory and attention. To build a functional BCIs
system to assist students learning, several steps are required. The process begins with data acquisition,
where brain signals are collected using EEG-based scalp electrodes. Next, identifying each type of
brain signal with certain brain state, and interpreting those extracted signals to translate them into
meaningful commands. Following these procedures, students’ mental states could be monitored. For
instance, when beta waves that ranging from 15 to 40 hertz are detected by EEG, researchers can
determine that their brain is actively involved in learning processes. In contrast, when alpha waves
are extracted, students are relaxing or in a calm state [7, 8].

Feedback stimuli is the final step to build a complete neurofeedback loop, which usually includes
immediate feedback in forms of visual, auditory, or haptic. This reinforces desired mental states as
users will gradually learn to voluntarily adjust their mental states, enhancing cognitive functions such
as attention, memory, and other learning skills.

To summarize, the implementation of Non-invasive BCI technologies, such as tDCS and EEG-
based systems, can enhance cognitive functions like memory and attention. Specifically, tDCS
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improves neural excitability and neurotransmitter levels, aiding memory formation among older
adults. Meanwhile, when applied to the education system, EEG-based BCI monitors brain activity
and provides real-time feedback, helping students optimize learning and focus [9].
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Figure 1. Neurofeedback Loop: EEG-Based Brain Activity Control [9]

4. Neurological disorders

Despite the application of BCls technologies in improving memory and attention among healthy
individuals, an increasing number of studies also focused on its potential to treat neurological
disorders and cognitive deficits.

As a progressive neurodegenerative disorder, Alzheimer’s disease (AD) are characterized by
progressive memory loss, and neurodegeneration, particularly in the hippocampus and prefrontal
cortex, afffecting a large number of people over 65 years old. Current treatments provide only limited
symptomatic relief, tDCS therefore become an attractive method to assist or replace traditional
therapy.

tDCS is recently being recognized as an alternative for mitigating neurological disorders such as
AD and Mild cognitive impairment. In a study conducted by Ferrucci et al, Anodal tDCS over DLPFC
significantly improved short-term verbal memory performance among AD patients. Other studies also
shown that tDCS might enhance connectivity between PFC and hippocampus, leading to better
memory recall ability. These findings suggest that tDCS may have long-term benefits for memory
consolidation for patients with AD [10].

However, there are still concerns about some potential limitations and risks of applying tDCS. For
example, in Poreisz et al’s study, participants showed short-term side effects including fatigue, mild
headaches, and long-term risks are still unclear. Also, the efficacy is highly dependent on individuals,
whether it can be generalized to a broader population and people with neurological disorders is still
unsure.

BCI capabilities on addressing Attention Deficit Hyperactivity Disorder (ADHD) in children are
also widely discussed in previous research. ADHD affects around 10% of children worldwide, and
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conventional interventions such as meditation, psychotherapy and behavior therapy are still not
effective enough in terms of neurorehabilitation.

Specifically, BCI can combine with EEG to enable neurofeedback (NF) therapy. This method
helps ADHD patients to self-regulate their brain activity in order to improve attention and impulse
control. First, EEG is used to monitor the patient’s theta to beta ratio. Patients interact with a BCI-
driven interface, often in the form of a video game or training program. When the patient increases
beta activity which is a wave associated with inattentive states and decreases theta activity which is
a linked with concentrated state, they receive positive reinforcement, such as moving a game
character forward or unlocking new levels. As a result, patients could gradually learn to regulate their
brainwaves, leading to improved focus and cognitive performance [11, 12].

Slow Cortical Potential (SCP) Training is also a method help ADHD patients learn to voluntary
control their cortical excitability. First, SCPs are slow voltage shifts in EEG signals that reflect the
excitability of cortical neurons and play a crucial role in cognitive functions such as attention, motor
planning. EEG electrodes are usually placed at the vertex of the scalp, which is central to brain activity
regulation. When negative SCP shift is detected, meaning patients are in attentive states and their
brain is actively engaged in processing information, this could be rewarded to reinforcing the learning.
Over time, this allows them to self regulate their activity, learn how to activate or inhibit their brain
activity when needed [13, 14].

5. Discussion

In this essay, the application of BCI technology in cognition enhancement among both healthy
subjects and individuals with neurological disorders are discussed. It is found that non-invasive BCI
techniques, such as tDCS and electroencephalography (EEG)-based neurofeedback systems, can
significantly improve memory, attention, and learning abilities. Additionally, BCI technology shows
potential in mitigating neurological disorders. tDCS has been found to enhance short-term memory
in AD patients, while EEG-based neurofeedback training helps individuals with ADHD regulate their
brain activity and improve focus.

This study emphasizes the existing and potential usage of BCI technology in improving several
aspects of life. In the educational field, BCI can be used to monitor students’ cognitive states in real
time and provide instant feedback, building complete neurofeedback loop to optimize learning
efficiency. For elder individuals who are suffering from memory declines due to aging, BCI can send
stimulation to increase their neural exitability, therefore improve cognitive funciton. Furthermore, it
is beneficial for the clinal setting as well. Given that traditional therapies haven’t provided enough
resources to support large patient population, integrating BCI with neurofeedback presents a
promising non-pharmacological alternative for treating neurological disorders, offering a
conventional approach to cognitive rehabilitation.

Despite the promising findings suggested above, the study also has some limitations. First, the
long-term effects of tDCS and EEG-based neurofeedback remain uncertain, and individual
differences may affect their efficacy. Second, the accuracy of non-invasive BCI techniques still
requires improvement to be a reliable therapy. Additionally, the findings are largely based on previous
research, and the subjects being examined are mainly children, students or elders, making the results
less representative for a broader adult population.

In future studies, several different aspects could be explored. For example, researchers could
observing the enhancement of memory and attention effect of BCI technology in a longer period,
especially in alleviating the AD and ADHD symptoms. Ethical consideration when using tDCS and
EEG as alternatives also should not be ignored, as the alteration of individual cognition can raise
concerns about human free will. Besides, the potential risks of applying BCI as innovative method in
treating disease still need further discussion.
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6. Conclusion

In conclusion, this study examined the potential of BCI technology in cognitive enhancement and
neurorehabilitation. Firstly, | explored the core principle of BCI and mechanisms underlying learning
processes, and alteration of brain function. It relies on neuroplasticity, particularly Hebbian plasticity
and operant conditioning, and long-term potentiation (LTP) strengthens neural connections through
repeated activation, forming the foundation for memory and learning improvements. Meanwhile,
neurofeedback techniques could assist with operant conditioning, enabling users to self-regulate brain
activity and enhance cognitive functions.

Itis found non-invasive BCI techniques are effective and practical. The most common mechanisms
such as tDCS and EEG-based systems have shown effectiveness in improving memory and attention.
tDCS enhances neural excitability and neurotransmitter levels, benefiting both healthy individuals
and older adults experiencing cognitive decline. And EEG-based neurofeedback provides real-time
feedback to optimize learning processes, making it a valuable tool in educational settings.

BCI applications extend to neurological disorders, showing reliable implement on clnical field,
particularly in mitigating cognitive decline in AD and improving attention regulation in ADHD. tDCS
has demonstrated potential in enhancing memory recall in AD patients, while EEG-based
neurofeedback combining with games as well as Slow Cortical Potential (SCP) Training help ADHD
patients regulate brainwave activity to improve focus and impulse control.

Despite the challenges remain, future researches should refine BCI interventions, provide more
personalized plan. Al-driven solutions can also be used to improve signal accuracy, paving the way
for more effective cognitive enhancement and rehabilitation.
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