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Abstract: Background: Pain is a complex experience that significantly impacts on the quality of life
of many older adults. Recognizing, assessing, and managing pain in this population is crucial, as
untreated or undertreated pain can lead to decreased mobility, social isolation, depression, and
overall decline in health. Neurofeedback is a promising noninvasive technique to address these
challenges associated with aging using real-time visualizations of brain activity self-regulation.
Objectives: The aim of this work is to search for innovative noninvasive tools that may be
complementary for the improvement and maintenance of various cognitive abilities (including pain
management) in the elderly. To this end, this project proposes the evaluation of a new prototype
designed for electronic neurofeedback, using EEG electrodes and biofeedback for the use of binaural
tones and their impact on the waves displayed by the EEG could result in a cognitive rehabilitation
method that can increase attention or memory by training some aspects of brain activity. Methods:
The proposed methodology for use in older people consists of administering binaural auditory
stimuli to volunteers of different ages while monitoring brain activity through neurofeedback, with
the aim of assessing their influence on neuronal activity and response patterns. The collected signals
were processed to facilitate data classification by applying machine learning methods. Results: The
use of neurofeedback as a complementary tool in the treatment of older adults as an adjunctive
therapy against mild cognitive impairment could aim to improve overall cognitive function and
could also be integrated into wellness programs. This seminal project generated a new design of a
prototype of a brain-computer interface (BCI) system, developed to facilitate real-time interaction
and data analysis during neurofeedback and auditory stimulus experiments. The experimental
protocol showed that auditory training, as part of a neurofeedback prototype, could offer a simple
and effective self-management tool for older people. By performing auditory exercises, participants
demonstrated improved attention, relaxation, and overall mental clarity. Conclusions: Addressing
pain in older adults is a public health priority. While neurofeedback for older adults is still emerging
and requires further clinical studies, these results highlight the potential of neurofeedback-based
auditory training as a viable option to help older populations maintain cognitive health and manage
stress, with the added benefit of being accessible and easy to use in daily life.

Keywords: neurofeedback; electroencephalogram; cognitive improvement; healthy aging; pain
resilience; emotional well-being

1. Introduction

Older adults frequently experience age-related changes, including cognitive and physical
decline (which can be painful), increased stress, sleep disturbances, or mood dysregulation [1-6].
Providing tools for managing these situations is an unavoidable challenge for improving the living
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conditions of older adults. Non-invasive interventions such as neurofeedback (NFB) and binaural
stimuli (BS) have garnered interest as adjunct therapies to improve brain function, emotional balance,
and overall quality of life [7].

Although there is little clinical information describing the potential use of NFB and BS to
improve the quality of life of older adults [8-10], for the well-being of these persons, the NFB and BS
system could be a valuable tool to manage chronic pain (always with the supervision of health
services through nursing management) by using real-time monitoring of brain activity to promote
self-regulation and pain relief.

Regarding the effectiveness of these techniques, evidence was found. However, the
heterogeneity in study protocols-made it very challenging to determine an optimal protocol for NFB
administration [9,11,12]. This pilot study explores the feasibility and impact of NFB training on
cognitive performance in elderly individuals, reporting preliminary improvements in their cognitive
abilities.

1.1. Background on Neurofeedback

Basically, NFB, as a non-invasive therapy, allows people to be trained to modify their brain
activity through real-time feedback, which could be very useful in nursing care. This group of
techniques constitutes a form of biofeedback that relies on monitoring brain activity (usually using
electroencephalography (EEG) or functional near-infrared spectroscopy to measure brain wave
patterns). The hypothesis is that patients can learn to adjust these patterns through visual or auditory
cues [13], which would provide real-time feedback that would allow them to optimize their brain
function [2,3,14-18]. This would be achieved by reinforcing the desired brain wave patterns through
visual or auditory feedback. Thus, for example, to relieve pain, NFB can reduce pain perception by
modulating alpha (8-12 Hz) and theta (4-7 Hz) waves, associated with relaxation and pain tolerance
[19-21]. This process would be based on the neuroplasticity of the brain, which gives it the remarkable
ability to reorganize itself by forming new neural connections.

1.2. Types of NFB Training

Various types of NFB protocols have been developed, each with unique methodologies and
clinical applications [2,3,14-18,22]. Each type of NFB training offers distinct advantages, and the
choice of method is typically guided by the individual’s clinical presentation, specific treatment goals,
and the targeted neural processes. As research advances, these techniques continue to evolve,
expanding their potential applications in both clinical and performance-enhancement settings.

The most conventional method is EEG NFB, which uses scalp sensors to capture electrical brain
activity across frequency bands (e.g., delta, theta, alpha, beta). By reinforcing desired brainwave
patterns and inhibiting undesired ones, traditional EEG NFB aims to enhance cognitive performance,
emotional regulation, and overall mental well-being [19-21].

This study presents a design that explores the experiences associated with a traditional EEG
NFB-based program and binaural beat music stimuli (BS). Binaural beats are an auditory
phenomenon created when two slightly different frequencies are presented separately to each ear
[23]. The brain perceives a third “beat” frequency, which may influence brainwave activity [24]. By
targeting specific frequency bands (e.g., theta for relaxation, alpha for meditative states), BS may
entrain neural oscillations associated with desired mental states. These stimuli have been investigated
for stress reduction (like management of pain, improved sleep quality or enhanced cognitive
processing). BS are typically delivered via headphones during quiet, controlled sessions and can be
easily integrated into a patient’s routine [25-27].

This technique is used to influence brainwave activity and has been studied for its effects on
pain relief and cognitive performance. Specifically, delta (0.5-4 Hz) and theta (4-8 Hz) BS have been
linked to relaxation, stress reduction, and pain relief. Some research suggests that listening to these
frequencies can modulate pain perception and promote relaxation, helping to manage chronic pain
in older adults [28].
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The combined use of NFB and BS may offer synergistic benefits by enhancing brainwave
Modulation. NFB provides direct, individualized training in regulating brain activity, while BS can
prime the brain for relaxation or cognitive engagement. This combined approach could also facilitate
multimodal intervention, as it may address both the physiological and psychological aspects of aging,
leading to better outcomes in mood regulation and overall well-being.

The interactive nature of NFB, complemented by the passive listening experience of BS, may
increase patient adherence and engagement in therapy routine [25-27,29]. Ultimately, this
combination of NFB may provide enhanced benefits for older adults by amplifying cognitive training
effects, leading to better focus and memory retention. It may also strengthen neural networks that
help with pain processing and perception, promoting deep relaxation, which aids in pain relief and
mental clarity.

1.3. Neurofeedback and Bianural Stimuli for Concentration and Pain Management

The incidence of pain is reported to reach 73% among community-dwelling older adults and
80% among those living in nursing homes, so there is a clear risk that the incidence of some types of
age-related pain will increase daily. Notably, it is not restricted to chronic pain alone; studies have
demonstrated that acute pain is also poorly managed among this population. Common non-
malignant pain conditions seen in older people include osteoarthritis, post herpetic neuralgia, post-
stroke pain or diabetic neuropathy [30]. Then, there is no doubt that developing and testing new,
multimodal strategies to reduce the onset and impact of pain in older adults is crucial.

Because NFB and BS represent promising complementary interventions for improving quality
of life in older adults (although preliminary evidence is encouraging), further controlled studies are
needed to optimize protocols and verify long-term benefits. Specifically NFB training could modulate
pain perception and reduce chronic pain symptoms by training patients to control brain activity
associated with pain processing [31,32]. It has been used to improve emotional resilience and reduce
negative mood, particularly by targeting the right hemisphere of the brain, which is involved in stress
and pain processing [33,34].

By directly influencing brain wave activity and promoting self-regulation, these techniques may
help mitigate age-related physical, cognitive, and emotional challenges. However, further clinical
trials are needed to establish standardized protocols and long-term efficacy. In parallel, considering
the target population, it is important to develop easy-to-use devices that combine NFB EEG with BS
administration [25-27,29], in order to standardize their use given the promising results.

Finally, it is important to highlight that their use to date has shown that NFB and BS are safe for
most people, but they should be guided by a trained professional to avoid overstimulation or fatigue.
For example, BS should not be used by people suffering from epilepsy or severe auditory processing
disorders, and patients should be monitored for both improvements and possible side effects, such
as mild headaches or dizziness [25-27,29].

2. Materials and Methods

This comprehensive technical protocol integrating a multi-dimensional assessment strategy,
combining standardized testing principles, and quantitative metrics. The protocol is divided into
several phases that cover initial screening, controlled testing, data collection, and analysis.

2.1. Preparing the Pilot Test Equipment. Participant Information and Selection Criteria

Proper data collection and management, a standardized testing environment, and proper
equipment distribution were ensured. All tests were conducted in the same quiet room, with uniform
lighting and minimal distractions. Devices (recorders, computers) were calibrated before each
session.
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2.1.1. Eligibility Screening

Pre-screening is used to determine whether potential participants are eligible to participate in
their research study (based on exclusion and inclusion criteria). In this pilot study were: Age range
(adults over 55 years of age), native language fluency and level of education higher than high school,
and absence of sensory impairments (or documented accommodations).

2.1.2. Pre-Test Briefing

Before the start of the pilot test, all the selected participants were informed about the objectives
of the evaluation, clearly explained study procedures and any potential risks or benefits for obtaining
informed consent, ensuring the success and viability of the aforementioned test. However,
information regarding therapeutic treatments and cognitive or other diseases was collected. To
reduce gender bias, participants were selected to ensure an equal percentage of men and women.
Initially, all participants completed an informed consent form (ethical committee approval code US
PEIBA: 1553-N-22).

For data collection, the protocol ensured compliance with data privacy regulations
(anonymization, secure storage). In addition, inter-rater reliability measures were taken. Therefore,
for comfort level scoring, at least two independent raters were required to score each response. Inter-
rater agreement was calculated using Cohen’s kappa statistic. The kappa statistic is used to assess
inter-rater reliability. The importance of inter-rater reliability is that it represents the degree to which
the data collected in the study are accurate representations of the measured variables [35]. By
incorporating these rigorous quality control procedures, this framework provides a comprehensive
method for exploring the effectiveness of NFB BS tools in improving subjects” ability to maintain
concentration and, ultimately, in managing their cognitive abilities (which can greatly assist them in
coping with painful events).

2.1.3. Neurofeedback Designed Device: Instrumentation, Measurement Tools and Digital Recording

The NBF device (MindWave Mobile 2™, NeuroSky INC.,, Silicon Valley Headquarters, San Jose,
CA, USA [36]) was used as a cerebral activity feedback system, using an auditive simulation way to
improve mental status. The emission of BS was used to test the improving the ability for concentration
of the participants. This device is a low-cost EEG system widely used in NFB training, meditation,
and cognitive state monitoring. It measures brainwave activity through a single dry electrode placed
on the forehead and an ear clip that serves as a grounding mechanism to reduce electrical noise. The
collected EEG signals allow for real-time monitoring of attention states.

The NeuroSky headset was wirelessly connected to a Raspberry Pi 3B™ (Raspberry Pi
Foundation, UK [37]) via Bluetooth to process real-time EEG data and adjust the auditory stimuli
accordingly. The headphones were connected to the Raspberry Pi, and the Mindwave Mobile headset
was positioned on the participants according to the manufacturer’s instructions. The frontal electrode
of the headset was placed on the forehead, while the ear clip provided a grounding connection to
minimize electrical noise. The headphones were connected to the Raspberry Pi, allowing participants
to listen to BS that were adjusted based on their real-time EEG activity.

The following setup procedure was as follows (Figure 1):

1. The Flex cable is connected to the low screen plaque. The connector cover is removed and the
display cable is inserted in the Flex connector in the Raspberry.

2. The microUSB/USB cable is connected to the screen for power supply. The microUSB plugs
into the “PWR IN” in the lower plaque of the screen. The USB is connected to the USB port in the
Raspberry Pi.

3. Raspberry Pi is connected to the power and it is switched on. It was used the software Onboard
to get a keyboard in the screen.

4. The console is opened in the tools bar.

5. Mindwave mobile is now switched on using matchup mode.
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6. Now, it should be typed the following commands to connect to the diadem NeurosSky by
Bluetooth:

e  Active Bluetooth

e Initiate matchup mode
e Matchup device

e  Exit from Bluetooth tool
e  Connection established

Using the MAC address of Mindwave Mobile to be connected.

7.Mu Editor is used to run the commands.

Finally, all the settings were connected to the system and Mindwave Mobile diadem was placed
in the participants head according to the manufacturer’s instructions. The headset’s frontal electrode
was placed on the forehead, while the ear clip provided a grounding connection to reduce electrical
noise. Headphones allowed participants to listen to BSbeats adapted to their real-time EEG activity.

Figure 1. Neurofeedback equipment elements NeuroSky™, biometrics on mobile devices and wearables):
designed for the pilot program to verify applicability in training for improving attention levels as a management
tool in stressful situations. (a) Placement of the device on the subject. (b) Acquisition system: Raspberry™ Pi 3
B+ with various peripherals allows contact with both sensors and actuators as well as communication ports. (c)
Raspberry™ Pi 3 B+ details.

2.2. Procedure: Protocol Overview

Participants must read two popular science texts of similar complexity. The texts will be
provided by the experimentation team, and they include several questions about the level of
complexity of reading (Figure 2). The test is conducted as follows (Figure 1): The subject put on
headphones. The participant has not been previously informed of the time at which the sound
stimulus will begin. Then, the person received the first text (in fact, this test is the control because no
sound is applied by the headphones). This first reading constitutes the baseline phase. The recording
lasted as long as the participant took to complete the reading. Then, when the subject finished reading
and answered the questionnaire, the text is taken away (Figure 2).

After a brief pause, a second text was provided. Simultaneously, binaural tones began playing
through the headphones. Finished the reading the participants answered the questionnaire again
(Figure 2).


https://doi.org/10.20944/preprints202505.0536.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0536.v1

6 of 11

Incidence of appearance of low
alpha wave

Figure 2. Neurofeedback and modifications in waves relevant to attention. Alpha waves are relevant to attention
(8-12 Hz) affecting relaxation and a passive state of attention. NFB associated to BS decrease alpha waves in one
side of the brain to enhance attention on the opposite side (a) Average appearance of low alpha waves in task

executed with NFB and (b) Average appearance of low alpha waves in task executed with NFB BS.

Finally, the participants were interviewed to determine their comfort level with the system and
whether they noticed any difference in attention span between the two texts read.

2.3. Signal Acquisition and Interpretation

As the manufacturer describes in [36], the NeuroSky headset measured brain activity through a
dry forehead electrode and an earlobe reference clip. The forehead electrode detected electrical
signals primarily originating from the prefrontal cortex, and although optimized for brainwaves, it
could also pick up electromyographic (EMG) signals caused by facial muscle activity.

Participants were instructed to minimize muscle contractions to ensure a cleaner EEG recording.
The earlobe clip did not detect brainwaves but served as a reference point, allowing differential
amplification of the EEG signal and reducing external electrical interference. The NeuroSky device
uses a proprietary adaptive algorithm that adjusts dynamically to each participant’s natural
brainwave variability, enhancing data robustness across a wide range of individuals and
environmental conditions.

Data was recorded and downloaded as CSV files and processing was done using Microsoft
Excel™.

3. Results

The pilot test was conducted on a group of four people (two women and two men) with similar
academic backgrounds (all participants had higher education) and also similar ages (55-65 years).

Data on the occurrence of low alpha waves are collected based on information provided by the
selected device regarding their incidence. Alpha rhythms (8-13 Hz) in the EEG are subdivided into a
“low alpha” band (approximately 8-10 Hz) and a “high alpha” band (10-12 Hz). Low alpha activity
has been particularly linked to semantic memory processes and a state of relaxation. In a typical
NeuroSky-based neurofeedback protocol, the software defines a target range for low alpha power.
Empirical studies confirm that even inexpensive single-channel devices like NeuroSky’s can
accelerate alpha enhancement.

The pilot project confirmed that, for the target population (people over 55 years of age), the use
of this group of technological devices did not cause significant discomfort. In fact, the responses
collected at the end of each phase of the test showed that all participants achieved high or very high
levels of comfort and attention during the test. Regarding the performance of the proposed task, all
participants were able to complete it without difficulty and reported no discomfort with either the
NBF device or BS.
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4. Discussion

Aging is often accompanied by natural changes in brain structure and function. Many older
adults experience declines in memory, attention, and executive functions, which can impact daily
living and overall quality of life. Additionally, the emotional landscape of aging can include increased
vulnerability to conditions such as depression and anxiety. Traditional interventions, including
pharmacological treatments and cognitive therapies, have shown varying degrees of success in
addressing these issues [30,38]. Hence, exploring non-invasive alternatives that may complement
existing treatment modalities becomes essential. Given the high prevalence, limited efficacy and
safety concerns of current pharmacotherapies in older adults, it is both necessary and urgent to
develop and implement novel, evidence-based strategies to curb the incidence and mitigate the
burden of pain among the aging population.

Research suggests that NFB BS may improve cognitive functions that typically decline with age.
By targeting specific brainwave patterns associated with attention and memory, NFB training can
help older individuals enhance their cognitive performance. This BCI training could record EEG
signals in real time and provide feedback on specific brain-wave patterns, making it possible to learn
how to up or down-regulate targeted rhythms. On the other hand, BS arise when two tones of slightly
different frequencies are played (one to each ear), and the brain perceives a third “beat” frequency
equal to their difference. It is thought that training EEG oscillations (e.g., alpha, theta) could shift
mental states toward enhanced focus or relaxation. [22,23,29,38-40].

Furthermore, NFB/BS may enhance neuroplasticity in the aging brain. While aging is typically
associated with a decline in neuronal flexibility, the brain retains some degree of plasticity well into
adulthood. NFB leverages this inherent capacity, facilitating the strengthening of neural circuits and
compensating for age-related deficits. This adaptive mechanism may not only improve cognitive
function but also help delay the progression of cognitive decline, which, among other things, is linked
to pain [1-7].

Because alpha waves (8-12 Hz) are most prominent during relaxed wakefulness, its
modifications have been carefully controlled. They are subdivided into low alpha (8-10 Hz), often
linked to internalized attention and calmness, and high alpha (10-12 Hz), more associated with
sensory gating and cognitive inhibition. Low alpha activity in pain states could be very relevant. For
example, there is evidence that chronic pain patients frequently exhibit suppressed alpha power
compared to healthy controls, suggesting that reduced alpha may serve as a biomarker for pain
intensity. Specifically, lower resting-state alpha correlates with higher pain ratings across conditions
such as fibromyalgia and neuropathic pain. Dynamic measures of alpha (such as the proportion of
time spent in a high-alpha state versus transitions from low to high alpha) show stronger associations
with pain resilience than mean alpha power alone. In one small study, increased fractional occupancy
and transition probability into high-alpha states across NFB sessions correlated with reduced pain
during cold-pressor tests [41].

Emerging studies as the present project indicate that consistent NFB/BS training could contribute
to a more regulated stress response. Moreover, by promoting a state of mental calmness and clarity,
NFB/BS could foster greater emotional well-being. Beyond cognition, NFB holds promise for
regulating distress and enhancing overall mental health outcomes in the older population. Emotional
well-being is a critical component of healthy aging, significantly influencing overall life satisfaction
[1-7].

Despite its promising potential, the application of NFB/BS in older adults is accompanied by
significant challenges. The variability in individual brain function and the heterogeneity of aging
populations necessitate the development of personalized training protocols [2,4,14-18,22].

Moreover, while preliminary research has shown encouraging results, larger-scale and long-
term studies are required to establish standardized protocols and validate the efficacy of NFB/BS in
this demographic. Future research should focus on optimizing NFB/BS protocols for older adults,
including the duration and frequency of training sessions. Investigations into the underlying neural
mechanisms that facilitate cognitive and emotional improvements will also be critical. Collaborative
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efforts among neuroscientists, clinicians, and geriatric specialists can pave the way for integrating
NFB/BS into comprehensive geriatric care programs [2,3,7,14-18,22].

Additionally, advancements in technology are likely to enhance the accessibility and
effectiveness of NFB/BS training. Portable and user-friendly devices could make this intervention
more widely available, allowing older individuals to benefit from NFB/BS in both clinical and home
settings. Such innovations would be particularly beneficial in addressing the growing need for
scalable and non-invasive interventions in an aging society.

Focusing on pain management, it is well known that several types of pain are prevalent among
aging populations. NFB/BS targeting slow-wave activity (delta/theta modulation) and training could
help to reduce pain perception [7,29].

5. Conclusions

NFB/BS represents an exciting frontier in the quest to enhance cognitive and emotional well-
being among older adults. By leveraging the brain’s inherent capacity for neuroplasticity, NBF/BS
offers a non-invasive and adaptable approach to mitigating the effects of aging on mental function.
While further research is essential to refine its application and confirm long-term benefits, the current
evidence suggests that NFB/BS may become an invaluable component of holistic geriatric care.
Exploring and developing this technology, given its integration into health strategies for older adults,
becomes crucial, as these strategies promise a future where aging is approached with resilience,
clarity, and enhanced quality of life.
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