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Brain-computer interfaces (BCIs) represent a transformative innovation in healthcare, enabling direct commu-
nication between the brain and external devices. This educational article explores the potential intersection of
BCIs and traditional, complementary, and integrative medicine (TCIM). BCIs have shown promise in enhancing
mind-body practices such as meditation, while their integration with energy-based therapies may offer novel in-
sights and measurable outcomes. Emerging advancements, including artificial intelligence-enhanced BCIs, hold
potential for improving personalization and expanding the therapeutic efficacy of TCIM interventions. Despite
these opportunities, integrating BCIs with TCIM presents considerable ethical, cultural, and practical challenges.
Concerns related to informed consent, cultural sensitivity, data privacy, accessibility, and regulatory frameworks
must be addressed to ensure responsible implementation. Interdisciplinary collaboration among relevant stake-
holders, including TCIM and conventional practitioners, researchers, and policymakers among other relevant
stakeholders is crucial for developing integrative healthcare models that balance innovation with patient safety
and respect for diverse healing traditions. Future directions include expanding evidence bases to validate TCIM
practices through BCI-enhanced research, fostering equitable access to neurotechnological advancements, and
promoting global ethical guidelines to navigate complex sociocultural dynamics. BCIs have the potential to revo-
lutionize TCIM, offering novel solutions for complex health challenges and fostering a more inclusive, integrative
approach to healthcare, provided that they are utilized responsibly and ethically.

1. Introduction ability, and addressing ethical considerations for widespread clinical
use. >4
1.1. Brain-Computer interfaces

1.2. Implantable versus wearable BCIs: functionality and potential

Brain-computer interfaces (BCIs) (also referred to as brain-machine

interfaces (BMlIs)) establish direct communication pathways between
the brain and external devices, enabling control through neural sig-
nals.! These systems can be invasive, using implanted electrodes, or
non-invasive, utilizing electroencephalography (EEG) or near-infrared
spectroscopy.? BCIs have diverse applications, including assistive tech-
nology for patients who are paralyzed, motor rehabilitation after stroke
or spinal cord injury, and potential cognitive enhancement.>* They
can control various devices such as prostheses, wheelchairs, and com-
puters.* BCIs are classified into sensory, motor, bidirectional, and
cognitive types, serving different functions.> While non-invasive BCIs
are safer and easier to implement, invasive BCIs offer higher infor-
mation bandwidth.®> Despite rapid advancements, challenges remain
in improving signal acquisition, decoding techniques, long-term reli-

BCIs can be categorized into wearable and implantable systems, each
with distinct advantages and applications.

Implantable BCIs are invasive and are surgically inserted devices
that directly interact with neural activity, using microelectrode arrays
to record high-resolution signals from specific cortical regions.® These
systems enable bidirectional communication, allowing brain signals to
control external devices while providing sensory feedback through elec-
trical stimulation.” Implantable BCIs have shown promise in restoring
motor functions for individuals with paralysis, such as controlling pros-
thetic limbs or wheelchairs.?-® They also have applications in addressing
neurological conditions and enhancing sensory perception.” The pre-
cise decoding of brain activity offered by implantable BCIs makes them
valuable tools for neurorehabilitation, potentially facilitating recovery
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of neural function in patients with severe stroke or spinal cord injury.?
Invasive BCIs pose safety concerns, including potential damage to nerve
cells, blood vessels, and an increased risk of infection due to their im-
plantation in brain tissue. Additionally, issues such as biocompatibil-
ity, scar tissue formation, and the degradation of acquired brain signals
highlight the need for a thorough understanding of the body’s interac-
tion with foreign objects to ensure the development of safe and effective
BCI applications.® Ongoing research aims to improve biocompatibility,
power management, and wireless data transmission for these devices.”
Wearable BCIs are non-invasive devices that measure brain activity
externally, typically using EEG.'? These wearable systems do not carry
the same level of risk as invasive BCIs, but offer advantages over tradi-
tional EEG setups, including portability and the potential for long-term
monitoring.'? While they may have lower signal resolution compared to
implantable BCIs, wearable BCIs can still effectively detect and classify
mental states such as focus and relaxation.!! Applications of wearable
BCIs range from medical uses like epilepsy diagnosis to non-medical pur-
poses such as enhancing cognitive performance and enabling hands-free
control systems.'?:!? Recent advancements in wearable BCI technology
have led to improvements in real-time mental state recognition, emo-
tion detection, and even speech decoding.'?:1% Despite challenges in al-
gorithm optimization, wearable BCIs show promise in revolutionizing
human-machine communication and enhancing quality of life.'®

1.3. Clinical and experimental applications

BCIs have shown remarkable potential in restoring communication
and motor function for individuals with paralysis. Intracortical BCIs al-
low users to control external devices with their neural activity; they have
enabled high-performance communication, allowing users to type and
control external devices with increased speed and accuracy compared
to previous systems.'# These interfaces have also demonstrated the abil-
ity to control robotic limbs and prosthetics, offering hope for mobility
restoration in severe paralysis cases.? !> Beyond motor control, BCIs are
being explored for applications such as seizure detection, vision restora-
tion, and memory enhancement.'® While invasive BCIs using microelec-
trodes in the cerebral cortex provide higher fidelity, less invasive meth-
ods like EEG are also being developed.'® Despite promising results, BCI
technology is still in early development stages and requires further tech-
nical improvements and clinical trials before widespread adoption.'®

1.4. Advances in technology

Advancements in BCIs have been driven by progress in materials
science, artificial intelligence (AI), and neural decoding algorithms. Al
has significantly improved the analysis and decoding of neural activity,
enhancing BCI applications in clinical settings and expanding human ca-
pabilities.!” Developments in integrated microelectronics, wireless com-
munications, and computational neuroscience have led to prototype
head-mounted and fully implantable wireless systems for multi-channel
neural recording.'® Biocompatible materials, including soft electrodes
and engineered interface coatings, have improved the longevity and per-
formance of neural implants.'®-2? These advances have resulted in high-
density interfaces capable of interacting with 3D populations of neurons
across entire tissue systems.'® Additionally, progress in miniaturization
and wireless technology is paving the way for less invasive and more
user-friendly BCI systems. 820

1.5. Overview of traditional, complementary, and integrative medicine

Traditional, complementary, and integrative medicine (TCIM) has
gained significant academic and public interest in recent decades for its
holistic approach to health and well-being,?!"** evidenced by an expo-
nential growth in research literature published on the topic in recent
years.?* TCIM includes a wide variety of therapeutic practices origi-
nating from diverse cultural, historical, and epistemological contexts.>>
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According to the World Health Organization, “traditional medicine” en-
compasses “the entirety of knowledge, expertise, and customs rooted in
the theories, beliefs, and experiences of various cultures, whether ex-
plainable or not, utilized in the preservation of health and the man-
agement, prevention, diagnosis, or treatment of physical and mental
ailments”.?® The US National Center for Complementary and Integra-
tive Health (NCCIH) differentiates “alternative” health approaches as
those used in place of conventional medicine, “complementary” ap-
proaches as those used together with conventional medicine, and “in-
tegrative health” as the structured combination of complementary and
conventional approaches.?’-?8 Increasing global acceptance of integra-
tive medicine reflects recognition of its ability to enhance conventional
treatments by addressing patients’ physical, mental, and emotional well-
being.?! Throughout this article, the term TCIM will be used to collec-
tively refer to these therapeutic approaches.

1.6. Intersection with brain—computer interfaces

The integration of TCIM with advanced neurotechnologies like BCIs
represents an emerging, yet promising, area of research. BCIs, which
acquire and translate brain signals into commands for external devices,
have primarily focused on restoring function for individuals with dis-
abilities.* However, their potential extends beyond these applications,
offering opportunities to enhance human-system interactions and aug-
ment performance in various ways.?° The convergence of TCIM and BCI
technologies introduces exciting possibilities for personalized treatment
plans, early disease detection, and improved patient engagement.*? As
BCI technology continues to evolve, it may contribute to rehabilitation,
therapeutic benefits, and even augmentative channels for the brain, ex-
tending the boundaries of our biological systems.’->! The relationship
between BCI and TCIM interventions can vary based on the intended
application. In some cases, BCIs may be used concurrently with TCIM
(e.g., real-time neurofeedback during meditation), while in others, BCIs
may serve as an initial step to facilitate later TCIM interventions (e.g.,
post-stroke BCI rehabilitation followed by acupuncture or yoga for func-
tional maintenance).

Although BCI technology is still evolving, its current applications in
neurorehabilitation and neuromodulation suggest a foundation for fu-
ture integrations with TCIM. This article explores such potential appli-
cations while acknowledging the experimental nature of the technology.
It addresses key ethical, cultural, and practical considerations, such as
patient autonomy, data privacy, and accessibility challenges. The article
also discusses innovative applications, policy and regulation considera-
tion, and the future of BCIs in the context of TCIM.

2. The potential of brain-computer interfaces in TCIM

Fig. 1 illustrates the structural components and diverse applications
of BCIs within the context of TCIM, highlighting their potential applica-
tions.

2.1. Enhancing mind-body interventions

TCIM interventions such as mindfulness meditation and biofeedback
have been shown to improve neural plasticity and self-regulation, which
may enhance BCI adaptation and performance. Conversely, BCIs can
provide real-time neurofeedback to optimize the effects of TCIM in-
terventions by monitoring and reinforcing beneficial neural activity.
Studies have shown that individuals who undergo mindfulness-based
stress reduction (MBSR) training exhibit improved BCI accuracy com-
pared to control groups.?->3 This improvement is associated with in-
creased alpha-band neural activity during intentional rest periods in BCI
tasks.>? The enhancement in BCI performance correlates with the dura-
tion of meditation practice and improved sustained attention,*?> how-
ever, even short-term meditation practice (4 weeks) has been found
to enhance BCI performance accuracy.>® Neurologically, MBSR training
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Fig. 1. Structure of a BCI and Example Applications in TCIM. A BCI functions as a closed-loop system, where user actions generate feedback, such as an imagined
hand movement controlling a robotic arm. This process begins with signal acquisition, where brain activity is recorded and converted into usable signals. Next,
pre-processing removes noise and artifacts to enhance data quality. In feature extraction, relevant patterns are identified using advanced algorithms, followed by
classification, which interprets the user’s intent. Finally, the processed signal triggers device control, allowing interaction with external systems like computer
cursors or robotic limbs. This streamlined process enables BCIs to translate neural activity into practical applications. With respect to TCIM, some examples of
applications include enhancing mind-body interventions, supporting neuromodulation and biofeedback techniques, and applications in rehabilitation and chronic

disease management.

leads to increased frontolimbic alpha activity and decreased alpha con-
nectivity among limbic, frontoparietal, and default-mode networks.>*
These changes in neural activity are positively correlated with BCI per-
formance improvement.>* Overall, mindfulness meditation appears to
reduce mind wandering and enhance self-awareness during BCI control,
leading to more precise neural signal control and improved BCI out-
comes. 33,34

Past research highlights the potential of integrating BCIs with mind-
fulness and breathing practices for mental health and stress manage-
ment. BCIs allow users to control applications using brain waves, provid-
ing real-time feedback on neural activity.>® This technology can enhance
self-regulation skills, awareness, and emotional control when combined
with mindfulness training.3>-3¢ This technology can be applied in real-
world settings to improve meditation experiences.?” Breathing tech-
niques have shown efficacy in treating various psychiatric and stress-
related conditions by normalizing stress responses and autonomic func-
tion.®6-38 Technology-assisted breathing interventions, using static cues
or real-time physiological feedback, can further improve these prac-
tices.>? While the clinical effectiveness of neurofeedback remains con-
troversial, modern imaging technologies like real-time fMRI are advanc-
ing the understanding of underlying mechanisms.*® Some researchers
have argued that neurofeedback training, particularly targeting specific
neural rhythms like theta and alpha waves, has been associated with im-
provements in relaxation, focus, and even musical performance under
stress.*! The effectiveness of these interventions may be influenced by
task-specific, cognitive, motivational, and technology-acceptance fac-

tors.*> While more research is needed, the integration of BCI and neuro-
feedback techniques shows potential for developing personalized and ef-
fective treatments in various clinical and non-clinical applications.>:4?
Enhancing mind-body interventions with BCIs may offer promising
avenues for treating health conditions and maintaining overall well-
being.*?

2.2. Supporting neuromodulation and biofeedback techniques

Neuromodulation has emerged as a specific treatment without sys-
temic side effects, and BCIs offer potential for an integrated approach
to pain management.** Recent research supports the potential integra-
tion of BCIs even with therapies such as acupuncture. A novel virtual
acupuncture technique using virtual reality and EEG demonstrated sim-
ilar brain activity to manual acupuncture, suggesting BCIs could pro-
vide real-time monitoring of neural responses.*> Neuroimaging studies
have shown that acupuncture modulates activity in key brain networks,
including the default mode and central-executive networks.*® These ef-
fects extend beyond the treatment period, influencing pain modulation
and autonomic regulation.*” Acupuncture has been found to impact var-
ious autonomic functions, such as heart rate, blood pressure, and skin
conductance, by activating specific brain regions and modulating neu-
rotransmitters.*® The integration of BCIs with acupuncture could pro-
vide more precise tracking of these neural and physiological responses,
potentially enhancing the efficacy and understanding of energy-based
therapies.
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2.3. Applications in rehabilitation and chronic disease management

The integration of BCIs with TCIM practices offers a promising ap-
proach to neurorehabilitation and chronic disease management. BCIs
have shown promise in enhancing motor recovery for stroke patients.
Studies have demonstrated that BCI-monitored motor imagery practice
can improve motor function in subacute stroke patients.*® Combining
BCI training with goal-directed physical therapy has been found to sig-
nificantly improve hand and arm movements, as well as gait, in chronic
stroke patients with initial paralysis.>® BCIs facilitate neuroplasticity
and functional recovery in completely paralyzed stroke patients using
non-invasive technologies like EEG.>! A meta-analysis of randomized
controlled trials revealed that BCI-based post-stroke motor rehabilita-
tion is associated with a medium to large effect size in improving upper
limb motor function, as measured by the Fugl-Meyer Assessment. Addi-
tionally, several studies reported BCI-induced functional and structural
neuroplasticity at a subclinical level, suggesting that BCI technology
could be an effective intervention for post-stroke upper limb rehabili-
tation.>?

Research supports the integration of TCIM with conventional ap-
proaches for chronic pain management. BCIs have the potential to
enhance TCIM interventions, such as neurofeedback-assisted yoga for
stress management and BCI-guided energy therapies for chronic pain
relief.>> Mindfulness-based interventions and acupuncture have also
shown promise in reducing pain intensity, increase mobility, improving
physical function, and enhancing overall well-being.>*>® By combining
these modalities, clinicians can potentially improve treatment outcomes
and decrease pain-related medication use.”® However, further research
is needed to validate long-term efficacy and overcome methodological
limitations in existing studies.>>

Similarly, BCIs may optimize chronic disease management by rein-
forcing behavioral changes and promoting adherence to interventions
such as yoga or tai chi. These practices, which improve both physical and
mental well-being, can be enhanced by BCIs that track neural responses
to movement, offering real-time feedback to ensure proper alignment,
balance, and relaxation during practice. This integration could lead to
more personalized and effective treatment protocols for chronic con-
ditions, offering a comprehensive approach to healing that combines
technological precision with the holistic, mind-body focus of TCIM.

3. Ethical, cultural, and practical considerations
3.1. Ethical concerns

BCIs in medical contexts raise considerable ethical concerns, partic-
ularly regarding privacy, autonomy, and consent. The intimate connec-
tion between BCIs and the brain poses risks to privacy and data secu-
rity, as these devices can access and potentially expose sensitive neural
information.>”-%° Ensuring informed consent is challenging due to the
complexity of BCI technology and its potential long-term effects on cog-
nition and identity.°! There are also concerns about patient autonomy,
as BCIs may influence mental states and decision-making processes. Eth-
ical concerns arise regarding the safety and efficacy of these technolo-
gies, especially for enhancement in healthy individuals, where risks may
outweigh benefits.®? Furthermore, the vulnerability of certain patient
groups and the potential for stigma further complicate ethical consid-
erations.”” BCIs offer potential benefits for patients with severe neuro-
logical impairments, including restored communication and motor con-
trol.%3.64 However, their use raises significant ethical concerns. These
include managing patient expectations, weighing invasiveness and risk-
benefit ratios of different electrode types, and assessing decision-making
capacity in neurologically compromised individuals.®® Additional chal-
lenges involve personhood, stigma, autonomy, privacy, safety, and re-
sponsibility.>® While BCIs may enhance patient autonomy, they also cre-
ate accountability issues for both individuals and systems.®* The intro-
duction of BCIs into medicine necessitates consideration of additional
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goals beyond traditional medical objectives, including neural diversity,
neural privacy, agency, and authenticity.®> Despite extensive discus-
sion of these issues, there is a lack of concrete recommendations for
addressing them, highlighting the need for further research and practi-
cal solutions.”” To address these issues, researchers have recommended
developing best practices for informed consent protocols, implement-
ing robust data protection measures, and conducting further empirical
research on stakeholder perspectives.®’-°%-61 The responsible develop-
ment of BCIs requires careful consideration of access, equity, and expec-
tation management.®®

3.2. Cultural sensitivity

Cultural perspectives play a crucial role in the acceptance and inte-
gration of BCIs within TCIM practices. TCIM approaches often empha-
size holistic, spiritual, and community-based healing methods, viewing
the body, mind, and spirit as interconnected. These practices are deeply
rooted in cultural philosophies and natural, non-invasive approaches
to health.®” Introducing advanced neurotechnologies like BCIs may be
perceived as incongruent with these values, particularly in Indigenous
or culturally distinct communities.°® As such, the integration of BCIs
in TCIM settings raises ethical, social, and cultural concerns that need
to be addressed, and as the complexity of brain-computer integration
technologies increases, so do the associated ethical challenges.>7-58:68.69

Research has highlighted the ethical, social, and cultural implica-
tions of BCIs and other neurotechnologies, emphasizing the need for
inclusive dialogue and responsible development to address concerns re-
lated to identity, privacy, and cultural sensitivity.°>>”° The integration
of BCIs must respect diverse healing traditions and acknowledge cultural
attitudes towards invasive technologies.®® Engaging with Indigenous
communities is particularly crucial, requiring a respectful approach that
weaves Indigenous knowledge into brain research strategies.”’>”> Ethi-
cal issues surrounding BCIs include questions of human dignity, auton-
omy, and user safety.® To address these challenges, researchers recom-
mend establishing globally-coordinated ethical guidelines, implement-
ing new privacy measures, and adopting public guidelines for equitable
distribution of neurotechnological devices.”® Collaboration among all
stakeholders is essential to ensure the ethical development and use of
BCIs.®?

3.3. Practical challenges

Considerable practical challenges exist in integrating BCIs into TCIM.
These include the need for advanced technological infrastructure, spe-
cialized hardware and software, and highly trained personnel, which
may be unavailable or unaffordable in many healthcare settings.* 7>
The high development costs and potentially small target group chal-
lenge commercial viability, potentially exacerbating existing socioeco-
nomic inequalities.®>-”3 Additionally, BCIs face challenges in reliabil-
ity, user-centered design, and long-term validation in real-world set-
tings.*7% Overcoming these obstacles requires a multidisciplinary ap-
proach, a broader focus on usability, increased resource allocation and
inclusion of target users in the design process, and international col-
laboration to advance BCI technology and its applications in medicine,
including within the field of TCIM.®73,74

Even assuming the aforementioned challenges have been adequately
addressed, the training and education of practitioners in these technolo-
gies remain a significant challenge. TCIM education research is limited,
with gaps in areas such as educational technology and e-learning.”>>7®
To effectively incorporate BCIs into TCIM, specialized educational pro-
grams are needed that balance technical knowledge with the holistic
principles of TCIM. These programs must be tailored to practitioners’
unique needs, ensuring that new technologies are used effectively while
maintaining patient-centered care.”> Overcoming these barriers are cru-
cial for realizing the potential of BCIs in healthcare and ensuring equi-
table access to these promising technologies.
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4. Innovative applications

Innovative applications of emerging technologies, particularly im-
plantable BCIs, hold transformative potential for enhancing the inte-
gration of TCIM practices. Several promising areas are currently being
explored.

4.1. Adaptive neurotechnologies

Research has explored the potential of adaptive BCIs to enhance
mind-body practices and meditation. Studies have demonstrated that
BCIs can monitor and modulate neural activity in real-time, particu-
larly in the alpha band, to improve meditation experiences and out-
comes.??»37 Adaptive neurofeedback systems have been developed to
adjust feedback based on users’ physiological states and performance,
potentially optimizing mind-body interactions.””-8! Wearable neuro-
feedback devices, such as MeditAid, have shown promise in support-
ing self-regulation of attention during meditation, especially for novice
practitioners.5? MBSR training has been found to enhance BCI perfor-
mance by increasing control over neural activity, suggesting a synergis-
tic relationship between mindfulness practices and BCI technology.>?
These advancements indicate the potential for adaptive BCIs to person-
alize and deepen the therapeutic effects of various mind-body interven-
tions.

4.2. Brain-Computer interface integration with energy-based therapies

Research has explored the potential of integrating BCIs with energy-
based therapies, such as Reiki. While these practices remain controver-
sial, studies have shown promising results in pain reduction and anx-
iety management.®® BCIs may offer the ability to monitor neural and
physiological responses, potentially enhancing the precision and effi-
cacy of these therapies.®* For instance, BCIs could track changes in
brainwave patterns during sessions, providing feedback on relaxation
levels and emotional states.®> This data-driven approach could comple-
ment practitioners’ intuitive skills and bridge the gap between empir-
ical validation and traditional expertise. The integration of BCIs with
energy-based therapies represents an innovative frontier in healthcare,
combining ancient healing practices with advanced neurotechnology to
create more personalized and integrative therapeutic experiences.4-8°
As research in this area advances, new paradigms in patient care are
likely to emerge.

4.3. Artificial intelligence-enhanced BCIs

The integration of Al with BCIs and TCIM offers promising advance-
ments in personalized healthcare. Al-enhanced BCIs can improve anal-
ysis and decoding of neural activity, leading to better clinical outcomes
for patients with motor impairments.*®> In the context of TCIM, Al can
assist in personalized treatment planning and health trend prediction.®”
Al-powered personalized medicine enables tailored interventions based
on patients’ genetic, epigenetic, and phenotypic profiles, potentially im-
proving management of chronic conditions.®® However, challenges such
as data privacy, maintaining human touch in patient care, and mitigat-
ing algorithmic bias must be addressed.®”-8¢ Future research should fo-
cus on the ethical implementation of Al in healthcare.

5. Policy and regulation considerations

The successful integration of BCIs into TCIM will require the es-
tablishment of robust, forward-thinking regulatory frameworks that ad-
dress ethical, safety and efficacy, and accessibility concerns. Several key
policy and regulatory considerations are vital to guide this process.
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5.1. Ethical governance

Regulatory policies for neurotechnologies must prioritize patient
rights, including informed consent, privacy, and cultural sensitiv-
ity.”0-89 As BCIs collect sensitive neural data, patients should be fully in-
formed about potential risks and benefits.”® Policies should address cul-
tural concerns, particularly in TCIM practices rooted in diverse cultural
traditions.’® The principle of respect for persons underpins informed
consent, recognizing individuals as autonomous agents capable of de-
liberation.”! However, some communities prioritize collective consent
over individual autonomy, creating ethical dilemmas in multicultural
settings.?” To address these challenges, recommendations have included
establishing globally-coordinated ethical guidelines, implementing new
privacy measures, preventing bias, and ensuring equitable distribution
of neurotechnological devices.”® These efforts aim to balance cultural
sensitivities with individual rights in the development and application
of innovative medical technologies.

5.2. Patient safety and efficacy

Regulatory guidelines for BCIs and TCIM interventions require rig-
orous safety and efficacy standards. Clinical guideline development for
TCIM should consider factors beyond evidence-based efficacy, includ-
ing burden of disease, magnitude of effect, and current use.> For BCIs,
ethical challenges necessitate the creation of a global governance frame-
work and special guidelines for clinical research.?® BCI development re-
quires interdisciplinary cooperation and objective evaluation criteria to
improve signal processing, translation algorithms, and user.* Standard-
ization of BCI technologies is crucial for ensuring interoperability, regu-
latory compliance, and widespread user access. The scarcity of specific
BCI standards hinders device design and poses barriers to clinical and
consumer applications, emphasizing the need for the BCI community to
address these.”®

5.3. Promoting accessibility

BCI-TCIM integration may benefit various populations, including in-
dividuals with neurological disorders (e.g., stroke, spinal cord injury,
neurodegenerative diseases), patients with chronic pain conditions, and
even healthy individuals seeking cognitive enhancement or stress reduc-
tion through biofeedback and mindfulness-based neurofeedback. The
accessibility of BCI technologies allows for broad applications across
clinical and wellness settings, particularly in low-resource settings. Key
challenges include a narrow focus on reliability rather than usability,
limited target populations, and insufficient user involvement in de-
sign.”® Ethical considerations around access and equity are crucial for
responsible BCI development.®® Similar issues affect medical and as-
sistive health technologies for aging populations in low- and middle-
income countries, where access is often limited despite growing need.”®
To address these challenges, policymakers should invest in digital health
literacy education, promote inclusive technology design, incentivize eq-
uitable healthcare delivery, and improve infrastructure accessibility.?”
These strategies can help overcome barriers related to individual factors,
technology design, health system structure, and social determinants of
access, ultimately promoting more equitable adoption of neurotechnolo-
gies and other health innovations.

6. The future of brain-computer interfaces in the context of
traditional, complementary, and integrative medicine

6.1. Interdisciplinary collaboration

Interdisciplinary collaboration between TCIM and conventional
practitioners, researchers, and policymakers, among other relevant
stakeholders is crucial for developing effective integrative healthcare
models.”®-%° This integration can address limitations in biomedicine and
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meet patient demands for holistic care.”® The development of BCIs in
medicine exemplifies the potential for interdisciplinary collaboration,
combining neuroscience, engineering, and clinical expertise to restore
function for disabled individuals.* Successful collaboration requires ca-
pable leadership, stakeholder endorsement, and interprofessional edu-
cation to build trust and understanding.’® Organizational strategies such
as co-location, shared electronic health records, and condition-specific
referral protocols can facilitate integration.'°° As integrative healthcare
evolves, formal evaluation processes incorporating outcomes recognized
by both conventional and TCIM practitioners are essential for ensuring
quality and safety.!?°

6.2. Expanding evidence bases

The potential integration of TCIM with advanced technologies like Al
and BCIs can contribute to the expanding of evidence bases. These tech-
nologies may offer opportunities to objectively measure and validate
TCIM practices, potentially enhancing their scientific credibility and ac-
ceptance within healthcare frameworks.8” BCIs could provide neural
data to monitor brain activity during practices like acupuncture or mind-
fulness meditation, offering insights into their neural mechanisms.'°'
Studies suggest that certain TCIM modalities, including acupuncture
and mindfulness-based interventions, show promising results in manag-
ing chronic pain and improving overall well-being.'°> However, chal-
lenges remain in implementing TCIM services and translating research
into practice. Experiences from China and the United States demonstrate
varying approaches to TCIM implementation, from multi-level interven-
tions to the development of clinical practice guidelines, highlighting the
need for tailored strategies to facilitate wider adoption.!%3

7. Conclusion

The integration of BCIs with TCIM represents an emerging, yet
promising, area of research. BCIs have demonstrated potential in op-
timizing mind-body techniques, such as meditation, and in providing
measurable insights into energy-based therapies. Their capabilities, par-
ticularly when combined with AI, could enable personalized and tar-
geted approaches to TCIM. However, realizing these possibilities re-
quires addressing significant challenges, including ethical considera-
tions related to informed consent and data privacy, cultural sensitivities
inherent to TCIM practices, and barriers to accessibility and equitable
adoption. Progress in this area will depend on fostering interdisciplinary
collaboration between conventional practitioners, researchers, and pol-
icymakers, among other relevant stakeholders. Developing robust reg-
ulatory frameworks and ethical guidelines will be critical to ensuring
the safe and equitable application of BCIs in this context. Additionally,
efforts to validate TCIM practices using BCIs could strengthen their in-
tegration into conventional healthcare systems. By merging traditional
healing with modern neurotechnology, BCIs could revolutionize health-
care and offer personalized TCIM treatments for a wide range of condi-
tions, provided it is done responsibly and ethically.

Author contributions

JYN: Conceptualization, Methodology, Writing — original draft, Writ-
ing — review & editing.

Conflict of interest

The author has no competing interests to declare.

Funding

The writing of this educational article was unfunded.

Integrative Medicine Research 14 (2025) 101142
Ethical statement

This is an educational article; it did not require ethics approval or
consent to participate.

Data availability

All relevant data are included in this manuscript.

References

1. Saxena S, Ranjan MK, Sattar AM. Brain-computer interfaces: a key to neural com-
munication’s limitless possibilities. 2024 1st International Conference on Cognitive,
Green and Ubiquitous Computing (IC-CGU), Mar 1 IEEE; 2024:1-8. doi:10.1109/
IC-CGU58078.2024.10530664.

2. Chaudhary U, Birbaumer N, Ramos-Murguialday A. Brain—computer interfaces for
communication and rehabilitation. Nat Rev Neurol. 2016;12(9):513-525. doi:10.
1038/nrneurol.2016.113.

3. Millan JD, Rupp R, Miiller-Putz GR, et al. Combining brain—computer interfaces and
assistive technologies: state-of-the-art and challenges. Front Neurosci. 2010;4:161.
doi:10.3389/fnins.2010.00161.

4. Shih JJ, Krusienski DJ, Wolpaw JR. Brain-computer interfaces in medicine. Mayo
Clin Proc. 2012;87(3):268-279. doi:10.1016/j.mayocp.2011.12.008.

5. Lebedev M. Brain-machine interfaces: an overview. Transl Neurosci. 2014;5:99-110.
doi:10.2478/513380-014-0212-z.

6. Han J, Jiang H, Zhu J. Neurorestoration: advances in human brain-computer inter-
face using microelectrode arrays. J Neurorestoratol. 2020;8(1):32-39. doi:10.26599/
jnr.2020.9040006.

7. Rothschild RM. Neuroengineering tools/applications for bidirectional interfaces,
brain—computer interfaces, and neuroprosthetic implants-a review of recent
progress. Front Neuroeng. 2010;3:112. doi:10.3389/fneng.2010.00112.

8. Lee MB, Kramer DR, Peng T, et al. Brain-computer interfaces in quadriplegic patients.
Neurosurg Clin N Am. 2019;30(2):275-281. do0i:10.1016/j.nec.2018.12.009.

9. Maiseli B, Abdalla AT, Massawe LV, et al. Brain-computer interface: trend, chal-
lenges, and threats. Brain Inform. 2023;10(1):20. doi:10.1186/s40708-023-00199-3.

10. Casson AJ, Yates DC, Smith SJ, Duncan JS, Rodriguez-Villegas E. Wearable electroen-
cephalography. IEEE Eng Med Biol Mag. 2010;29(3):44-56. doi:10.1109/MEMB.
2010.936545.

11. Richer R, Zhao N, Amores J, Eskofier BM, Paradiso JA. Real-time mental state recog-
nition using a wearable EEG. 2018 40th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), Jul 18 IEEE; 2018:5495-5498.
doi:10.1109/EMBC.2018.8513653.

12. Zhao Y. Wearable brain-computer interface technology and its application. Theor
Nat Sci. 2023;15:137-145. doi:10.54254/2753-8818/15/20240468.

13. Liyanage SR, Bhatt C. Wearable electroencephalography technologies for brain—
computer interfacing. Wearable and Implantable Medical Devices Academic Press;
2020:55-78. doi:10.1016/b978-0-12-815369-7.00003-3.

14. Pandarinath C., Nuyujukian P., Blabe C.H. et al. High performance communica-
tion by people with paralysis using an intracortical brain-computer interface. eLife.
2017;6:€18554. doi:10.7554/¢eLife.18554.

15. Birbaumer N, Cohen LG. Brain—-computer interfaces: communication and restoration
of movement in paralysis. J Physiol. 2007;579(3):621-636. doi:10.1113/jphysiol.
2006.125633.

16. Rosenfeld JV, Wong YT. Neurobionics and the brain-computer interface: current
applications and future horizons. Med J Aust. 2017;206(8):363-368. doi:10.5694/
mjal6.01011.

17. Zhang X, Ma Z, Zheng H, et al. The combination of brain-computer interfaces
and artificial intelligence: applications and challenges. Ann Transl Med. 2020;8(11).
doi:10.21037/ATM.2019.11.109.

18. Laiwalla F, Nurmikko A. Future of neural interfaces. Neural Interface: Frontiers and
Applications; 2019:225-241. doi:10.1007/978-981-13-2050-7_9.

19. Won SM, Song E, Zhao J, Li J, Rivnay J, Rogers JA. Recent advances in materials,
devices, and systems for neural interfaces. Adv Mater. 2018;30(30):1800534. doi:10.
1002/adma.201800534.

20. Wunderlich H, Kozielski KL. Next generation material interfaces for neural engineer-
ing. Curr Opin Biotechnol. 2021;72:29-38. doi:10.1016/j.copbio.2021.09.005.

21. World Health Organization (WHO). WHO Global Report on Traditional and
Complementary Medicine 2019; 2019 https://www.who.int/publications/i/item/
978924151536.

22. Centres for Disease Control and Prevention. National Center for Health Statistics.
National Health Interview Survey 2022. 2022. https://www.cdc.gov/nchs/nhis/
2022nhis.htm.

23. Phutrakool P, Pongpirul K. Acceptance and use of complementary and alternative
medicine among medical specialists: a 15-year systematic review and data synthesis.
Syst Rev. 2022;11(1):1-4. doi:10.1186/513643-021-01882-4.

24. Ng JY. Insight into the characteristics of research published in traditional, com-
plementary, alternative, and integrative medicine journals: a bibliometric analysis.
BMC Complement Med Ther. 2021;21(1):185. doi:10.1186/512906-021-03354-7.

25. NgJY, Dhawan T, DogadovaE, et al. Operational definition of complementary, alter-
native, and integrative medicine derived from a systematic search. BMC Complement
Med Ther. 2022;22(1):104. doi:10.1186/512906-022-03556-7.

26. World Health Organization (WHO). Traditional, Complementary and Integrative
Medicine; 2023  https://www.who.int/health-topics/traditional-complementary-and-
integrative-medicine.


https://doi.org/10.1109/IC-CGU58078.2024.10530664
https://doi.org/10.1038/nrneurol.2016.113
https://doi.org/10.3389/fnins.2010.00161
https://doi.org/10.1016/j.mayocp.2011.12.008
https://doi.org/10.2478/s13380-014-0212-z
https://doi.org/10.26599/jnr.2020.9040006
https://doi.org/10.3389/fneng.2010.00112
https://doi.org/10.1016/j.nec.2018.12.009
https://doi.org/10.1186/s40708-023-00199-3
https://doi.org/10.1109/MEMB.2010.936545
https://doi.org/10.1109/EMBC.2018.8513653
https://doi.org/10.54254/2753-8818/15/20240468
https://doi.org/10.1016/b978-0-12-815369-7.00003-3
https://doi.org/10.7554/eLife.18554
https://doi.org/10.1113/jphysiol.2006.125633
https://doi.org/10.5694/mja16.01011
https://doi.org/10.21037/ATM.2019.11.109
https://doi.org/10.1007/978-981-13-2050-7_9
https://doi.org/10.1002/adma.201800534
https://doi.org/10.1016/j.copbio.2021.09.005
https://www.who.int/publications/i/item/978924151536
https://www.cdc.gov/nchs/nhis/2022nhis.htm
https://doi.org/10.1186/s13643-021-01882-4
https://doi.org/10.1186/s12906-021-03354-7
https://doi.org/10.1186/s12906-022-03556-7
https://www.who.int/health-topics/traditional-complementary-and-integrative-medicine

J.Y. Ng

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

National Center for Complementary and Integrative Health (NCCIH). Complemen-
tary, Alternative, or Integrative Health: What’s in a Name?; 2021 https://www.nccih.
nih.gov/health/complementary- alternative- or- integrative- health-whats-in- a-name.

Ng JY, Thompson AK, Whitehead CR, Boon HS. Making sense of “alternative”, “com-
plementary”, “unconventional” and “integrative” medicine: exploring the terms and
meanings through a textual analysis. BMC Complement Altern Med. 2016;16:134.
doi:10.1186/512906-016-1111-3.

Lance BJ, Kerick SE, Ries AJ, Oie KS, McDowell K. Brain—computer interface
technologies in the coming decades. Proc IEEE. 2012;100(Special Centennial
Issue):1585-1599. doi:10.1109/JPROC.2012.2184830.

Edwards E. The role of complementary, alternative, and integrative medicine in per-
sonalized health care. Neuropsychopharmacology. 2012;37(1):293-295. doi:10.1038/
npp.2011.92.

McFarland DJ, Daly J, Boulay C, Parvaz MA. Therapeutic applications of BCI tech-
nologies. Brain-Comput Interface. 2017;4(1-2):37-52. doi:10.1080/2326263X.2017.
1307625.

Stieger JR, Engel S, Jiang H, Cline CC, Kreitzer MJ, He B. Mindfulness improves
brain—computer interface performance by increasing control over neural activity in
the alpha band. Cereb Cortex. 2021;31(1):426-438. doi:10.1093/cercor/bhaa234.
Tan LF, Dienes Z, Jansari A, Goh SY. Effect of mindfulness meditation on brain—
computer interface performance. Conscious Cogn. 2014;23:12-21. doi:10.1016/j.
concog.2013.10.010.

Jiang H, Stieger J, Kreitzer MJ, Engel S, He B. Frontolimbic alpha activity tracks
intentional rest BCI control improvement through mindfulness meditation. Sci Rep.
2021;11(1):6818. doi:10.1038/s41598-021-86215-0.

Mitsea E, Drigas A, Skianis C. Brain-computer interfaces in digital mindfulness train-
ing for metacognitive, emotional and attention regulation skills: a literature review.
Res Soc Dey. 2023;12(3):2512340247. doi:10.33448/rsd-v12i3.40247.

Angelakis E, Hatzis A, Panourias IG, Sakas DE. Brain-computer interface: a reciprocal
self-regulated neuromodulation. In: Operative Neuromodulation: Volume 2. Neur
Netw Surg. 2007:555-559. doi:10.1007/978-3-211-33081-4_64.

Kosunen I, Ruonala A, Salminen M, Jarveld S, Ravaja N, Jacucci G. Neuroadaptive
meditation in the real world. Proceedings of the 2017 ACM Workshop on An Applica-
tion-oriented Approach to BCI out of the laboratory; 2017:29-33.

Khorev V, Kurkin S, Badarin A, et al. Review on the use of brain computer inter-
face rehabilitation methods for treating mental and neurological conditions. J Integr
Neurosci. 2024;23(7):125. doi:10.31083/j.jin2307125.

Brown RP, Gerbarg PL, Muench F. Breathing practices for treatment of psychiatric
and stress-related medical conditions. Psychiatr Clin. 2013;36(1):121-140. doi:10.
1016/j.psc.2013.01.001.

Thibault RT, Lifshitz M, Raz A. The self-regulating brain and neurofeedback: ex-
perimental science and clinical promise. Cortex. 2016;74:247-261. doi:10.1016/j.
cortex.2015.10.024.

Egner T, Gruzelier JH. Ecological validity of neurofeedback: modulation of
slow wave EEG enhances musical performance. Neuroreport. 2003;14(9):1221-
1224. https://journals.lww.com/neuroreport/abstract/2003/07010/ecological _
validity_of_neurofeedback_modulation.6.aspx.

Jeunet C, Lotte F, Batail JM, Philip P, Franchi JA. Using recent BCI literature to
deepen our understanding of clinical neurofeedback: a short review. Neuroscience.
2018;378:225-233. do0i:10.1016/j.neuroscience.2018.03.013.

Park C. Mind-body CAM interventions: current status and considerations for integra-
tion into clinical health psychology. J Clin Psychol. 2013;69(1):45-63. doi:10.1002/
jelp.21910.

Wang J, Chen Z. Neuromodulation for pain management. Neural Interface: Frontiers
and Applications; 2019:207-223. doi:10.1007/978-981-13-2050-7 8.

Zhang Y, Hua W, Zhou Z, et al. A novel acupuncture technique at the Zusanli point
based on virtual reality and EEG: a pilot study. Front Neurosci. 2024;18:1269903.
doi:10.3389/fnins.2024.1269903.

Bai L, Qin W, Tian J, et al. Acupuncture modulates spontaneous activities in the
anticorrelated resting brain networks. Brain Res. 2009;1279:37-49. doi:10.1016/j.
brainres.2009.04.056.

Dhond RP, Kettner N, Napadow V. Neuroimaging acupuncture effects in the human
brain. J Altern Complement Med. 2007;13(6):603-616. doi:10.1089/ACM.2007.7040.
Li QQ, Shi GX, Xu Q, Wang J, Liu CZ, Wang LP. Acupuncture effect and central
autonomic regulation. Evid Based Complement Alternat Med. 2013;2013(1):267959.
doi:10.1155/2013/267959.

Pichiorri F, Morone G, Petti M, et al. Brain-computer interface boosts motor imagery
practice during stroke recovery. Ann Neurol. 2015;77(5):851-865. doi:10.1002/ana.
24390.

Broetz D, Braun C, Weber C, Soekadar SR, Caria A, Birbaumer N. Combination
of brain-computer interface training and goal-directed physical therapy in chronic
stroke: a case report. Neurorehabil Neural Repair. 2010;24(7):674-679. doi:10.1177/
1545968310368683.

Lopez-Larraz E, Sarasola-Sanz A, Irastorza-Landa N, Birbaumer N, Ramos-
Murguialday A. Brain-machine interfaces for rehabilitation in stroke: a review. Neu-
roRehabilitation. 2018;43(1):77-97. doi:10.3233/NRE-172394.

Cervera MA, Soekadar SR, Ushiba J, et al. Brain-computer interfaces for post-stroke
motor rehabilitation: a meta-analysis. Ann Clin Transl Neurol. 2018;5(5):651-663.
doi:10.1002/acn3.544.

Crawford C, Lee C, Buckenmaier IIIC, Schoomaker E, Petri R, Jonas W. The current
state of the science for active self-care complementary and integrative medicine ther-
apies in the management of chronic pain symptoms: lessons learned, directions for
the future. Pain Med. 2014;15(S1):S104-S113. doi:10.1111/pme.12406.

Reiner K, Tibi L, Lipsitz JD. Do mindfulness-based interventions reduce pain inten-
sity? A critical review of the literature. Pain Med. 2013;14(2):230-242. doi:10.1111/
pme.12006.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Integrative Medicine Research 14 (2025) 101142

Fogleman C, McKenna K. Integrative health strategies to manage chronic pain. Prim
Care. 2022;49(3):469-483. do0i:10.1016/j.pop.2022.01.001.

Majeed MH, Ali AA, Sudak DM. Mindfulness-based interventions for chronic pain:
evidence and applications. Asia J Psychiatry. 2018;32:79-83. doi:10.1016/j.ajp.
2017.11.025.

Burwell S, Sample M, Racine E. Ethical aspects of brain computer interfaces: a scop-
ing review. BMC Med Ethic. 2017;18(1). doi:10.1186/512910-017-0220-y.
Yusifova L. Ethical and legal aspects of using brain-computer interface in medicine: pro-
tection of patient’s neuro privacy doi:10.6092/UNIBO/AMSDOTTORATO/9342.
Bernal SL, Celdran AH, Pérez GM, Barros MT, Balasubramaniam S. Security in brain-
computer interfaces: state-of-the-art, opportunities, and future challenges. ACM
Comput Surv (CSUR). 2021;54(1):1-35. doi:10.1145/3427376.

Brocal F. Brain-computer interfaces in safety and security fields: risks and applica-
tions. Safety Sci. 2023;160:106051. doi:10.1016/j.s5¢i.2022.106051.

Klein E, Ojemann J. Informed consent in implantable BCI research: identification of
research risks and recommendations for development of best practices. J Neural Eng.
2016;13(4):043001. doi:10.1088/1741-2560,/13/4/043001.

Ploesser M, Abraham ME, Broekman ML, et al. Electrical and magnetic neuromod-
ulation technologies and brain-computer interfaces: ethical considerations for en-
hancement of brain function in healthy people-A systematic scoping review. Stereo-
tact Funct Neurosurg. 2024;102(5):308-324. doi:10.1159/000539757.

Glannon W. Ethical issues with brain-computer interfaces. Front Syst Neurosci.
2014;8:136. doi:10.3389/fnsys.2014.00136.

Kellmeyer P, Cochrane T, Miiller O, et al. The effects of closed-loop medical devices
on the autonomy and accountability of persons and systems. Camb Q Healthc Ethic.
2016;25(4):623-633. doi:10.1017/50963180116000359.

Klein E. Ethics and the emergence of brain-computer interface medicine. Handb Clin
Neurol. 2020;168:329-339. doi:10.1016/b978-0-444-63934-9.00024-x.

Cabrera LY, Weber DJ. Rethinking the ethical priorities for brain-computer inter-
faces. Nat Electron. 2023;6(2):99-101. doi:10.1038/541928-023-00928-w.
Patwardhan B, Wieland LS, Aginam O, et al. Evidence-based traditional medicine for
transforming global health and well-being. J Res Ayurvedic Sci. 2023;7(3):148-152.
doi:10.4103/ijmr.ijmr_1574_23.

Griibler G, Hildt E. Brain-Computer-Interfaces in their Ethical, Social and Cultural Con-
texts Eds.. Dordrecht: Springer Netherlands; 2014.

Livanis E, Voultsos P, Vadikolias K, Pantazakos P, Tsaroucha A. Understanding the
ethical issues of brain-computer interfaces (BCIs): a blessing or the beginning of a
dystopian future? Cureus. 2024;16(4). doi:10.7759/cureus.58243.

Goering S, Klein E, Specker Sullivan L, et al. Recommendations for responsible de-
velopment and application of neurotechnologies. Neuroethics. 2021;14(3):365-386.
do0i:10.1007/s12152-021-09468-6.

Harding L, Marra CJ, Manohara V, Illes J. Ways of knowing of the brain and mind: a
scoping review of the literature about global Indigenous perspectives. J Neurol Res.
2022;12(2):43-53. doi:10.14740/jnr708.

Harding L, King M, Jinkerson-Brass S, Mercredi B, Wieman C, Illes J. Engaging with
indigenous communities in brain science: not only the what, but the way. Can J
Neurol Sci. 2023;50(3):479-480. doi:10.1017/¢jn.2022.68.

Nijboer F. Technology transfer of brain-computer interfaces as assistive technology:
barriers and opportunities. Ann Phys Rehabil Med. 2015;58(1):35-38. d0i:10.1016/
j.rehab.2014.11.001.

Saha S, Mamun KA, Ahmed K, et al. Progress in brain computer interface: chal-
lenges and opportunities. Front Syst Neurosci. 2021;15:578875. doi:10.3389/fnsys.
2021.578875.

Gray AC, Steel A, Adams J. A critical integrative review of complementary medicine
education research: key issues and empirical gaps. BMC Complement Altern Med.
2019;19:1-20. doi:10.1186/512906-019-2466-z.

Shah AQ, Noronha N, Chin-See R, et al. The use and effects of telemedicine on com-
plementary, alternative, and integrative medicine practices: a scoping review. BMC
Complement Med Ther. 2023;23(1):275. doi:10.1186/5s12906-023-04100-x.

Bhayee S, Tomaszewski P, Lee DH, et al. Attentional and affective consequences of
technology supported mindfulness training: a randomised, active control, efficacy
trial. BMC Psychol. 2016;4:1-4. doi:10.1186/s40359-016-0168-6.

Crivelli D, Fronda G, Balconi M. Neurocognitive enhancement effects of combined
mindfulness-neurofeedback training in sport. Neuroscience. 2019;412:83-93. doi:10.
1016/j.neuroscience.2019.05.066.

Balconi M, Crivelli D, Angioletti L. Efficacy of a neurofeedback training on attention
and driving performance: physiological and behavioral measures. Front Neurosci.
2019;13:996. doi:10.3389/fnins.2019.00996.

Hunkin H, King DL, Zajac IT. EEG neurofeedback during focused attention med-
itation: effects on state mindfulness and meditation experiences. Mindful (N Y).
2021;12:841-851. doi:10.1007/5s12671-020-01541-0.

Schuurmans AA, Nijhof KS, Scholte R, Popma A, Otten R. Effectiveness of game-
based meditation therapy on neurobiological stress systems in adolescents with post-
traumatic symptoms: a randomized controlled trial. Stress. 2021;24(6):1042-1049.
do0i:10.1080/10253890.2021.1998444.

Sas C, Chopra R. MeditAid: a wearable adaptive neurofeedback-based system for
training mindfulness state. Personal Ubiquitous Comput. 2015;19:1169-1182. doi:10.
1007/500779-015-0870-z.

Jain S, Mills PJ. Biofield therapies: helpful or full of hype? A best evidence synthesis.
Int J Behav Med. 2010;17:1-6. doi:10.1007/512529-009-9062-4.

Andrews A. Integration of augmented reality and brain-computer interface technolo-
gies for health care applications: exploratory and prototyping study. JMIR Form Res.
2022;6(4):€18222. doi:10.2196,/18222.

Matos LC, Machado JP, Monteiro FJ, Greten HJ. Perspectives, measurability and
effects of integrative medicine: implications for the future. BMC Complement Med
Ther. 2023;23(1):50. doi:10.1186/s12906-023-04592-9.


https://www.nccih.nih.gov/health/complementary-alternative-or-integrative-health-whats-in-a-name
https://doi.org/10.1186/s12906-016-1111-3
https://doi.org/10.1109/JPROC.2012.2184830
https://doi.org/10.1038/npp.2011.92
https://doi.org/10.1080/2326263X.2017.1307625
https://doi.org/10.1093/cercor/bhaa234
https://doi.org/10.1016/j.concog.2013.10.010
https://doi.org/10.1038/s41598-021-86215-0
https://doi.org/10.33448/rsd-v12i3.40247
https://doi.org/10.1007/978-3-211-33081-4_64
http://refhub.elsevier.com/S2213-4220(25)00022-8/sbref0037
https://doi.org/10.31083/j.jin2307125
https://doi.org/10.1016/j.psc.2013.01.001
https://doi.org/10.1016/j.cortex.2015.10.024
https://journals.lww.com/neuroreport/abstract/2003/07010/ecological_validity_of_neurofeedback__modulation.6.aspx
https://doi.org/10.1016/j.neuroscience.2018.03.013
https://doi.org/10.1002/jclp.21910
https://doi.org/10.1007/978-981-13-2050-7_8
https://doi.org/10.3389/fnins.2024.1269903
https://doi.org/10.1016/j.brainres.2009.04.056
https://doi.org/10.1089/ACM.2007.7040
https://doi.org/10.1155/2013/267959
https://doi.org/10.1002/ana.24390
https://doi.org/10.1177/1545968310368683
https://doi.org/10.3233/NRE-172394
https://doi.org/10.1002/acn3.544
https://doi.org/10.1111/pme.12406
https://doi.org/10.1111/pme.12006
https://doi.org/10.1016/j.pop.2022.01.001
https://doi.org/10.1016/j.ajp.2017.11.025
https://doi.org/10.1186/s12910-017-0220-y
https://doi.org/10.6092/UNIBO/AMSDOTTORATO/9342
https://doi.org/10.1145/3427376
https://doi.org/10.1016/j.ssci.2022.106051
https://doi.org/10.1088/1741-2560/13/4/043001
https://doi.org/10.1159/000539757
https://doi.org/10.3389/fnsys.2014.00136
https://doi.org/10.1017/S0963180116000359
https://doi.org/10.1016/b978-0-444-63934-9.00024-x
https://doi.org/10.1038/s41928-023-00928-w
https://doi.org/10.4103/ijmr.ijmr_1574_23
https://doi.org/10.7759/cureus.58243
https://doi.org/10.1007/s12152-021-09468-6
https://doi.org/10.14740/jnr708
https://doi.org/10.1017/cjn.2022.68
https://doi.org/10.1016/j.rehab.2014.11.001
https://doi.org/10.3389/fnsys.2021.578875
https://doi.org/10.1186/s12906-019-2466-z
https://doi.org/10.1186/s12906-023-04100-x
https://doi.org/10.1186/s40359-016-0168-6
https://doi.org/10.1016/j.neuroscience.2019.05.066
https://doi.org/10.3389/fnins.2019.00996
https://doi.org/10.1007/s12671-020-01541-0
https://doi.org/10.1080/10253890.2021.1998444
https://doi.org/10.1007/s00779-015-0870-z
https://doi.org/10.1007/s12529-009-9062-4
https://doi.org/10.2196/18222
https://doi.org/10.1186/s12906-023-04592-9

J.Y. Ng

86.

87.

88.

89.

90.

91.

92.

93.

94,

Vitale A. An integrative review of Reiki touch therapy research. Holist Nurs Pract.
2007;21(4):167-179 80927.83506.f6. doi:10.1097/01.HNP.00002.

Ng JY, Cramer H, Lee MS, Moher D. Traditional, complementary, and integrative
medicine and artificial intelligence: novel opportunities in healthcare. Integr Med
Res. 2024:101024. doi:10.1016/].imr.2024.101024.

Subramanian M, Wojtusciszyn A, Favre L, et al. Precision medicine in the era of
artificial intelligence: implications in chronic disease management. J Transl Med.
2020;18:1-2. doi:10.1186/512967-020-02658-5.

Yuste R, Goering S, Arcas BA, et al. Four ethical priorities for neurotechnologies and
Al Nature. 2017;551(7679):159-163. doi:10.1038/551159a.

Ekmekci PE, Arda B. Interculturalism and informed consent: respecting cultural
differences without breaching human rights. Cultura. 2017;14(2):159-172. doi:10.
3726/CUL.2017.02.09.

National Commission for the Protection of Human Subjects of Biomedical and Behav-
ioral Research. The Belmont Report: Ethical Principles and Guidelines For the Protection
of Human Subjects of Research. Washington (DC): U.S. Department of Health and Hu-
man Services; 1979 https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/
read- the-belmont-report/index.html.

Hunter J, Leach M, Braun L, Bensoussan A. An interpretive review of consensus
statements on clinical guideline development and their application in the field of
traditional and complementary medicine. BMC Complement Altern Med. 2017;17:1
-1. doi:10.1186/s12906-017-1613-7.

Wang XQ, Sun HQ, Si JY, Lin ZY, Zhai XM, Lu L. Challenges and suggestions of
ethical review on clinical research involving brain-computer interfaces. Chin Med
Sci J. 2024;39(2):131-139. doi:10.24920/004377.

Pan H, Ding P, Wang F, et al. Comprehensive evaluation methods for translating
BCI into practical applications: usability, user satisfaction and usage of online BCI
systems. Front Hum Neurosci. 2024;18:1429130. doi:10.3389/fnhum.2024.1429130.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Integrative Medicine Research 14 (2025) 101142

Chavarriaga R, Carey C, Contreras-Vidal JL, McKinney Z, Bianchi L. Standardization
of neurotechnology for brain-machine interfacing: state of the art and recommenda-
tions. IEEE Open J Eng Med Biol. 2021;2:71-73. doi:10.1109/0JEMB.2021.3061328.
Gargon L, Khasnabis C, Walker L, et al. Medical and assistive health technology:
meeting the needs of aging populations. Gerontolog. 2016;56(Suppl_2):5293-S302.
doi:10.1093/geront/gnw005.

Budhwani S, Fujioka J, Thomas-Jacques T, et al. Challenges and strategies for pro-
moting health equity in virtual care: findings and policy directions from a scoping
review of reviews. J Am Med Inform Assoc. 2022;29(5):990-999. doi:10.1093/jamia/
ocac022.

Chung VC, Ho LT, Leung TH, Wong CH. Designing delivery models of traditional
and complementary medicine services: a review of international experiences. Br Med
Bull. 2021;137(1):70-81. doi:10.1093/bmb/ldaa046.

Hoenders R, Ghelman R, Portella C, et al. A review of the WHO strategy on tra-
ditional, complementary, and integrative medicine from the perspective of aca-
demic consortia for integrative medicine and health. Front Med. 2024;11:1395698.
doi:10.3389/fmed.2024.1395698.

Chung VC, Ma PH, Hong LC, Griffiths SM. Organizational determinants of interpro-
fessional collaboration in integrative health care: systematic review of qualitative
studies. PLoS One. 2012;7(11):e50022. doi:10.1371/journal.pone.0050022.
Rice V. Complementary and integrative medicine in healthcare.
2019;63(2):153-154. doi:10.3233/WOR-192932.

Trivedi H, Avrit TA, Chan L, Burchette DM, Rathore R. The benefits of integrative
medicine in the management of chronic pain: a review. Cureus. 2022;14(10). doi:10.
7759/cureus.29963.

Chung VC, Ho FF, Lao L, et al. Implementation science in traditional, complementary
and integrative medicine: an overview of experiences from China and the United
States. Phytomedicine. 2023;109:154591. doi:10.1016/j.phymed.2022.154591.

Work.


https://doi.org/10.1097/01.HNP.00002
https://doi.org/10.1016/j.imr.2024.101024
https://doi.org/10.1186/s12967-020-02658-5
https://doi.org/10.1038/551159a
https://doi.org/10.3726/CUL.2017.02.09
https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/read-the-belmont-report/index.html
https://doi.org/10.1186/s12906-017-1613-7
https://doi.org/10.24920/004377
https://doi.org/10.3389/fnhum.2024.1429130
https://doi.org/10.1109/OJEMB.2021.3061328
https://doi.org/10.1093/geront/gnw005
https://doi.org/10.1093/jamia/ocac022
https://doi.org/10.1093/bmb/ldaa046
https://doi.org/10.3389/fmed.2024.1395698
https://doi.org/10.1371/journal.pone.0050022
https://doi.org/10.3233/WOR-192932
https://doi.org/10.7759/cureus.29963
https://doi.org/10.1016/j.phymed.2022.154591

	Exploring the intersection of brain-computer interfaces and traditional, complementary, and integrative medicine
	1 Introduction
	1.1 Brain-Computer interfaces
	1.2 Implantable versus wearable BCIs: functionality and potential
	1.3 Clinical and experimental applications
	1.4 Advances in technology
	1.5 Overview of traditional, complementary, and integrative medicine
	1.6 Intersection with brain-computer interfaces

	2 The potential of brain-computer interfaces in TCIM
	2.1 Enhancing mind-body interventions
	2.2 Supporting neuromodulation and biofeedback techniques
	2.3 Applications in rehabilitation and chronic disease management

	3 Ethical, cultural, and practical considerations
	3.1 Ethical concerns
	3.2 Cultural sensitivity
	3.3 Practical challenges

	4 Innovative applications
	4.1 Adaptive neurotechnologies
	4.2 Brain-Computer interface integration with energy-based therapies
	4.3 Artificial intelligence-enhanced BCIs

	5 Policy and regulation considerations
	5.1 Ethical governance
	5.2 Patient safety and efficacy
	5.3 Promoting accessibility

	6 The future of brain-computer interfaces in the context of traditional, complementary, and integrative medicine
	6.1 Interdisciplinary collaboration
	6.2 Expanding evidence bases

	7 Conclusion
	Author contributions
	Conflict of interest
	Funding
	Ethical statement
	Data availability
	References


