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Abstract

Background: The emergence of generative artificia intelligence (GenAl) presents unprecedented opportunities to redefine
conceptions of personhood and cognitive disability, potentially enhancing the inclusion and participation of individuals with
cognitive disabilitiesin society.

Objective: We aim to explorethe transformative potential of GenAl in reshaping perceptions of cognitive disability, dismantling
societal barriers, and promoting social participation for individuals with cognitive disabilities.

Methods: Thisstudy isacritical review of current literature in disability studies, artificial intelligence (Al) ethics, and computer
science, integrating insights from disability theories and the philosophy of technology. The analysis focused on 2 key aspects:
GenAl asasocia mirror reflecting societal values and biases, and GenAl as a cognitive partner for individuals with cognitive
disabilities.

Results. This paper proposes a theoretical framework for understanding the impact of GenAl on perceptions of cognitive
disability. It introduces the concepts of GenAl asa“socia mirror” that reflects and potentially amplifies societal biasesand as a
“cognitive copilot” providing personalized assistancein daily tasks, socia interactions, and environmental navigation. This paper
also presentsanovel protocol for developing Al systemstailored to the needs of individual swith cognitive disabilities, emphasizing
user involvement, ethical considerations, and the need to address both the opportunities and challenges posed by GenAl.

Conclusions: Although GenAl has great potential for promoting the inclusion and empowerment of individuals with cognitive
disabilities, realizing this potential requires a change in societa attitudes and development practices. This paper calls for
interdisciplinary collaboration and close partnership with the disability community in the development and implementation of
GenAl technologies. Realizing the potential of GenAl for promoting the inclusion and empowerment of individual swith cognitive
disabilities requires a multifaceted approach. This involves a shift in societal attitudes, inclusive Al development practices that
prioritizethe needs and perspectives of the disability community, and ongoing interdisciplinary collaboration. This paper emphasizes
the importance of proceeding with caution, recognizing the ethical complexities and potential risks alongside the transformative
possihilities of GenAl technology.

(JMIR Neurotech 2025;4:e64182) doi:10.2196/64182
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Introduction

Intheeraof generative artificial intelligence (GenAl), traditional
notions of personhood and normality are being challenged [ 1-4].
Technological advances are blurring the boundaries between
human and machine capabilities, offering an opportunity to
expand the limits of socia inclusion and promote change in
attitudes toward people with disabilities [1]. As artificial
intelligence (Al) systems demonstrate increasingly sophisticated
cognitive abilities, they prompt us to reconsider what qualities
define personhood and human intelligence. This paper examines
the potential of GenAl to disrupt limiting conceptions of
morality and humanity, focusing on the implications of GenAl
for the social status of people with cognitive disabilities. This
paper also proposes a practical toolkit for GenAl development
and engineering professionals—product managers, data
scientists, and developers—to help incorporate these insights
into their work.

Cognitive disability refers to a wide range of impairments
affecting cognitive functions such as|earning, problem-solving,
judgment, communication, and social interaction [5]. Examples
of cognitive disabilities include intellectua disability,
attention-deficit/hyperactivity disorder, autism spectrum
disorders, specific learning disabilities (such as dyslexia), and
brain injuries (such as traumatic brain injury or stroke) [5-7].
It is important to emphasize the variety of individuals with
cognitive disabilities, each one possessing a unique combination
of strengths, impairments, and potential, which means that
cognitive disabilities require personalized approaches to
intervention. While recognizing the diverse nature of cognitive
disabilitiesand the need for tail ored sol utions, this paper focuses
onthegeneral potential of GenAl to improvethelivesof people
across the spectrum of cognitive disabilities.

Engaging with the integration of GenAl and individuals with
cognitive disabilitiesisanew direction in the use of technology
in the field of disability. The potential for Al to support and
empower this population liesin its ability to perform cognitive
tasks such as reasoning, planning, decision-making, and
communication—areas that are challenging for people with
cognitive disabilities[8-10]. Theability of Al to removebarriers
and open new paths for inclusive and equitable participation
makesit especially relevant for this population [11]. Anin-depth
analysisof thisability requires examining the philosophical and
ethical implications of Al for conceptions of humanity and
morality, questions that directly determine how society views
and accommodatesindividual swith cognitive disabilities. These
are fundamental inquiries into the nature of intelligence,
personhood, consciousness, and human agency, which largely
determine the degree of participation and inclusion for this

group.

Personhood and Al: An Opportunity for
Paradigm Shift

The concept of personhood, which emerged as a central topic
in bioethical debates surrounding topics such as abortion, stem
cell research, and euthanasia, has evolved into a complex and
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multifaceted construct that now spans multipledisciplines[12].
Inherently normative in nature, personhood involves value
judgments and ethical considerations regarding how we ought
to treat and perceive others rather than merely describing
observable facts. Personhood is not rooted exclusively in our
biology and experiences but in our essence and identity. This
identity, however, is not formed in isolation; it is dynamically
shaped in an intricate interaction between self-perception and
the perception of others and interaction with them. Rosfort [13]
argued that this conceptualization of personhood reveals its
profoundly relational and social nature, demonstrating how
identity and perception of self-worth are inextricably woven
into interactions and the broader human context.

The concept of “personhood” has long served as a centra
criterion in bioethical discussions, determining which entities
deserve moral consideration and rights [3]. As a result, this
notion has a so functioned as amechanism of exclusion, denying
basic rights and opportunities to those deemed cognitively
“abnormal” [14].

For example, historically, people with cognitive disabilities
were excluded from the public sphere and denied the right to
make decisions for themselves [15,16]. Even today, despite
significant progressin discourse and work based on the “ social
model” (an approach that views disability as created by societal
barriers rather than by individual impairments alone) [17] and
the “minority group model” (which recognizes people with
disabilities as a marginalized minority group) [18], exclusion
still exists in various aspects of life. People with cognitive
disabilities still face barriers to accessing higher education and
vocational training because of preconceived notions about their
abilities [19]. Despite relevant skills, they have difficulties
securing meaningful employment and career advancement
opportunities because of social stigma and prejudice [20].
Participation in political or civic decision-making processes,
such as voting or community involvement, is limited by
discriminatory perceptions of the competence of individuals
with cognitive disabilities [21]. They are also excluded from
leisure, social, and cultural activities because of alack of access
or restrictive attitudes toward their participation [22].

These exclusion examples illustrate how, as a result of
conceptualizing what constitutes a person of merit, individuals
with cognitive disabilities are often excluded in the deepest and
broadest ways from society. This mechanism is difficult to
identify because it operates through our language and the most
basic organized mechanisms of any society: law, health care
system, education system, and more [23].

Breaking entrenched concepts and perceptions of personhood
is challenging because they are deeply embedded in societal
structures and norms, but emerging technologies are beginning
to chalengetheselong held beliefs. GenAl offersan opportunity
to challenge the definition of personhood perceptions by
demonstrating skills previously considered unique to humans
[1,4]. Although these capabilities are not yet perfect in Al, their
very existence challenges the idea that such traits belong
exclusively to the “normal” cognitive function of humans and
that social participation is conditional on the presence of these
abilities.
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The revolutionary potential of GenAl invites us to reexamine
the criteriafor membership in the moral community and expand
them beyond limiting standards. Instead of relying on anarrow
model of “correct” cognitive abilitiesasaprerequisitefor rights
and participation in society [14], we may adopt, with the
assistance of GenAl, a more inclusive view that recognizes
human diversity and the inherent value of all individuals,
regardless of their abilities [24]. By showcasing the potential
of machines to exhibit complex cognitive traits, GenAl
challenges the notion that certain abilities are essential for
personhood and moral status. It initiates a discourse on the need
to redefine our understanding of what it meansto be human and
to have moral worth, moving away from a focus on cognitive
benchmarks and toward a more encompassing vision of human
dignity and rights [1,4].

Although Al presents opportunities to chalenge our
understanding of personhood, there are legitimate concerns
about itspotential to exacerbate exclusion and narrow definitions
of “normal” human cognition. Theinherent biasesin Al systems,
stemming from their training data and agorithmic design
[25-28], risk reinforcing and amplifying existing societal
prejudices[29]. As Al increasingly influences decision-making
processesin areas such asemployment, health care, and criminal
justice, thereisadanger that it could lead to more stringent and
narrow criteriafor what constitutes“normal” human functioning.
This could inadvertently heighten barriers for individuals with
cognitive differences, further marginalizing them from full
societal participation [30]. Moreover, as Al systems become
more sophisticated in mimicking certain human cognitive
abilities, there is a risk that societal expectations of human
performance might be unredlisticaly elevated, potentially
creating an even more exclusionary standard of “normal” [31].
Thus, while Al challenges our notions of personhood, it
simultaneoudly risks entrenching and exacerbating existing
forms of exclusion, highlighting the critical need for ethical Al
development and deployment considering diverse human
experiences and capabilities. In the following sections, we will
explore 2 key areas where GenAl has the potential to drive
significant change: GenAl as a social mirror and GenAl as a
cognitive partner. These 2 domains highlight the multifaceted
impact that GenAl can have on reshaping perceptions, removing
barriers, and promoting participation of individuals with
cognitive disabilities on the one hand, and exacerbating existing
biases and exclusions in society on the other.

Generative Al as a Social Mirror:
Opportunity and Challenge

Overview

Vallor's [32] conceptualization of Al as a societal mirror
provides acompelling framework for understanding the role of
Al in reflecting and potentially amplifying societal biases,
particularly concerning cognitive disabilities. This mirror
metaphor can be understood asfollows: just asaphysical mirror
reflects the image of what stands before it, Al systems reflect
the data, values, and biases present in the society that created
them. However, unlike a simple reflection, Al systems can
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amplify and distort these reflections, much asafunhouse mirror
might exaggerate certain features.

Thismirror effect illuminateshow Al systems, trained on biased
data, risk perpetuating existing prejudices against individuals
with cognitive differences. Al essentially learns from and then
projects back the biasesinherent in itstraining data, potentially
reinforcing and spreading these biases further. Paradoxically,
this same reflective quality presents a unique opportunity to
identify and address longstanding societal biases, rendering
implicit prejudices explicit and subject to scrutiny. By closely
examining what the Al “reflects back” to us, we can gain
insights into biases that might otherwise remain hidden or
unacknowledged in society.

Vallor [32] positsthat Al systemsin general, and GenAl systems
in particular, are not merely neutral technological tools but
mirrors reflecting the values, norms, and biases prevalent in
human society. Given that these systems are constructed upon
data and content created by humans, they inherently risk
replicating and perpetuating prejudices and discrimination
against marginalized groups, including people with cognitive
disabilities [27,33].

A study by Gadirgju et a [34] demonstrated thismirroring effect
in action. They conducted 19 focus groups with 56 participants
with various disabilities who interacted with a dialog model
based on a large language model. The researchers found that
the model frequently perpetuated harmful stereotypes and
narratives about disability. For example, the model often fixated
on physical disabilities, particularly wheelchairs, while
neglecting other types of disabilities. It also tended to portray
people with disabilities as passive, sad, and lonely, reinforcing
the misconception that disability is inherently negative.
Additionally, the model sometimes produced what participants
referred to as “inspiration porn,” objectifying people with
disabilities as sources of inspiration for nondisabled people.

For example, if theinformation used to train Al systems contains
stereotypical or derogatory expressions toward people with
cognitive disabilities, thereisasignificant risk that these systems
might “learn” to adopt discriminatory attitudes. The potential
consequences are severe: Al systems could rank individuals
with cognitive disabilities as having lower potential in
employment or educational contexts, limit their accessto certain
services, or make biased decisions about them in critical areas
such asinsurance or credit [35].

When we ook into the societal mirror reflected by Al, severa
possible human responses can be identified. One metaphorical
responseis*breaking the mirror,” representing human resistance
to Al use and the insightsit presents [36]. While this approach
attempts to avoid the uncomfortable truths Al exposes, it risks
missing out on the potential benefits and insights Al can offer.
Another metaphorical strategy is “cleaning the mirror,” where
humans attempt to eliminate biases through Al alignment
processes[37]. Thisapproach aimsto create Al systemsaligned
with human values and intentions, striving for a bias-free
environment. However, it risks producing an artificially sterile
system that failsto reflect the complexities of human cognition
and interaction, potentially making Al less relevant and less
capable of addressing real-world complexities.
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Thethird and most promising approach involves using reflection
asacall toactioninthereal world. This method requires humans
to acknowledge the biases reflected by Al and usethis awareness
asacatayst for societal change. It demands active engagement
and concrete actionsfrom us as humans to address these issues,
both in our Al systems and in society at large [38]. This
approach recognizes that if such action is taken, over time, the
reflection in the Al mirror itself can change, not as a result of
erasing biases in the machine as in the second option, but as a
consequence of real societal change that is then differently
reflected in the Al mirror.

To implement this approach specifically within the realm of Al
development and deployment, we must adopt advanced
techniques and ensure inclusive human involvement. As
contemporary Al systemsincreasingly incorporate vast datasets
populated from the internet, traditional methods of addressing
biases through direct datamanipulation, such asthe“ datasheets”
approach proposed by Gebru et a [39], while still valuable in
certain contexts, have become more challenging to implement
comprehensively. This shift has led to the adoption of
complementary techniques that can handle the scale and
complexity of modern Al systems such as self-supervised
learning [40] and reward modeling [41]. Crucidly, these
techniques still require human decision-making at key junctures.

Hadar Souval €t d

To truly address biases and create more equitable Al systems,
particularly regarding cognitive disabilities, we must ensure
that people with cognitive disabilities are actively involved in
these decision-making processes. This collaborative approach
aligns with our third strategy, emphasizing real-world action
and societal change. By critically examining the biasesrevealed
in Al outputs and involving diverse perspectives in the
development process, we can work toward creating more
inclusive Al systems. This approach not only helps in
developing fairer algorithms and more representative models
but also contributes to broader societal change [1,4]. In this
way, the Al mirror becomes not just a reflection of our current
culture, but a catalyst for the more inclusive society we aspire
to create [16,42].

In conclusion, asillustrated in Figure 1, GenAl hasthe potential
to promote social justice and shift perceptions regarding
cognitive disabilities. To harness this potential, collaborative
work and ongoing effort are required to embed values of
accessibility, inclusion, and respect for diversity at the core of
technological development. These steps can transform the
“reflection in the mirror” into a positive and inclusive image
for people with cognitive disabilities, potentially leading to
broader societal changes in perception and inclusion.

Figurel. GenAl asasocia mirror: collaborative development for societal change. Al: artificial intelligence; GenAl: generative artificial intelligence.
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While this mirror metaphor provides valuable insights, it is
important to recognizeitslimitations. Vallor's conceptualization,
though powerful, doesn’t fully capture the multifaceted potential
of Al, particularly for people with disabilities. It overlooks its
capability to actively solve previously intractable problemsand
enhance accessibility. To provide a more comprehensive
understanding, we must expand our view beyond the perception
of Al as a mere reflective tool. In the following section, we
propose considering Al not only as a mirror but aso as a
cognitive partner for people with disabilities, emphasizing its
potential to actively support and empower individuals with
cognitive differencesin navigating the world.

Generative Al asa Cognitive Partner for People With
Disabilities

Beyond Vallor's mirror metaphor for Al and its contingent
inference on social change for peoplewith cognitive disabilities,
a significant potential of GenAl liesin its ability to serve as a
“cognitive partner,” empowering participation of these people
inlife domainsthat were previously blocked or limited for them
[43-45]. This partnership can be metaphorically described as a
“cognitive copilot” (an Al assistant for complex cognitive tasks),
assisting and empowering the individual with tasks requiring
complex cognitive functions. For example, GenAl can help a
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person with cognitive disabilities manage daily tasks such as
scheduling, budgeting, or navigating urban spaces by providing
personalized reminders, recommendations, and guidance [46,47].
Additionally, it can serve as an advisor in complex social
situations, such as interpreting body language [48], suggesting
appropriate responses to expressions of anger or mockery from
others, or assisting in decision-making [1,49]. In this way,
GenAl may act asakind of “social copilot,” providing real-time
support and feedback, allowing personswith cognitive disability
to expand their circle of socia interactions, inclusion, and
activities.

One of the outstanding strengths of GenAl is its ability to
function as a trandator and mediator between languages,
concepts, and realities. For people with cognitive disabilities,
trandlation and mediation pose acentral challengein daily life,
both in understanding the environment and in expressing
themselvesin away others can understand [50]. With its natural
learning and processing capabilities, GenAl can bridge these
gaps and makeinformation and communication more accessible.

The application of GenAl as acognitive copilot can focuson 3
main areas (Figure 2):
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1 Trandating and making the inner world of people with
cognitive disability accessible to themselves: GenAl can
help people with cognitive disabilities better understand
themselves, their thoughts, emotions, and needs. This is
achieved by providing explanations and conceptualizations
in clear and accessible language, identifying and interpreting
emotional states, and suggesting strategies for coping with
challenges[50]. GenAl can serveasan “internal trandlator”
that through a process of assistive conceptual scaffolding
and cognitive structuring [51] assistsindividualsin accurate
self-understanding and self-expression.

2. Bidirectional trandlation and mediation in interpersonal
communication: By analyzing interpersona and social
information, GenAl can mediate interactions with other
people, making it possible to negotiate the complexities
inherent in human communication more successfully. The
unique contribution of GenAl in thisarealiesin its ability
to bridge the communication gap in both directions, helping
the person with cognitive disability understand the social
environment, the intentions of others, and the implicit
messages in discourse, and making the person’s wants,

Hadar Souval €t d

needs, and emotions more accessible to the socid
environment [1]. For example, on one hand, GenAl can
offer interpretations of socia cues and recommend
appropriate responses, and on the other assist individuals
in articulating their thoughts more clearly and presenting
their unique perspectives. The technology can serve as a
“two-way social translator,” enabling peoplewith disability
and their environment to better understand each other and
promote respectful and equitable communication.

3. Making the physical environment and public spaces
accessible: GenAl can act asan “environmental translator,”
converting complex information about theworld into aclear
and disability-friendly format. This can include, for
example, simplifying official texts, graphically converting
numeric data, or creating interactive guides for navigating
public spaces [52]. Thus, GenAl models that are open to
the public can “see” and “understand” photos and videos
and describetheir content [1], so that peoplewith cognitive
disabilities may gain greater access and independence in
managing their lives.

Figure 2. Three main areas of GenAl application as a cognitive partner. GenAl: generative artificial intelligence.

Cognitive
partner

The goal is not to “normalize” individuals with cognitive
disabilities or to erase their disability. The cognitive partner
metaphor, similar to Vallor's mirror metaphor, can show how
theuse of Al might exacerbate exclusionary attitudesand further
marginalize individuals with disabilities. Therefore, using Al
for social change in our attitude toward people with cognitive
disabilities means that the aim of this technology should be to
enabl e access to environments and spaces that were previously
closed or socialy inaccessible to them, while also facilitating
the accessibility of these environments to the individuas
themselves. The approach should be person-centered, respecting
diversity, and tailored to the unique aspirations and needs of
everyone, rather than imposing a uniform standard of “proper”
functioning.

Serious consideration must be given to the ethical implications
of such a close integration between humans and machines,
particularly in the areas of autonomy and responsibility.
Questions of privacy, data security, and people's ownership of
decisions made by Al systems need to be thoroughly examined
[52,53]. Robust oversight and regulatory mechanisms must be
in place to ensure the responsible and ethical use of Al,
safeguarding the rights and well-being of users. This is
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especialy critical when working with vulnerable populations
such as people with cognitive disabilities, where protecting
individual autonomy isimportant [27,33].

In conclusion, although Al-based “cognitive copilot”
applications for people with cognitive disabilities have the
potential to remove barriers, increase participation, and promote
equal opportunities across variousdomains of life, it isessential
to proceed with caution. This technology must function as a
“trandator” to contribute to a more inclusive and equitable
society, and we must remain vigilant to its risks. Ensuring that
Al development is person-centered, ethically sound, and
involves active participation from the disability community is
crucia for harnessing its benefits without worsening existing
biases and systemic barriers.

Implication for Al Developersand Technologists

GenAl hasimmense potential to promoteinclusion and equality
for peoplewith cognitive disabilities but to realize this potential
requires a perceptual shift on the part of developers, engineers,
researchers, and product managers. Instead of focusing narrowly
on “fixing” certainimpairments, they must adopt amore holistic
approach that views technology asalever for social integration
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and broad improvement in quality of life[54-56]. Thisinvolves
atransition from regarding GenAl as amere technical solution
to perceiving it as a tool for effecting social change for the
population with cognitive disabilities.

In practice, close and ongoing collaboration with people with
cognitive disabilities throughout all stages of development is
important [57]. Development teams must |earn from the unique
experiences and needs of individuals with cognitive disability
and meaningfully integrate them into the design and construction
of GenAl systems and prompts.

Recent research has demonstrated the feasibility and importance
of this approach. For example, Newbuitt et a [58] conducted a
systematic review of studies involving autistic individuals in
the design of extended reality technologies. They found that
out of 20 studies published between 2002 - 2022, several
successfully engaged autistic individual s as active co-designers
and cocreators, alowing them to shape the final products
according to their needs and preferences. This highlights the
growing trend and importance of including the target usersin
the design process.

Thisrequiresajoint definition of goals, adapting user interfaces
and user experience to their modes of thinking and
communication, and clearly formulating principlesof cognitive
accessibility from the earliest planning stages [59]. The
aspiration isfor the empowerment and inclusion of peoplewith
cognitive disabilities to be embedded in the core of the
technology and in the layer of its use.

Bircanin et a [60] presented a practical approach to including
adults with severe intellectual disabilitiesin co-design through
active support. They demonstrated how principles such as“every
moment has potential,” “graded assistance,” “little and often,”
and “maximizing choice and control” can be applied in design
contexts to ensure meaningful participation of individualswith
severe cognitive disabilities. This approach provides concrete
strategies for Al developers to engage with this population
during the development process.

https://neuro.jmir.org/2025/1/e64182
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For example, it isimportant to examine how the prompt-based
user interface can be made accessible and adapted to the
cognitive and communication characteristics of people with
different types of cognitive disabilities. Consideration should
be given to whether the development of dedicated products is
the right direction or whether personal adaptation at the level
of the individual user is preferable [61]. Answering such
guestions requires ongoing discourse and feedback from the
community itself.

Dirks[57] explored the ethical challengesin inclusive software
development projects with people with cognitive disabilities.
The study emphasized the importance of maximizing choice
and control for participants, using agraded assistance approach,
and ensuring every moment has potential for meaningful
engagement. These principles can guide Al developers in
creating more inclusive design processes.

To assist developers and researchers in implementing the
principles presented in this paper, we propose a working
protocol specifically tailored to the development challenges of
GenAl technologies aimed at people with cognitive disabilities.
The protocol (Table 1) is based on the model developed by
Amershi et a [62], which was formulated following
comprehensive research, including a review of academic and
industry literature, interviewswith experts, and an examination
of a wide range of Al-based products. The original model
defines 18 general guidelines for designing human-Al
interactions across different time frames and stages of
interaction. In practice, these guidelines serve as a framework
for developing human-centered Al systems, focusing on aspects
such as transparency, fairness, reliability, safety, privacy,
security, and accountability. Devel opers and designers use these
guidelines to enhance human-Al interaction by implementing
practices such as explaining Al decisions to users, designing
interfaces that enable user control and feedback, and
incorporating mechanismsto identify and mitigate biases[63].
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Table. Protocol for designing artifical intelligence (Al) interactions for people with cognitive disabilities.?
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Stage and dimension

Guidelines for Al interaction with
people with cognitive disabilities

Implementation examples

Initial

During interaction

When the system errs

Over time

Personal

Interpersonal

Personal

Interpersonal

Environmental

Personal

Interpersonal

Environmental

Personal

Interpersonal

Environmental

Collaboration

11. Identify and adapt to the user’s
unigue cognitive and emotional
needs.

12. Show awareness of the social
and cultural context of system use.

D1. Provide custom-tailored, gradu-
a, and structured responses to per-
sonal needs during use.

D2. Promote positive and reciprocal
communication with the human en-
vironment.

D3. Assistin orientation, navigation,
and independent functioning in
complex spaces.

E1. Handle errors respectfully and
inan empowering way, with empha-
sison learning and progress.

E2. Involve support personsin the
process of learning and correction.

E3. Avoid placing responsibility on
the user in complex or unexpected
situations.

T1. Continually adapt to the pace of
development, learning, and changes
in personal needs.

T2. Show sensitivity to changesin
relationships and roles within the
support circle.

T3. Show flexibility and adaptability
to changing environments and tran-
sitions between contexts.

T4. Actively involve users and
stakeholdersin the ongoing devel op-
ment of the system.

I1. Create apersonal profileinclud-
ing preferences, abilities, and chal-
lenges.

|2. Consider the human environment
(eg, caregivers or family members)
as part of system definition.

D1. Identify difficulties and adapt
the level of assistance and feedback
inreal time.

D2. Mediate social interactions by
simplifying and explaining social
cues.

D3. Provide detailed instructions
and cueson proper conduct in differ-
ent places.

E1. Provide repeated opportunities
to try again, together with verbal
encouragement.

E2. Provide apossibility for acare-
giver to assist in problem-solving or
making necessary adjustments.

E3. Make human backup available
by default in case of significant
problems.

T1. Track progress and adapt tasks
and goals accordingly.

T2. Update user profiles and access
settings based on feedback from the
environment.

T3. Automatically detect location
changesand providerelevant recom-
mendations.

T4. Provide mechanismsfor receiv-
ing feedback and involving usersin
decisions about updates and im-
provements.

#The model for this protocol by Amershi et al [62] is based on extensive research and analysis of arange of artificial intelligence products and defines
18 genera guidelines across different stages of interaction. We adapted and extended this model to address specifically the needs and challenges of
designing artificial intelligence technologies for people with cognitive disabilities. The protocol incorporates 4 key dimensions: personal, interpersonal,
environmental, and collaborative, and provides concrete examples of how these considerations can be integrated throughout the life cycle of the artificial
intelligence system. By implementing this protocol, devel opers can create artificial intelligence tools that empower and enhance the lives of individuals

with cognitive disabilities.

Building on the analysis presented in this paper, we expand the
model of Amershi et a [62] and adapt it to the 4 central
dimensionsinwhich Al systems can assist peoplewith cognitive
disabilities: the personal, the interpersonal, the environmental,
and the collaborative. For each of these dimensions, we propose
guidelines and offer practical examples of how the relevant

https://neuro.jmir.org/2025/1/e64182
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considerations can be embedded at different stages of the system
life cycle, from defining the initial requirements, through
ongoing interaction, to continuous adaptation and improvement.
The proposed protocol serves as a foundation that requires
further devel opment, testing, and investigation, but it can serve
as a starting point for discourse and the advancement of best
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practicesin designing Al systemsfor individual swith cognitive
disabilities.

Conclusion

The emergence of GenAl technologies represents a pivotal
moment in reconceptualizing disability and personhood. We
suggest that the advent of GenAl challenges assumptions about
what qualifies an individual as a “person” and questions the
notion that cognitive abilities are the sole determinant of one’'s
rights and societal participation.

In this paper, we explored the transformative potential of GenAl
in reshaping perceptions, dismantling barriers, and empowering
individuals with cognitive disabilities. By serving as a social
mirror [32], Al systems can expose and challenge deeply
ingrained biases and prejudices, compelling us to confront the
ways we have historically marginalized and excluded the
population with cognitive disabilities. Simultaneously, by
functioning as a cognitive partner, GenAl may provide
unprecedented opportunities for individuals with cognitive
disabilitiesto participate in society.

Realizing this vision requires more than technological
innovation, however. It demands a gradual shift in societal
attitudes and a sincere effort to involve people with cognitive
disabilities in the Al development process, granting them
autonomy and recognizing and valuing their abilities. Thisis
where the role of technology professionals and GenAl
developers becomes crucial.

The importance of designing Al thoughtfully lies in the
understanding that whether we consider Al asamirror or as a
cognitive partner, both metaphors indicate that Al will
increasingly mediate how we perceive the world, ourselves, and
others, confirming once again McLuhan's [64] statement that
“the medium is the message.” This means that the significant
effect of Al lies not merely in the content we explore through
it but in how its very use changes us. Therefore, the design and
development of Al tools will profoundly influence the future
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of human society, how we perceiveindividual swith disabilities,
as well as the rights and social positions they will attain.
Therefore, how Al is being shaped now will determine itsrole
in reinforcing existing biases or promoting a more inclusive
and equitable society.

The proposed protocol, based on the work by Amershi et a
[62], offers a practical framework for implementing these
principles as part of GenAl development for people with
cognitive disabilities. This paper marks only the beginning of
the discussion about GenAl and developmental disabilities,
therefore we must remain vigilant regarding the ethical and
social implications of GenAl and continue to engage in open,
multidisciplinary dialogue about how to harness its potential
for the greater good.

The path ahead is complex and challenging, but it is also filled
with immense possibilities. As we look toward the future, the
evolution of Al from reactive, prompt-based systems to
proactive, autopilot models promises to further expand these
possibilities, particularly for individuals with cognitive
disabilities. These advanced systems, capable of |earning user
needs and initiating interactions without explicit prompts, could
provide more seamless and intuitive support, potentially
revolutionizing the way we approach cognitive assistance.

Technological progress also involves an ongoing need for ethical
and inclusive development. We must prioritize user autonomy
and privacy while maximizing the benefits of technological
assistance. This balance is important not only for protecting
individual rights but also for ensuring that Al serves the needs
of those it aims to support.

By embracing the potential of GenAl while remaining vigilant
regarding its ethical implications, researchers, developers, and
policy makers can create technol ogies that not only uplift those
who have been historically marginalized but enrich the human
experience for us al. In doing so, we may take a step toward a
future where technology servesasaplatform for inclusivity and
empowerment.
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Abstract

Background: Pediatric and adolescent patients with attention-deficit/hyperactivity disorder (ADHD) present unique challenges
in adherence to device-based therapies outside the clinical environment. The development, approval, and availability of
neurostimulation devices for the treatment of ADHD have prompted extraclinical research (ie, outside the sphere of the clinic)
on the real-world implementation of such therapiesin a population that has difficulty remembering tasks and staying attentive to

therapy.

Objective: Thisstudy aimsto exploretheextraclinical pediatric ADHD treatment environment to ensure that design considerations
and stakeholder contributions to future innovations are effective.

Methods: Using the Lean LaunchPad methodology with its emphasis on customer discovery and the business model canvas,
qualitative analysis methods were applied to elicit the most pertinent themes regarding ADHD treatment in children and the
genera perception of a new device-based treatment regimen.

Results. Stakeholders expressed a desire that, for innovative ADHD therapies to appeal to children, they include a remote
adherence monitoring component and maintain strong evidence of efficacy.

Conclusions:  Such barriers to access and desired design features should be strongly considered in the development of
neurostimulation therapies for pediatric patients with ADHD. Pediatric and adolescent patients with ADHD require attentive
device design considerations to achieve therapeutic adherence in areal-world setting.

(JMIR Neurotech 2025;4:e68736) doi:10.2196/68736

KEYWORDS

pediatric; adolescent; ADHD; neurostimulation; therapy; adherence; real-world; extraclinical; attention-deficit/hyperactivity
disorder

: hyperactive-impulsive ADHD (traditionally known as ADHD)
Introduction ismarked by restlessness, fidgeting, and interrupting others[1].
Attention-deficit/hyperactivity disorder (ADHD) is a Combined-type ADHD ismarked by acombination of the above

neuropsychiatric disorder that manifests in a pattern of symptomsthat varies by patient but generally involves difficulty

inattention and/or hyperactivity-impulsivity that interfereswith ~ With  impulsiveness, hyperactivity, and inattention [1].
daily life functions [1-3]. ADHD is classified into three Identification and understanding of the behavior patterns of
children with ADHD arevital to the pursuit of possible treatment

options and accommodations [5,6].

presentations: predominantly inattentive, predominantly
hyperactive-impulsive, and a combined type, which is most
common [4]. Predominantly inattentive ADHD (formerly known  The standard of care for pediatric ADHD varies with age and
asattention-deficit disorder) is marked by difficulty maintaining  intensity of symptoms but islikely to include a combination of
focus or paying attention to detail [1]. Predominantly school accommodations, behavioral therapy, and medication
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[2,7,8]. For very young patients and/or patients with
less-inhibiting symptoms, behavioral therapy is likely to be
considered first [9]. Cognitive-behavioral therapy and behaviora
parent training programs are proven therapeutic interventions
shown to have positive effects in the treatment of ADHD and
oppositional defiant disorder (ODD), among other comorbidities
[10-13]. In the United States, school accommodations vary by
child, school, and schoolteacher, but children with ADHD who
meet the necessary criteria are entitled to accommodations
through the federally enacted Individuals with Disabilities
Education Act (IDEA) and Section 504 of the Rehabilitation
Act (Section 504) [14,15]. Such school accommodationsinclude
theimplementation of management strategies, such asbehavioral
classroom management and organizational training, and
student-specific accommodations, such as extra time on tests,
allowing breaksfor physical movement, and detailed instructions
for assignments [16]. A behavioral classroom management
strategy isawell-proven and efficaciousintervention that isled
by the teacher to encourage positive behaviors and discourage
negative behaviors [17,18]. An organizational training
intervention strategy teaches the student time management,
planning, and organization skills to encourage learning and
reduce distractions during schoolwork [17,19]. Despite the
well-studied benefits that these interventions can provide to
children with ADHD, there is significant difficulty in the
real-world implementation of such interventions, and the
accessibility of school services varies widely across various
sociodemographic groups [20-22]. Stimulant medications are
the primary form of pharmacotherapy for childrenwith ADHD,
despite the considerable side effects experienced by most
patients[9,23]. The most researched stimulant medications are
the dopamine and norepinephrine transporter blocker,
methylphenidate, which serves as the first-line pharmaceutical
intervention, and amphetamines, central nervous system
stimulants that serve to focus attention and improve executive
function through increased release of norepinephrine and
dopaminein the prefrontal cortex [24]. Methylphenidate, while
a first-line pharmacotherapy for clinical ADHD, is subject to
abysmal adherence [25], which has prompted growing interest
insingle-dose therapy [26]. M ost stimulant medi cations exhibit
a pharmacodynamic profile of a quick onset of therapeutic
effectsand short duration of action (varying from approximately
2 - 12 h) and therefore must be taken any time focused attention
and/or improved executive functioning isdesired [27,28]. While
school accommodations, behaviora therapy, and medication
are the most studied interventions for pediatric patients with
ADHD, there are ill significant shortcomings in these
interventions regarding accessibility, cost, and efficacy. These
shortcomings can be addressed by the development of
technology-based solutions, such as neurostimulation [29,30].

Recent developments in the neurological and psychological
etiology of ADHD have led to increased innovations, resulting
in new therapeutic interventions [2,31]. Neurostimulation is
one such innovation that has begun to be developed as an
aternative or adjunctive treatment for ADHD in children
[31-33]. Neurostimulation, or the purposeful modulation of the
nervous system’s activity, seeks to modulate brain activity and
improve attention, impulse control, and executive function in
childrenwith ADHD [32]. These devices use different strategies,
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being invasive (eg, deep brain stimulating microel ectrodes) or
noninvasive (eg, transcrania stimulation including repetitive
transcranial magnetic stimulation [TMS)], transcranial direct
current stimulation [tDCS], or external trigemina nerve
stimulation [TNS] methods. TM S noninvasively uses magnetic
fields to induce electrical currents in specific regions of the
brain). Typicaly, TMStargetsthe dorsolateral prefrontal cortex
(DLPFC) or other relevant networks associated with ADHD
symptoms. TM S has been explored for both short-term symptom
management and long-term modul ation of brain networks. tDCS
uses low-intensity electrical currents to modulate neuronal
excitability. Typically, tDCS targets the DLPFC, which is
implicated in attention and impulse control. Studies show
potential improvements in attention and executive function.
TNSdeliversmild electrical stimulation to thetrigeminal nerve
via electrodes placed on the forehead. TNS, Food and Drug
Administration (FDA)—approved for pediatric ADHD treatment,
is believed to influence arousal- and attention-regulating brain
structures, such as the locus coeruleus and prefrontal cortex.

For the treatment of ADHD, tDCS and external TNS represent,
even against the backdrop of small clinical studies, promising
interventions [34]. tDCS has been shown to reduce clinical
manifestations of ADHD and may be able to improve memory
and attention performance, but remainsin pilot studies and has
not been approved by the FDA [33]. External TNS can be
achieved noninvasively, with external el ectrodes and an on-body
pulse generator, or invasively, with subcutaneously implanted
electrodes and an implantable pulse generator [33]. External
TNS transmits small electrical currents transcutaneously via
supraorbital electrodes adhesively attached to the skin over the
supratrochlear and supraorbital branches of the ophthalmic nerve
[2]. The supraorbital branch has many connectionsto the brain
and, when stimulated, may influence the bioavailability of
electroceuticals, such as catecholamines, that potentiate ADHD
symptoms|[35,36]. NeuroSigmawasthefirst company to receive
FDA clearance for a neurostimulation device with a pediatric
ADHD indication, called the Monarch eTNS System [37]. The
Monarch device consists of a main component that generates
pulses to stimulate the trigeminal nerve and an electrode array
accessory to deliver the pulses [38]. It operates using radio
frequency energy for over 8 hours, but the duration of treatment
for each patient is determined by the physician. At present, there
isnoclinical evidenceto support aspecific timeline, frequency,
or length of treatment when using Monarch. The device can
deliver between 0.2 and 10.0 mA at afrequency of 120 Hz. The
Monarch isbattery-operated, rechargeable, and involvesminimal
steps to assemble and use. Thekit issold for around US $1000,
with enough disposable electrode pads for 4 weeks, and
additional electrode padsare sold for US$70. Neurostimulation
offers pediatric patients with ADHD a promising, powerful
treatment option, which issureto gain traction asthe technology
develops further.

tDCS of theleft and right DLPFC, using an anodal protocol, is
most often used [39,40]. Safety and patent-specific or
personalized stimulation parameters have not been
systematically examined [41]. Using currents of 1 -2 mA
applied directly to the scalp via contacting electrodes, tDCS
appears effective in addressing clinical symptoms and
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neuropsychological deficits of patients with ADHD with no
observable serious adverse effects [41]. There remains, however,
considerable opportunity to address device engineering
parameters such as field strength, polarity, and/or duty cycle
and duration in relation to larger, appropriately diverse clinical
trial cohort sizes.

The emergence of noninvasive neurostimulation technologies
for the treatment of ADHD [30,33,42] heralds a new era in
therapeutic options for large populations of pediatric patients
[32,43]. However, stakeholdersin the extraclinical (outside the
sphere of the clinic) use of neurostimulators among
children—parents,  teachers,  school nurses, and
psychologists—are rarely consulted and have little opportunity
for preclinical or extraclinical input into design considerations
that support adherenceto therapy using such devices[8,31]. As
new devices and neurostimulation options are made available
in the ADHD care environment, careful attention must be paid
to stakeholders' preferences, desires, and obstaclesto treatment.
This paper evaluates stakeholder input into design considerations
in the development of neurostimulation technologies for the
treatment of ADHD. While based on a small number of
participants, the findings nonethel ess suggest the need for further
proactive engagement with the broader stakeholder community
in guiding the development and clinical application of
noninvasive neurostimulation for the treatment of ADHD.

Methods

Overview

The Lean LaunchPad isan evidence-based, experientia program
created by Blank [44] that guides the testing and validation of
product-focused ideasusing real customer feedback. Combining
principles from customer development and business model
generation, the Lean LaunchPad reduces the risk of building
products no one wants by focusing on validation through
real-world customer interactions, pivots, and evidence-based
decisions rather than assumptions. It is widely used in startup
accelerators, universities, and corporate innovation programs
as a practical framework for launching new product-based
ventures. Customer discovery allows biodevice development
teams to engage directly with potential customers to validate
or invaidate their clinical use assumptions and to understand
the needs, problems, and potentia solutionsfrom the customers
perspective. The business model canvas maps key components
of the business model, including value propositions, customer
segments, channels, revenue streams, and more. This canvas
serves as a dynamic tool that evolves based on feedback and
findings from customer discovery interactions. The Lean
LaunchPad iswidely used by biomedical engineersin academic
settings, accelerators, and incubators to help developersgain a
deep understanding of their market, build products that meet
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real customer needs, and increase their chances of clinical
success.

Identification of Stakeholders

Identified stakeholders in the pediatric ADHD treatment
environment included parents of children with ADHD, patients
with ADHD, schoolteachers, school nurses, pediatric health
care providers, and psychiatric health care providers. These
stakeholders form a complex web of interested parties
influencing adherence of children with ADHD to their
prescribed treatment regimen. Interviewees were selected by
drawing a50-mileradiusfrom the College of Medicine at Texas
A&M University (Bryan—College Station area), which was
subsequently extended to the whole state of Texas. Clinicsand
clinicians were identified from the membership of the Texas
Psychological Association and the subset identified with
practices that served children with ADHD. Schoolteachers,
school nurses, parents, and patients were identified within the
Central Texas community by the authors. At the end of each
interview, interviewees were asked for referrals to another
stakeholder who might offer a unique perspective, if the
interviewer felt it appropriate. This served to establish anetwork
of stakeholders with diverse backgrounds and opinions. The
final stakeholder community consisted of 1 parent of 4 children
with ADHD, 6 patientswith ADHD, 2 schoolteachers, 4 school
nurses, 8 pediatric health care providers, 4 psychiatric health
care providers, and 5 additional general health care providers,
for atota of 30 individuals.

Interview M ethodology

A series of questions guided by the Lean LaunchPad
methodol ogy was formul ated for the semistructured interviews,
with three groups of questions exploring the problem, solutions,
pricing, and possible “go-to-market” strategies (Multimedia
Appendix 1). The same questionnaire was used for all
interviewed stakeholders to enable more rigorous analysis.
Thirty stakeholders were contacted and scheduled for a
~15-minute interview via video or phone, in compliance with
Texas A&M University, local, and national COVID-19 socia
distancing guidelines. The list of questions was sent to
interviewees in advance via email. Most interviews were
recorded for transcription, with interviewee consent. If consent
was not granted by the interviewee for recording (2 of 30
interviewees), the interviewer took detailed notes of the
conversation and question responses. This work includes
answers from thirty total individuals: 4 psychiatric health care
providers, 8 pediatric health care providers, 5 other health care
providers, 4 school nurses, 2 schoolteachers, 6 patients, and 1
parent of 4 patients, as shown in Table 1.

Responses were transcribed and recorded in a Microsoft Excel
spreadsheet by theinterviewer after conclusion of theinterview.
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Table. Composition of the interviewed stakeholder group.

Calandro et a

Stakeholder

Value, n (%)

Patients
Parent

Psychiatric HCP?
Pediatric HCP
School nurse
Schoolteacher

Other HCP

6 (20.0)
1(3.3)

4(13.3)
8(26.7)
4(13.3)
2(6.7)

5 (16.7)

8HCP: health care professional.

Data Analysis

Transcribed answers were subject to thematic analysisfor each
guestion. Thematic analysis is a well-established qualitative
research methodology in which interview transcripts are
carefully read to extract key ideas and meanings, providing a
deeper understanding of the phenomenon under study. This
process allowed usto identify, analyze, and interpret recurring
patterns or “themes’ within the dataset. The thematic analysis
was conducted in three main stages. data processing, theme
development, and final analysis. Data processing included
transcription and initia coding. Stakeholder interviews were
recorded and transcribed by the interviewer, with the responses
roughly sorted by question set and question number. The first
pass of analysisinvolved highlighting sections of text, whether
words or phrases, and using a few words to describe the
highlighted content, referred to here as “codes” The full
transcript of every interview was reviewed, and codes were

https://neuro.jmir.org/2025/1/e68736

created for any interesting, relevant, or unique information
identified in the transcripts. These coded text sectionswerethen
rearranged and sorted, such that all text supporting a specific
code could be viewed together. The codes created during the
initial data processing stage are listed in Textbox 1.

Upon review, irrelevant and/or infrequent codes were removed
fromthelist, and otherswere combined or separated as needed.
Similar codeswereloosely grouped together into themes, which
were preliminarily named. Transcripts were then reanalyzed
according to the themes, verifying that the themes did not over-
or under-represent certain ideas in the data. Codes and themes
were edited and adjusted as needed. The finalized themes are
listed in Textbox 2.

A short definition for each theme was written to further describe
how the theme was manifested in the transcripts and how it
related to the larger analysis of the stakeholder investigation
process.
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Textbox 1. Initial codes created during data processing.

Problem

«  Controlled substance

«  Misuse concerns

« Cost

« Socia stigma

«  Forgetfulness

o  Parental involvement

«  Comorbidities

« Difficulty swallowing pills

« Difficulty finding a suitable medication
o  Side effects from medication

«  Contraindications to medication

«  Multi—attention-deficit hyperactivity disorder—child families

Solution

o Appesl to children

«  Health care professiona supervision
o  Parenta supervision

«  Evidence of effectiveness

o Brand-name medication

o Generic medication

« Behaviora therapy

«  Neurofeedback therapy

«  Hyperbaric therapy

Pricing and go-to-mar ket
o Primary careclinic pays

«  Specidlty clinic pays

«  Pdtient pays
o  Price
https://neuro.jmir.org/2025/1/e68736 JMIR Neurotech 2025 | vol. 4 | e68736 | p.18
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Textbox 2. Finalized themes created during analysis.

Calandro et a

Problems

Barriersto access

«  Controlled substance and overall fear of misuse
e« Costs

« Socia stigma

Barriersto adherence

« Inherent attention-deficit/hyperactivity disorder traits
o  Parental involvement

o Comorbidities

. Difficulty swallowing pills

Barriersto prescription
o  “Tria and error” strategy
« Medication side effects

Solution

Desirable features

«  Apped tochildren

«  Remote adherence monitoring (health care professional and parent)

«  Evidence of effectiveness

Available and known treatment modalities
«  Brand-name medication

«  Generic medication

. Behavioral therapy

«  Neurofeedback therapy

«  Hyperbaric therapy

Pricing and go-to-market
Purchasing models

e Primary care model

«  Specidlty clinic model

«  Patient purchase model

Ethical Consider ations

All participants in this study provided individual informed
consent to be interviewed. All participants were deidentified
and no compensation was provided for their participation.
Ethical approval for this study was granted by the Texas A& M
University Institutional Review Board under study number
IRB2020-0898D (institutional review board title: Enhancing
Therapeutic Device Adherence of Children with ADHD: An
Efficacy Trial).
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Results

Stakeholder Environment and Relationships

The information gained from these interviews reveded a
complex web of interactions between general pediatric health
care providers, psychiatric health care providers, schoolteachers,
school nurses, parents of patients, and pediatric patients, as
shown in Figure 1.
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Figure 1.
attention-deficit/hyperactivity disorder.
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Barriersto Treatment Access

Thiswork identified three key barriers to the access of ADHD
treatment options: fear of misuse, cost, and socia stigma. In
addition, the work identified four key barriers to adherence to
stimulant treatment: (1) inherent ADHD traits, (2) parental
involvement, (3) comorbidities such as ODD [45], and (4)
difficulty swallowing pills, dysphagia[46,47].
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Pediatric attention-deficit/hyperactivity disorder treatment stakeholder environment, involvements, and their interactions. ADHD:
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Desired Clinical Featuresof Treatment Modalities

Through the stakeholder investigation process, three desirable
extraclinical features of a “perfect” ADHD treatment solution
were identified (1) low cost, (2) permanence, and (3) minimal
side effects. The Venn diagram of Figure 2 schematically
illustrates the balance of these features among the various
treatment options.

Figure 2. Desirableclinical features of attention-deficit/hyperactivity disorder treatment in relation to current treatment options.
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Desired Usability Features of Treatment Modalities

Two desirable usability features for future treatment modalities
were elucidated after aminimal introduction to neurostimulation
devices, which are as follows:. (1) appea to children and (2)
adherence monitoring.

Calandro et a

Device-Based Treatment Purchase Options

Of the 3 therapeutic access models presented to stakeholders,
shown in Figure 3, the patient purchase model was the most
popular among the interviewed stakeholders.

Figure 3. Purchase option models proposed and presented to stakeholders. ADHD: attention-deficit/hyperactivity disorder; HCP: health care professional.

Primary care
model

Specialty clinic
model

Patient purchase
model

HCP purchases device and
directly loans it to patients

(+) Could be returned when
treatment is finished

(-) Children with ADHD can be
rough, posing a high risk of
damage to device

HCP refers patient to clinic, and
that clinic loans device to patients

(+) Lower price for patient

(-) Complex process may
become a barrier to access

Patient receives a prescription or
recommendation from HCP and
purchases from an outside supplier

(+) No financial risk to
prescribing provider

(-) High price for patient if not
covered by insurance

Identified Advantageous Entry Markets

Three highly specific entry markets were identified: (1)
multi-ADHD-child families, (2) families desiring conservative
treatment modalities, (3) patients requiring brand-name
medication, and (4) patientswith contraindicationsto stimulants.

Discussion

Stakeholder Environment and Relationships

Each party (Figure 1) plays a specific role in the diagnosis and
management of pediatric ADHD, often interacting with one
another and influencing each other’'s actions. Generally
speaking, a diagnosis is made upon self-reporting to either a
genera pediatric health care provider or a psychiatric health
care provider by the patient, their parents, and/or their
schoolteacher. Once adiagnosisis made, the patient isclinically
managed by their parents, health care providers, and sometimes,
the school nurse. Some patients are diagnosed and managed
exclusively by a general pediatric health care provider, some
exclusively by a psychiatric health care provider, and some are
diagnosed and managed concomitantly by a general pediatric
health care provider and apsychiatric health care provider. This
largely depends on the comfort level of the general pediatric
health care provider with pediatric psychiatry and the presence
of possible comorbidities that may complicate the process and
be better handled by a psychiatric professional. Health care
providers involved with a specific patient are responsible for
clinical management and the administration of pharmacotherapy.
The schoolteacher is responsible for managing the patient’s
behavior in the classroom, while the school nurse oversees
behavioral management in the broader school environment
outside the classroom. If the patient is on immediate-release
stimulant pharmacotherapy, the schoolteacher is generally the
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first to notice a missed dose on a specific day, astheir behavior
will be affected when the child arrives at school. Thisiswhere
the school nurse's responsibilities become apparent, including
administering medication for patients requiring mid-day dosing
and managing side effects that occur during school hours.
Finally, the parents of apediatric patient with ADHD arelargely
responsible for all the activities surrounding treatment, as they
advocate for and represent their child throughout the process.
All these parties must be in regular communication with one
another to ensure optimal diagnosis and clinical management
of apediatric patient with ADHD.

Barriersto Treatment Access

The three key barriers to access to ADHD treatment
options—fear of misuse, cost, and social stigma—have
pragmatic origins. Health care providers and parents alike are
often concerned about possible misuse of stimulant medication,
given that most are schedule Il controlled substances [48].
Because of this classification, health care providers, under
normal circumstances, cannot prescribe more than 30 days
medication at a time and must follow up with each patient
approximately once per month [49]. This research perceived a
significant fear of misuse among prescribing physicians and
parents alike. Another identified barrier to access to stimulant
medicationsis cost. Depending on which type of medication is
prescribed and is found to work well for the patient, the cost of
monthly medication can, in many cases, be prohibitive. This
can be ameliorated by seeking insurance coverage for aspecific
stimulant medication or circumvented altogether by finding an
alternative medication option that is already covered by the
patient’s insurance. One general pediatric health care provider
stated that “it is hard to find a prescription and medication that
iseffective and helpful for the patient, while al so being covered
by insurance” An additional barrier to access to stimulant
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medications is the perceived socia stigma surrounding their
use. This theme was most prominent among interviews with
genera pediatric health care providers, as several mentioned
situationsin which they felt a patient was a great candidate for
stimulant medication, but the parents of the patient were
extraordinarily hesitant to start their child on stimulants. One
physician elaborated on thefamilial strifethiscan cause, noting
that when parents hesitate to start their child on stimulants, it
“createsfrustration and difficultiesfor the patients themsel ves.”
Only one physician was able to pinpoint what exactly she felt
was causing thesocial stigma, stating that it was* from fear that
the stimulants could cause addiction problems later.” Thereis
substantial evidencein the literature showing no such association
between stimulant use and substance use disorder in patients
with ADHD, even when stimulant treatment is initiated in
childhood [50-55]. More research must be done and more
effective communication engendered to further clarify the
absence of association between stimulant medication and
substance use disorder comorbidity in ADHD.

Four key barriers to adherence to stimulant treatment were
identified during the stakehol der investigation process, including
inherent ADHD traits, parental involvement, comorbidities such
asODD [45], and difficulty swallowing pills, dysphagia[46,47].
Patientswith ADHD are, by definition, inattentive, hyperactive,
and impulsive, and thus do not have favorabletraitsfor adhering
well to strict medication schedules. A patient’s adherence to
stimulant medication varies from patient to patient and isfound
to be highly dependent on thelevel of parental involvement that
the patient experiences. Theimportance of parental involvement
was mentioned 16 timesthroughout theinterviews, most stating
that “compliance [to medication] without parents is extremely
low...with parents, the number [adherence rate] is higher.” A
noteworthy point is that, because of ADHD’s highly heritable
nature, the possibility of a parent of a patient having ADHD is
higher than average [56,57]. Therefore, adherence to medication
can be affected not only by the child’s condition, but also by
that of the engaged parent. Comorbidities to ADHD were also
frequently mentioned in the interviews, including
obsessive-compul sive disorder, autism spectrum disorder, ODD,
and bipolar disorder. These findings are consistent with the
literature on common comorbidities with ADHD [58].
Specifically, ODD can create difficulty with adherence to
treatment, as patients with ODD are inherently defiant of
authority and argumentative [1].

There are also barriers to finding an effective and tolerable
medication type and dosage. Patients and physi cians expressed
that identifying the most effective medication and dosage for
the patient’s specific ADHD symptomswas extremely difficult.
The most common strategy was simply “trial and error” with
medications, in some casestaking several yearsbefore asuitable
medication and dosage were found. The therapeutic window
for most stimulants is narrow, with the optimal dosage often
laboriousto find for each patient, and the increase in side effect
severity occurring rapidly outside the therapeutic window.
Stimulant side effects were the most frequently mentioned topic
in this study, with 43 mentions overal. The side effects of
stimulant medication can be harsh and can significantly
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complicate ADHD management, particularly in children. One
adolescent patient stated:

The side effects can really impact your life. I've been
taking medication for years, since elementary
[schoal]. I knowin elementary [ school], some people
would ask meif | was mad at them because | was not
as creative or expressive as before. The medicine
sometimes doesn’t make you feel like yourself.

This theme, of stimulant medication causing a patient to not
“fed likethemselves,” was echoed by many of the young adults
with ADHD interviewed. They were quite sincere in their
discussion about the side effects they experienced and discussed
how impactful thisfeeling had been in their social and familial
relationships.

Desired Clinical Features of Treatment M odalities

The three desirable clinical features of a “perfect” ADHD
treatment solution—low cost, permanence, and minimal side
effects—are partially met by the most common existing
treatment options. pharmacotherapy [7], behaviora therapy
[59], and complementary and alternative therapies [60]. Each
of the common treatment options addresses some of these
desirable features, but none addresses all three, as shownin the
Venn diagram of Figure 2. A distinction is drawn between
generic and brand-name medication options due to the drastic
differencein cost to the patient.

Brand-name medication is neither permanent nor low-cost and
has significant side effects. Generic medication may be low-cost,
but it is also not permanent and may have significant side
effects. Behavioral therapies have minimal side effectsand can
be permanent but are generally not and can be quite costly for
patients. Alternative therapies can claim to be more permanent
with less side effects but are very high cost, and generally the
effectivenessis not well-proven in theliterature [61]. Alternative
therapies included in this work are hyperbaric oxygen therapy
and neurofeedback therapy. Despiteitslack of thekey desirable
features identified above, stimulant medication is the most
prominent and popular treatment option discussed in these
stakeholder interviews. Neurostimulation devices could meet
these desired clinical features, as the modality is developed to
be permanent with minimal side effects, and over time, could
be offered at alow cost over the lifetime of the device and the
duration of therapy [2].

Desired Usability Features of Treatment Modalities

Neurostimulation therapy, notably tDCS, for example, requires
wearing a headset for 20 minutes each day for 10 consecutive
days, which was disclosed to participants. Two desirable
usability featuresfor future treatment modalitieswere el ucidated
after thisminimal introduction to neurostimulation devices: (1)
appeal to children and (2) adherence monitoring. Many
stakeholders discussed the need for treatment to be appealing
to children in some way to engage them in the treatment process
and consequently, ensure ownership of the therapy. One
schoolteacher stated the following insight on the importance of
appeal to children:

It depends on how it is presented. Some kids do not
even like glasses, [because] they want it to be seen
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as "cool” They [children with ADHD] would
probably be more apt if they could wear it [a novel
treatment device] with a hat. Kids are likely willing
totry.

Two of the psychiatric health care providers echoed this
sentiment, stating the vital need for emotional, creative, or
imaginative appeal for children with ADHD to engage with the
device. These observations point to the need for design features
of color, texture, and form factor that promote, rather than
dissuade, engagement with the therapeutic device [8]. An
important consideration was that €l ectrodes contacting the scalp
should be designed to make contact through hair of various
typesand textures. This suggeststhe use of brush-type electrodes
with bristles of conductivity to deliver the stimulating current
and sufficient elastic modulus sufficient to penetrate hair of
multiple texturesto contact the scalp [62-64]. Suitable el ectrical
conductivity is typicaly achieved using an electrolyte-filled
sponge to first bathe the electrodes. New electrode materials
that permanently retain electrolyte can render the system
“plug-and-play,” without the need for preparing the electrodes
with saline-soaked sponges. An additional feature requested by
general pediatric health care providers and patients was that of
remote adherence monitoring. Physicians reported appreciating
the compliance estimate made avail able by looking at pharmacy
refill requests and expressed interest in seeing data on patient
usage for a treatment device in the home. Patients also stated
that they would prefer for their clinician to “closely monitor
[their] treatment and usage of the device” Both an appeal to
children and an adherence monitoring system should be closely
considered in the usability development of upcoming pediatric
ADHD treatment modalities[8].

Device-Based Treatment Purchase Options

The primary care model shows that a primary care provider or
genera practice clinic purchases the device and then supplies
it to its patients for the duration of the prescription. The largest
advantages to this loaner model are that the device could be
returned when treatment wasfinished, likely reducing the overall
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cost of treatment for the patients, and the device could be
sanitized and reissued for use. The largest drawback to this
model is that children with ADHD are generally hyperactive
and impulsive, thusincreasing the risk of damage to the device
while it is loaned out to the patient. This incurs difficulty on
the part of the primary care physician, as the devices may
quickly become damaged and/or unusable. The specialty clinic
model shows that when a primary care provider identifies a
patient as agood candidate for neurostimul ation treatment, they
refer that patient to an outside clinic, which manages the
treatment course and loans devices out to patients. The most
significant benefit of thismodel isthat it could reduce the price
of treatment to patients and remove some of the responsibility
of implementing new technology from the primary care provider.
The most significant disadvantage to thismodel isthat the added
step in the process may unnecessarily complicate the system
and may become a barrier to access for patients. The patient
purchase model shows that a patient receives a prescription for
neurostimulation treatment from their health care provider and
then purchases the device themsel ves from an outside supplier.
The most compelling advantage to this model isthat it requires
no financial risk on the part of the prescribing provider,
increasing the likelihood of the device being prescribed overall.
The most compelling disadvantage to this model is the high
cost, which isthe full responsibility of the patient. Despite this
point, the patient purchase model was the most popular among
interviewed stakehol ders because of the ease of accessibility to
treatment and the low financial risk required from providers.

Interviewees reported their perception of the average price of
various ADHD treatments with which they werefamiliar. These
estimates were analyzed and distilled into five categories:
brand-name medi cation, generic medication, behavioral therapy,
neurofeedback, and hyperbaric therapy, as shown in maroonin
Figure 4. The interviewees were also asked to report
approximately what price they thought was appropriate for one
round of neurostimulation trestment for ADHD, whichisshown
in bluein Figure 4.
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Figure 4. Reported average price (in US dollars) per year of selected attention-deficit/hyperactivity disorder treatment modalities and projected price

(in US dallars) per intervention using neurostimulation device therapy.
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Identified Advantageous Entry Markets

Throughout the analysis of the stakeholder interviews, a few
key advantageous entry markets were revealed. These highly
specific entry markets have unique pain pointsthat are neglected
by current pediatric ADHD treatment modalities. These markets
include multi-ADHD-child families, families desiring
conservative treatment modalities, patients requiring brand-name
medication, and patients with contraindications to stimulants.
Multi-ADHD-child families are somewhat common due to the
high heritability of ADHD. Over time, neurostimulation could
proveto be a highly cost-effective option for families requiring
pharmacotherapy for several children over many years. Many
stakehol ders expressed concern about the large population of
families who feel a socia stigma surrounding stimulant
medication and generally desire more conservative treatment
for their children. A neurostimulation device could offer them
effective treatment without the use of stimulant medication.
Patients who require brand-name medication would also be a
key entry market, as brand-name stimulant medications carry
extremely high costs for patients. The final key entry market
identified in this study is patients for whom stimulant medication
is contraindicated, including those with symptomatic
cardiovascular disease, hyperthyroidism, hypertension, and/or
ahistory of substance use disorder, among other things[65,66].
For these patients, there are currently very few options of any
kind for long-term, effective management of ADHD. The
population with pharmacological contraindicationsisaprimary
entry market for neurostimulation devices for the treatment of
pediatric ADHD.
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Limitations of the Study

Thisstudy drawsupon arelatively small number of stakeholders,
but an otherwise broad set of representative stakeholders in
ADHD therapy. Extrapolating from this small data set is one
limitation. Second, the stakeholders are from aregion, initially
within a 50-mile radius of the College of Medicine at Texas
A&M University and eventually expanding to the entire State
of Texas. There may be a regiona predisposition toward
technology interventions among practitioners who work near a
research-intensive,  engineering-centric  university. The
underwhelming participation by parents, an important
stakeholder group in ADHD therapy, is noteworthy. Finally,
participants were purposively selected rather than randomly
sampled.

Future Work

The stakehol der engagement results could be strengthened with
the addition of moreinterviews, particularly those with parents
and/or guardians of children with ADHD, as the children
themselves are not particularly available for or willing to
complete such interviews. In addition, another round of
interviews could be conducted with more precise questions to
elucidate more exact pain points, desired solutions, and purchase
options. Both supplementary propositions would require
additional time, effort, and funding that were out of the scope
of this body of work.

Conclusions

A customer discovery process, as outlined by the National
Science Foundation Innovation-Corps, was designed and
executed to investigate the pediatric ADHD treatment
environment. Thirty stakeholders were interviewed using
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semistructured interview methodol ogy, and their responseswere
recorded and analyzed for key themes and insights. A specific
interest was placed on the developing technology of
neurostimulation for the treatment of pediatric ADHD, and the
stakeholders gave insightful feedback on problems in the
pediatric ADHD treatment environment, important desired
featuresto be considered in the devel opment of anew treatment
modality, and purchase option modeling for the distribution of
neurostimul ation devices throughout the market. These ons
revedled a complex web of stakeholders involved in the
diagnostic and therapeutic management of achild with ADHD.
Numerous key barriers to treatment access were identified,
clarifying the difficulty that stakeholders face when choosing
atreatment regimen. A major “pain-point” for pediatric patients
with ADHD intheir current treatment options wasidentified in
the side effects, high cost, and impermanence, which could be
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Abstract

Background: This paper presents an easy-to-use, affordable robotic manipulandum device (RMD) equipped with smart
monitoring and assi stive technol ogies to engage in game-based exercise and repetitive task practice. The RMD has been designed
to enhance a wide range of fine motor manual dexterity skills, including thumb, finger, and wrist movements. By focusing on
finger and hand functions, it extends its utility beyond basic reaching or object transfer movements. Various interchangeable
3D-printed therapy handles of different shapes and sizes can be easily attached to the RMD drive shaft. These handle movements
can be used to engage with numerous affordable, commercially available computer games, allowing patients to practice tasks
that involve varying movement amplitudes, speeds, precision, and cognitive challenges. Additionally, the device is capable of
automatically recording and storing the patient’s real -time performance data on any given computer, integrating assessment into
treatment.

Objective: A pilot study was conducted with 5 patients with stroke to examine the feasibility and benefits of a6-week game-based
exercise program using the proposed device.

Methods: A feasibility study was conducted with 5 participants. Data were collected using the computer game—based upper
extremity assessment of manual dexterity and Wolf Motor Function Test (WMFT) before and after the intervention lasting 6
weeks.

Results: The pilot study demonstrated that clients’ expectations related to manual dexterity were met. The average improvement
inthefunctional ability score of the WMFT was 14 (SD 3) points, with all participants exceeding the minimal clinically important
difference. The average reduction in total timewas 30 (SD 14) seconds, with 4 of 5 participants surpassing the minimal clinically
important difference. For the computer game—based upper extremity assessment, the average improvement in success rate was
23% (SD 12%), and the average decrease in response time was 105 (SD 44) milliseconds.

Conclusions: Findings revealed acceptable, engaging, game-based, and task-oriented training with a high level of compliance.
Substantial improvements from pre- to postintervention were observed using the WMFT and assessments of manual dexterity.

Trial Registration: Clinical Trials.gov NCT05071885; https:/clinicaltrials.gov/study/NCT05071885

(JMIR Neurotech 2025;4:e67779) doi:10.2196/67779
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: leisure and social interactions. These tasks often require the
Introduction manipulation of objects that vary widely in physical properties
Background and functional demands, necessitating ahigh degree of precision

[2]. Individuals with chronic sensory-motor deficits in the UE
following a stroke can greatly benefit from intensive,
well-resourced therapy services [3-6]. A novel approach to
enhance patient engagement in therapy is the use of computer

Upper extremity (UE) motor impairments and persistent
hemiparesis commonly lead to difficultieswith manual dexterity
after a stroke [1]. Manual dexterity, defined as the ability to
mani pulate objects, is crucial for many everyday tasks, both for
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games, which integrate various learning elements and present
motor and cognitive challenges. This allows individuals to
participate in focused, task-specific activities with a significant
number of repetitions[7-10]. Several gaming systems have been
used asrehabilitation tools[11]. Various computer input devices
have been used to detect arm segments or finger motions. The
corresponding motion signals are used to interact with digital
avatarsor objects[12,13]. However, these game-based exercise
programs often fail to adequately address object handling and
fine motor function—based object manipulation. Consequently,
they do not account for the sensory, tactile, or proprioceptive
signads from the hand that are essential for effective
goal-directed object manipulation tasks. To enhancethebrain’s
capacity for learning, it is vital to create experiences that
improve manual dexterity through guided and repetitive practice
of manipulation tasks requiring precision [14-16]. Some
game-based rehabilitation systems use handles or joysticks as
controllers[17,18], where the handle is manipul ated using wrist,
elbow, and shoulder motions. However, these systems include
only afew custom-made games.

To extend these systems, a cost-effective computer-based
gaming platform has already been devel oped, which integrates
various object manipul ation tasks with engaging computer game
activities. Thisplatform usesaminiature, wireless, inertial-based
(IB) computer mousethat directly connects object manipulation
with digital gaming [19-22]. The IB mouse can be attached to
awiderange of objectswith different shapes, sizes, and weights
and can be handled using 2-finger, 3-finger, or whole-hand
motionsaswell aswrist, elbow, and shoulder movements. These
object manipulation tasks are used to practice diverse,
goal-oriented manual dexterity skills while users engage with
entertaining computer games. However, this gaming system
does not provide movement assistance for patients with limited
active range of motion or poor movement control.

Numerous studies have assessed the feasibility and impact of
various robotic systems aimed at improving UE functions in
patients with stroke [23-30]. Augmented reality game—based
devicesfocus on enhancing the range of motion in the shoul der,
elbow, and wrist. However, these devices are not able to detect
hand and finger movements with the required amount of
precision. The camera-motion and sensor-based devices cannot
detect movement with real-life objects. Thus, these devices can
only detect active gross movements, neglecting object
manipulation. A few robotic devices such as soft or hard gloves
and exoskeletons do assist with finger and thumb
flexion-extension; however, they primarily feature custom
software applicationsthat involve activities performed in digital
settings rather than real object manipulations.

Given the above considerations, a low-cost, portable,
multipurpose robotic manipulandum device (RMD) equipped
with smart monitoring and assistive technol ogiesfor game-based
rehabilitation of manual dexterity was developed. The RMD
functions as a responsive, high-resolution computer mouse. In
this paper, we first describe the RMD hardware and gaming
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software, its functionality, and related applications to provide
both treatment and assessment of recovery programs targeting
the manual dexterity of people after a stroke. The objective of
this study is to present the results of a proof-of-principle pilot
study conducted on 5 patients with stroke to examine the
feasibility and benefits of a 6-week game-based exercise
program using the RMD. The RMD described in this paper
explains an integrated controller to generate forces that can aid
voluntary movements necessary during gaming exercises,
making it suitable for patients with limited movement control
and those with a restricted active range of motion.

Description of the RM D and Software

Referring to Figure 1, the RMD features a compact, integrated
3D-printed chassis that contains the interface board, actuator,
sensors, power train, and rotary drive shaft. Various 3D-printed
therapy handles of different shapes and sizes can be attached
to the shaft. These handles are designed to help users practice
a wide range of manual dexterity skills involving thumb and
finger movements as well as wrist, elbow, and shoulder
functions. The RMD connects to a computer using a standard
USB cable. An optical encoder tracks the shaft rotation, which
corresponds to the movements of the handle and controls the
motion of a computer cursor or game sprite in any single-axis
computer game. In this context, the rotation of the shaft is
mapped to pixel coordinates on the screen. An Arduino
L eonardo microprocessor managesthe RMD and itsinteraction
with the games. Additionally, the RMD features a 3-cm LED
display that shows several adjustable control parameters, which
the user can modify:

«  Gameplay orientation: mouse horizontal or vertical maotion.
Many common and modern video games are played with
horizontal game sprite motion, but some require vertical
motion.

«  Working range: users can select an active range of motion
for exercises, for example, from wrist neutral to 10, 20, or
30 degrees of extension or flexion ranges of motion,
depending on individual patient needs, and map thisto the
full-screen mouse position.

«  Mouse sensitivity: this setting determines the amount of
movement required to navigate the mouse acrossthe entire
display range.

« Force: the RMD is designed to facilitate various assistive
and resistive movement patterns. One of its applications
involves a unidirectional force field mode, where a
consistent force is exerted on the output shaft in a specific
direction, with both the magnitude and direction adjustable.
Many patients exhibit greater impairments in finger and
wrist movement in 1 direction (eg, wrist extension), making
the assistance of a constant force beneficial. Conversely,
the opposite movement (eg, wrist flexion) can be met with
aresistiveforce. Thiscontext-sensitive assistive or resistive
mode can enhance even minimal voluntary movementsin
severely affected individuals, creating opportunities for
progressive exercise that increases movement demands.
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Figure 1. General view of the robotic manipulandum device and examples of various handles used for game-based rehabilitation of manual dexterity.

Since the RMD operates as a USB plug-and-play computer
mouse, it is compatible with digitally any commercialy
available computer game. The inclusion of gaming elements
motivates patients, providing an enjoyable way to engage in
repetitive movementsthat are often necessary for rehabilitation.
The therapeutic benefits from the types of object manipulation
tasks involved vary in physical and anatomical requirements.
The selected computer games provide graded responses in
movement amplitude, speed, and precision. Table 1 outlines
several common computer games that have been extensively
tested with the RMD among patients of various ages.
Additionally, a specially designed rehabilitation repetitive task
practice (RTP) game has been created by the University of
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Manitoba and validated [31-33]. This simple game records the
movements of the computer mouse curser or game paddle to
assessthe quality of movements. Thisgame automatically tracks
patients goal-directed object manipulation tasks during both
local and remote game-based therapy sessions, allowing for
performance quantification in each session. This feedback can
provide immediate results to the patient and help clinicians
monitor progressover time. In practice, RM D-assisted exercises
would initially use the RTP game software for therapeutic
purposes. The RTP software is customizable, enabling
adjustments to all game elements to suit the skill levels of
patients with varying degrees of sensory-motor impairments.
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Table. Big Fish Gameswere used in this study [34].
Game Axis play Start difficulty ~ Responsetime  Clicker Precision Distractor Type or activity
Abundante Horizontal Moderate Self-paced (time  Yes Moderate No Color matching
limited) by directional

aiming

Action Ball Horizontal Moderate Fast Yes Moderate Yes Brick buster

AquaBall Horizontal Easy Moderate Yes Moderate Yes Brick buster

Astro Bugz Re-  Horizontal Moderate Slow Yes Moderate No Color matching

venge by directional
aming

Birds Town Horizontal Moderate Moderate Yes Moderate No Color matching
by directional
aiming

Brave Piglet Vertical Easy Fast Yes Low Yes Shooting

Bricks of Egypt Horizontal Moderate Fast Yes Moderate Yes Brick buster

Butterfly Escape Horizontal Moderate Moderate Yes Moderate No Color matching
by directional
aiming

Egyptian Ball Horizontal Moderate Fast Yes Moderate Yes Brick buster

Invadazoid Horizontal Moderate Fast Yes Moderate Yes Brick buster

Jar of Marbles  Horizontal Easy Self-paced (time  Yes Moderate No Color matching

unlimited) by directional

aiming

Jet Jumper Horizontal Difficult Fast Yes High Yes Steering and
jumping

Luxor HD Horizontal Moderate Moderate Yes Moderate No Color matching
by directional
aming

Ricochet Horizontal Moderate Fast Yes Moderate Yes Brick buster

Recharge

8\l atching and shooting games require participantsto use asmall wireless optical computer mouse, pressing the left mouse button when needed. Precision
is determined by the size of the paddle and the size of the target objects. Difficulty levelsinclude game speed, the number of distractors, and matching

choices.

Figure 2 illustrates a snapshot of the RTP game, highlighting
game movement responses when using the RMD. Game objects
appear randomly at the top of the display, moving at
unpredi ctabl e speeds and directions toward the bottom. Players
aim to maneuver the game paddl e to catch these moving targets,
with the RMD handle rotation controlling the paddle’s motion.
Distractor objects are included to increase challenge and can
be toggled on or off. Configurable features include movement
speed, precision (eg, sizes of game objects and paddies),
movement amplitude, and the incorporation of distractors to
assess the interplay between motor and cognitive processing as
well as dual-task interference effects. Throughout gameplay,
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the RTP software logs the timing of each game object’s
appearance and disappearance, defining game events, along
with tracking the position of the paddle and other game objects
to establish movement context. Panels C and D in Figure 2
demonstrate typical movement trajectories within the game.
Various performance metrics can be captured using the RTP
game, offering immediate feedback for both patients and
therapists. Additionally, electronic outcome measures are
recorded to monitor progress and dose-response relationships
in specific exercise programs over time, including successrates
(SR), response times, movement durations, accuracy, and
movement variability.
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Figure 2. lllustration of RTP game software using the robotic manipulandum device. Panel (A) shows a healthy adult rotating a handle to move the
game“paddle”’ and catch the “target” object while avoiding the “distractor” object. Panel (B) shows a screenshot of the game, where target and distractor
obj ects appear at thetop of the display and move to the bottom. Note that the addition of distractorsisoptional. Panel (C) presents single-game movement
trajectories (game paddle coordinates) for all game movement responses in one session. In this example, each game event takes 2 seconds (from target
appearance to disappearance), and the game is played for 60 seconds. The location of each successive target appearance is randomized. Approximately
half of the 30 game events occur in each direction (leftward or rightward). Panel (D) presents overlay plots of the segmented and sorted game movement
trajectories for all 30 game events; upward traces indicate leftward game movements, and downward traces indicate rightward game movements. RTP:

repetitive task practice.
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It is important to note that with standard commercial games,
automatic performance logging is typicaly unavailable.
Therefore, for any training sessions—particularly those
conducted at home or remotely—the RTP game developed
in-house serves as a valuable resource, providing automated
monitoring and quantification of players motor skills while
engaging in arange of game-based exercises for hand and arm
coordination (also referred to as telemonitoring).

Figure 3 presents game movement trajectories of arepresentative
able-bodied adult and a patient with stroke playing the RTP
game using various handles. As can be seen in the plots, the
trajectories of the 5 different manipulation tasks are similar.
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The SR was 100% for al manipulation tasks. For the patient
with stroke, the SR ranged from 50% (thumb-finger
flexion-extension) to 80% (el bow flexion-extension). Movement
consistency among the 10 - 12 game movement responses of
the able-bodied adult was similar, as was movement onset time
(MOT). Many of the movement tragjectories of the patient with
stroke were not smooth, exhibited small amplitudes, and
demonstrated several target overshoots. It is also evident that
the MOT is delayed in the participant with stroke compared to
the able-bodied participant. It is, therefore, seen that the platform
presented here is functional and can produce meaningful data
for further analysis and treatment decisions.
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Figure 3. Repetitive task practice game movement trajectories of an able-bodied adult and a patient with stroke using various robotic manipulandum
device handles, as described in Figure 2. The plots show segmented and sorted game movement responses for 1 direction of movement. The y-axis
represents movement amplitude as a percentage of screen width (0% to 50%).
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Another key feature of the RMD and the associated RTP game
softwareisthat it isdesigned for use at home (tel erehabilitation),
not just in clinics. At present, the cost of the deviceis estimated
to be less than US $70. The software automatically collects
various objective outcome measures to monitor a patient’s
ongoing progressinstantaneously and can betraced over aperiod
of time. These data support the development of sustainable,
individualized, long-term rehabilitation protocols. Furthermore,
clinical support for home and remote outreach programs can
facilitate the creation of more targeted and personalized
solutions for patients.

The objective of this pilot study was to evaluate the
implementation, usability, acceptability, and benefits of the
game-based exercise program using the developed RMD
presented in this paper. The experience of participants with
stroke who completed a 6-week game-based exercise program
was first assessed with semistructured interviews. Interviews
were conducted to investigate participants perspectives and
opinions about expectations, acceptability, challenges, and
benefits of the game-based exercise program for UE
rehabilitation. Quantitative analysis pre- to postintervention
was conducted next, which included the Wolf Motor Function
Test (WMFT) and a computerized performance-based
assessment of manual dexterity.

Methods

Recruitment

Participantswererecruited at the clinical rehabilitation research
facility of the University of Manitoba. In total, 5 individuals
who had a single stroke (onset between 6 months and 5 years)
and were aged 40 to 70 years participated in the study. All
participants had adequate vision to see images on a standard
computer monitor. Exclusion criteria were (1) excessive
spasticity of the fingers and wrist (grade 2 and above on the
Modified Ashworth Scale [35], (2) significant cognitive
impairment (Montreal Cognitive Assessment scores less than
25[36], and (3) any other neurological disorder except asingle
stroke before testing.

Ethical Considerations

The University of Manitoba Ethics Board reviewed and
approved the study (approval HS25163), and all participants
provided informed consent. The consent process ensured
participants comprehended the study’s objectives, procedures,
potential risks, benefits, and their right to discontinue at any
time. To maintain participant anonymity, all collected datawere
anonymized and stored in a secure, locked location. No
compensation was provided, and no photographic or video
recordings of participants were taken.

Exercise Program

Participants attended 12 treatment sessions twice a week for 6
weeks. Each session lasted 45 minutes. As shown in Figures 1
and 3, a variety of 3D-printed “therapy” handles of different
shapes and sizes were used. They were designed to practice a
broad range of manual dexterity skills. The exercise programs
were established based on the participants' personal goals, the
degree of their hemiparesis, and functional status. A typical
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session involved exercise with 4 to 5 different handles, several
computer games, and assistive forces of different magnitudes.
Each handle-game-force combination was practiced for 2- to
3-minute intervals and repeated 2 to 3 times. Different handles
required different modes of manipulation. Game movement
responses were produced by thumb, finger, wrist, or elbow
movements. Task demands were adjusted by changing the mouse
sensitivity movement range and by adding assistive-resistive
forces. Additionally, different games were selected to adjust
movement speed and precision. Most participants were
competitive and became frustrated if they were not successful
in gameplay. Therefore, the difficulty level (movement
amplitude, speed, and precision) was adjusted for all
combinations of handles, game settings, and game types so that
participantswere successful in gameplay for at least 60% of the
game events or activities. Table 1 presents a list of common
computer games used in this study. Big Fish Games are selected
based on the level of difficulty participants reported and their
personal likes and dislikes. The choices of games presented to
them were based on columns 3 to 7 of Table 1. Games with an
easy level of difficulty (based onthelevel of precision required,
the presence of distractors, and the type of executive functions
required) were introduced before the moderate and difficult
games. Task difficulty was also adjusted by increasing the
assistive and resistive forces applied to the RMD handles.

The exercises and choice of games were updated on a regular
basis, based on the participants’ improvements and personal
preferencesfor game selection. Numerous affordable and readily
accessible computer video games offer therapeutic benefits. For
instance, computer games downloaded from Big Fish Games
feature hundreds of arcade-style games across various genres
(Table 1). Many of these games align well with the game-based
RMD exercise program. In addition to requiring speed and
accuracy, these games incorporate several cognitive elements,
such as speed versus accuracy dynamics, distractor objects, and
object-matching activities. The commercia computer games
used in this pilot study are listed in Table 1. The wide variety
of games ensuresthat the individual preferences of participants
can befulfilled. Regularly introducing new gamesand increasing
the difficulty levels can help maintain the challenge, providing
the psychological feedback necessary to keep participants
engaged and motivated.

Qualitative Analysis

At theend of the 6-week exercise program, all participantswere
invited to participate in an interview. They were asked a series
of open-ended questions, and their responses were documented:
(2) when you agreed to participate, how did you hopeyou would
benefit from the therapy program? (2) Were there things about
the game or exercise program you liked and things you did not
like? (3) What did you think about the computer gamesthat you
were asked to play? Did you enjoy the game? Werethere games
that you did not enjoy? (4) Did you feel that this therapy
program helped you? (5) If you were provided with the right
settings, would you continue with these exercises?

The duration of the interviews varied among the 5 participants,
lasting between 20 and 30 minutes. Participants were invited
to sharetheir thoughts, ideas, opinions, and personal experiences
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in detail. The analytical framework of interpretive description
was used for thematic analysis [37]. All interviews were
recorded, and theinterviewer’s notes and commentswere added
to the transcriptions separately for triangul ation purposes. One
researcher (AK) reviewed the transl ated transcripts and created
a coding system, while a second researcher (TJS) oversaw the
process and added any additional codesfor credibility purposes.
A second researcher (TJS) then examined the coded data to
identify any unigue responses.

The content of each interview was analyzed by paraphrasing,
generalizing, and abstracting. A continuous iterative process
was maintained until no new themes emerged from the data.
The 2 researchers then compared their analyses and resolved
any disagreementsin afinal coding system organized into final
themes and subthemes.

Quantitative Analysis

Overview

Thefollowing outcome measures were obtained before and after
the intervention of the 6-week exercise program:

1. Quantitative assessments of UE motor ability were
conducted using the WMFT [38,39]. Participants were
instructed to complete the 15 tasks of the WMFT within a
120-second time limit, and the time taken to compl ete each
task was recorded. Additionally, the quality of movement
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for each task was evaluated using an ordinal scale ranging
from O to 5, where O indicates no performance and 5
indicates normal movement. The final WMFT scoreswere
the total time taken for the 15 tasks and the summed
movement quality grades of the 15 tasks.

2. The RTP game was used to guide and evaluate different
object manipulation tasks. In this application, several test
objects with different physical properties and anatomical
demandswereinstrumented with awireless|B mouse. The
rotation of each test object (ie, the instantaneous angular
position of the IB mouse) controlled the motion of the game
paddle. For a detailed description of the assessment tool,
seereferences[20,33]. All tasksrequired precisionin object
manipulation using the finger-thumb or hand pamar
surface.

Test Objects

In the context of the RTP game assessment, the following test
object manipulation taskswere evaluated, asillustrated in Figure
4: (1) participants grasped a coffee mug to move it with
concentric pronation and eccentric supination. (2) Participants
held awine glass between the thumb, index, and middlefingers.
It was rotated forward and backward using radial and ulnar
deviation. (3) Participants grasped atennis ball with the thumb
and fingertips tethered to awooden block via a wooden dowel
to eliminate the gravity effect. Thistask required the participant
to rotate the tennis ball left and right.

Figure4. Illustration of the computer game-based upper extremity assessment tool. (A) Threetest objects, each equipped with an inertial-based mouse,
were used to control the repetitive task practice game paddle movements. (B) Example overlay plots of the sesgmented and sorted game movement
responses for both movement directions: pronation-supination using a coffee mug, ulnar-radia deviation using a wine glass, and leftward-rightward

rotation using a tennis ball.

(A) Test objects

(B) Game movement responses

0s 2s

Target Target
appears disappears

The assessment presented here allows one to determineif there
is atransfer of improvement in manual dexterity with objects
used in daily life. Moderate to high test-retest reliability of the
assessment tool has been reported in agroup of 30 patientswith
stroke [20] and agroup of 35 children with cerebral palsy [21].
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Test Protocol

Participants were seated with test objects positioned within a
comfortable reaching distance on an adjustable-height table. A
50-cm wide computer monitor was placed 1 min front of them
at eyelevel to perform the assessment game tasks. Participants
received a demonstration of the game tasks and were allowed
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to practice trials using their unaffected arms. Figure 4 presents
typical overlay plots of game movement trajectories for both
movement directions for 1 game session.

Outcome Measures

The following outcome measures were derived from the
recorded game data of the assessments. SR and average MOT.
The percentage of the total number of target objects caught in
1 gametria isthe SR. The time from target appearance to the
start of the game paddie movement is the average MOT. MOT
values are determined for each game movement response. The

Table. Demographic and clinical characteristics of participants.

Kanitkar et d

average is then computed over the group of game movement
responses for each direction.

Results

Participants

Table 2 presents the demographic and clinical data of the 5
participants. All participants, who experienced a single stroke,
agreed to take part in the study and provided informed consent.
They were all right-handed and fully completed the 6-week
program, which included 2 exercise sessions per week, each
lasting at least 45 minutes.

Participant Age (years) Sex Type of stroke Duration (months)  Affected side Hand dominance
Participant 1 67 Male Ischemic 24 Left Right
Participant 2 68 Male Ischemic 16 Left Right
Participant 3 57 Male Ischemic 12 Left Right
Participant 4 43 Female Ischemic 4 Left Right
Participant 5 51 Male Hemorrhagic 56 Left Right

Qualitative Results

The following 4 themes capture the range of participants
experiences and viewpoints regarding the prototyped RMD

Table. Typical participant responses to interview questions.

exercise program: expectations, difficulties with technology,
engagement with therapy, and future expectations. Table 3
presents examples of participants direct quotes for each
interview question (theme).

Theme

Response

Expectations

Difficulties with technology

Engagement with therapy

Future expectations

« “l getinto problems while handling day-to-day things. | often have
trouble gauging how much distance and pressure | need. The other
day | squeezed the soda cup too hard and spilled everywhere. | am
hoping to improve the finer aspects’ [Participant 1].

o “My consultant physician told usthat | was never going to use my
fingers. When we heard about this program, we thought it might help”
[Participant 3].

«  “Learning how to use the RMD was hard at first. Learning how to
move the mouse when my arm is so restricted, you know?’ [Partici-
pant 3].

« “lamnot atech-savvy person. It took awhileto get used to the games
and the robot (RMD)” [Participant 4].

«  “Coming to therapy twice aweek and getting aride in winter was a
lot. But the home-based therapy was not working, so we decided to
doit” [Participant 5].

« “l amvery competitive. | like that the computer games challenged
me. It was fun” [Participant 1].
o “It(conventional therapy) did not show much improvement. It did

not seem like it was worth the trouble. | wanted to check out this
option (computer games-based protocol) because it sounded new,
something fun” [Participant 4].

e “I could comb my hair again. That was something!” [Participant 2].

«  “My handfelt completely immobileearlier; now | can useit to support
my other hand for different tasks” [Participant 3].

« "l washappy to seethat you guys created a steering wheel handle
for meto relearn driving” [Participant 5].

«  “Honestly, I think we could have done this from home if you had
enough of these (RMDs). We can just download these games on my
laptop” [Participant 5].

https://neuro.jmir.org/2025/1/e67779

RenderX

JMIR Neurotech 2025 | vol. 4 | e67779 | p.39
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY

Expectations

All participants indicated that the primary reason for their
participation in this exercise program was to improve their hand
function, particularly in handling and manipul ating objects. One
participant agreed to participate because his therapist
recommended the program. It is noteworthy that it had been
several weeksto over 3 years since the participantslast received
physiotherapy or occupational therapy.

Difficulties With Technology

Intotal, 3 of the 5 participants reported that they had not played
computer games before. However, they noted that the games
were easy to learn. All participants found it intuitive to use the
RMD as a game controller. They al considered the exercise
program challenging and expressed that it was difficult to play
the games by manipulating the RMD handle. Nevertheless, with
practice, the exercises became significantly easier. All
participants exhibited competitiveness and experienced
frustration when they could not successfully play the games.
This was taken into account, and the games were carefully
selected to match the skill levels of each participant.

Engagement With Therapy

All participants stated that they had previously undergone
physiotherapy and occupational therapy for several weeks. They

Kanitkar et d

expressed appreciation for the one-to-one therapy sessions,
noting that receiving immediate feedback and guidance from
the therapist was very helpful. Participants also reported that it
was beneficial to know which games to use and why. They
indicated a preference for certain games and appreciated the
variety available to them during therapy. Furthermore, all
participants commented that it was more enjoyable and easier
to perform game-based exercises than conventional exercises.

Future Expectations

All participants expressed a desire to continue the program and
inquired whether it would be possible to use the device at home.

Quantitative Results

Table 4 presents the pre- and postintervention test scores for
the WMFT, highlighting the changes observed from pre- to
postintervention. In patients with stroke, the minimal clinically
important difference (MCID) for the functional ability score
has been reported to range from 3 to 6 points, while the MCID
for the total time of the WMFT is 22 seconds [40]. All 5
participants in this study demonstrated postintervention
improvements that exceeded the reported MCID for the
functional ability measure (with a range of improvement
between 9 and 16 points). In total, 4 of the 5 participants
exhibited improvementsin total time that surpassed the MCID
(with arange of improvement between 23 and 28 seconds).

Table. Pre- and postexercise Wolf Motor Function Test scores and magnitude of change.

Participant Functional ability score (maximum: 75) Total time (seconds)

Pre Post Change Pre Post Change
Participant 1 19 28 9 119 71 48
Participant 2 19 34 15 118 84 34
Participant 3 13 27 14 73 62 11
Participant 4 12 28 16 104 71 33
Participant 5 9 23 14 89 65 24
Average (SD) 14 (4) 28 (4) 14 (3) 101 (20) 71(8) 30 (14)

Figure 5 displays example plots of game movement responses
using the 3 test objects, recorded at baseline and after the
completion of the 6-week exercise program from different
participants. Visual inspection reveals a clear improvement in
movement quality, amplitude, and consistency. Asindicated in
Table 5, substantial improvements were observed in SR and

https://neuro.jmir.org/2025/1/e67779

response time for al 5 patients. For SR, the average
improvement was 23% (SD 12%), while for response time,
there was an average decrease of 105 (SD 44) milliseconds. It
is noteworthy that typical response times were approximately
600 milliseconds.
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Figure 5. Examples of repetitive task practice game movement responses (1 direction) from different participants using the 3 assessment test objects,
taken at pre- and postintervention time periods.
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Table. Pre- and postexercise test scores and magnitude change of object manipulation tasks for all participants®

Participant and test object Success rate (%) Response time (milliseconds)
Pre Post Change Pre Post Change
Participant 1
Object 1 42 91 49 723 530 193
Object 2 65 89 24 478 423 55
Object 3 51 68 17 792 697 95
Average (SD)  53(12) 83 (13) 30(17) 664 (165) 550 (138) 114 (72)
Participant 2
Object 1 50 100 50 528 532 -4
Object 2 54 62 8 780 702 78
Object 3 33 100 67 771 421 350
Average (SD) 46 (11) 87 (22) 42 (30) 693 (143) 552 (142) 141 (185)
Participant 3
Object 1 42 64 22 845 811 34
Object 2 70 75 5 845 771 74
Object 3 61 73 12 794 805 -11
Average (SD) 58 (14) 71(6) 13(9) 828 (29) 796 (22) 32 (43)
Participant 4
Object 1 54 85 31 576 490 86
Object 2 50 55 5 786. 515 271
Object 3 66 80 14 784 725 59
Average (SD)  57(8) 73(16) 17 (13) 715 (121) 577 (129) 139 (115)
Participant 5
Object 1 66 78 12 823 783 40
Object 2 72 92 20 806 588 218
Object 3 56 72 16 760 722 38
Average (SD)  65(8) 81 (10) 16 (4) 796 (33) 698 (100) 99 (103)

3/alues are the average of left and right game movements. Object 1: coffee mug; object 2: wine glass; and object 3: tennisball (Figure 5).

Discussion

Principal Findings

This paper introduced a rehabilitation device that provides
flexible, game-based RTP targeting manual dexterity and
includes means to automatically record and assess patients
manual dexterity skills using the RTP software. The 6-week
exercise program resulted in clinically significant improvement.
In terms of the WMFT, on average, participants showed an
improvement of 14 (SD 3) pointsin functional ability scoreand
areduction of 30 (SD 14) seconds in total time. Additionally,
for the computer game-based UE assessment, the average
improvement in success rate was 23% (SD 12%), while the
average decrease in response time was 105 (SD 44)
milliseconds. The proposed system not only addresses patients’
exercise needs but also integrates enjoyment and learning
through a gaming platform.

https://neuro.jmir.org/2025/1/e67779

The change in WMFT scores exceeded the MCID for all
participants. The WMFT measures daily activities involving
fingers, such as picking up small objects and using hand tools.
Significant improvements in the WMFT were observed, even
though these specific tasks were not practiced during the
game-based manipulation program. The WMFT also assesses
visual perceptual skills for tasks like stacking blocks and
drawing figures. The RM D gametasks, which require precision
movements based on visual feedback, showed substantial
improvementsin both the WM FT tasks and object manipulation
tasks in the RTP game. Participants with stroke noted that the
game-based exercises were challenging yet engaging and
enjoyable.

Handles of different sizes and shapes were used to target
precision, goa-directed movements of the thumb, fingers, and
wrist aswell as combinations of UE movements. In addition to
the types of handles used, computer games also possess
therapeutic value. Different commercia video games require
varying levels of movement speed, accuracy, and amplitude.
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For example, participants with severe impairments were able
to successfully play computer games when the selected games
involved slow movements and low precision (ie, large game
paddles and target game objects). Participants with moderate
to mild impairments could engage with computer games that
required faster speeds and greater precision.

The games also involved various executive cognitive functions,
including visual search and spatial processing of moving targets
and distractors. The diverserange of games and regular updates
to difficulty levels are important for maintaining engagement
and challenge.

The RMD is configured to function exactly as a plug-and-play
computer mouse and, therefore, can be used to play many
commercial computer games. Thisallows easy accessto alarge
source of commercial games. To meet the needs of each
individual, the RMD can be customized to suit specific
rehabilitation needs and preferences. This adaptability allows
patientsto engage with avariety of gaming experiencestailored
to their specific motor and cognitive rehabilitation goals. A key
feature of the program is to increase the number of repetitions
of goal-directed movements at varying speeds and accuracy
levels. High intensity and a high number of repetitions are
crucial to drive neuroplasticity and functional improvement in
patients with stroke [41-45].

Each game-handle combination was played for 3 to 5 minutes,
and typically, each game event took approximately 2 seconds.
Therefore, participants made 90 to 150 goal-directed game
movement responses during thistime period. Each session lasted
45 minutes and included 7 to 8 different handles, resulting in
several hundred game-handle combinations. The goal-directed
game movement responses varied in amplitude, speed, and
direction. During gameplay, visual feedback of the game sprite
or paddle relative to the game target and distractor objects was
used to initiate and guide each contextual game movement
response, supporting implicit learning of eye-hand coordination.
Additionally, the selected video games featured unpredictable
trajectoriesfor gametarget motion, promoting variable practice.

Interestingly, significant improvements were observed in a
participant who was 5 years after a stroke, which was
unexpected given that most studies include participants less
than 2 years after astroke. Although some studies have reported
significant improvements in UE function 3 to 5 years after a
stroke, this finding is based on only 1 participant. Future
randomized controlled trials are needed to examine the
effectiveness of game-based task-specific exercises for
participants 3 to 5 years after a stroke.

Recovery programs can be extensive, involving RTP for many
months. A key feature of the RMD is its design for home use
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(telerehabilitation). In this regard, the cost of the electronic
components, motor housing, and handles is less than US $70.
Additional costs, several times this amount, will likely be
required for the commercialization of the RMD system. The
RMD can initialy be used in a supervised clinical setting and
then transitioned to home use while being monitored by
clinicians. The telemonitoring capabilities of the system (ie,
RTP game) could alow clinicians to track changes in function
and compliance, facilitating the devel opment of sustainable and
individualized programs. Prompt clinical assistance for home
and remote outreach programs will foster more tailored and
effective solutionsfor patients, facilitating the intended training
outcomes. This will require further development to produce a
secure content management system for individual electronic
game data to be updated and stored for processing aswell asto
generate queries and reportsfor registered eHealth stakehol ders
(eg, therapists, physicians, and third-party insurance providers).

Limitations

The unidirectional force mode, while assisting movement in 1
direction, results in resistance forces in the opposite direction,
which may not be desirable. A real-time intelligent control
scheme is under development, involving communication
between the RMD software and the RTP game. In the upcoming
system, the controller will receive coordinates for both the game
targets and the paddle, which is controlled by handle rotations.
This information about movement directions and amplitudes
can then be used. The system will determine the direction and
magnitude of theforce necessary to rotate the handles effectively
to move the game paddle within the RTP game. Notably, this
closed-loop assistance can be offered in both movement
directions during gameplay. This context-sensitive assistive
mode helps facilitate limited voluntary movements in severely
affected individuals.

Conclusions

The results of the pilot study indicate the feasibility,
acceptability, and positive outcomes of the RMD game-based
system for enhancing manual dexterity in people with stroke
who have moderate UE motor impairments. The intervention
resulted in clinically significant improvements, with all
participants showing enhanced performance in the WMFT
beyond the MCID. These findings suggest that the system has
the potential to advance rehabilitation treatments for finger,
thumb, and wrist recovery in peoplewith stroke. Thelong-term
effects of this training on manual dexterity will need to be
evaluated in future randomized controlled trials. However, the
current findings are encouraging and provide a strong basis for
further research and development.

This study was supported by grantsfrom the University of Manitoba Collaborative Innovation Research Fund, Research Manitoba
Innovation, and the Natural Sciences and Engineering Research Council of Canada.

https://neuro.jmir.org/2025/1/e67779

JMIR Neurotech 2025 | vol. 4 | e67779 | p.43
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY Kanitkar et &

Conflictsof Interest
None declared.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Byblow WD, Stinear CM, Barber PA, Petoe MA, Ackerley SJ. Proportional recovery after stroke depends on corticomotor
integrity. Ann Neurol 2015 Dec 1;78(6):848-859. [doi: 10.1002/ana.24472] [Medline: 26150318]

Sobinov AR, Bensmaia SJ. The neural mechanisms of manual dexterity. Nat Rev Neurosci 2021 Dec 1;22(12):741-757.
[doi: 10.1038/s41583-021-00528-7] [Medline: 34711956]

Ward NS, Brander F, Kelly K. Intensive upper limb neurorehabilitation in chronic stroke: outcomes from the Queen Square
programme. J Neurol Neurosurg Psychiatry 2019 May 1;90(5):498-506. [doi: 10.1136/jnnp-2018-319954] [Medline:
30770457]

Cramer SC, Dodakian L, LeV, et a. Efficacy of home-based telerehabilitation vs in-clinic therapy for adults after stroke:
arandomized clinical trial. JAMA Neurol 2019 Sep 1;76(9):1079-1087. [doi: 10.1001/jamaneurol.2019.1604] [Medline:
31233135]

Mawase F, Cherry-Allen K, Xu J, AnayaM, Uehara S, Celnik P. Pushing the rehabilitation boundaries; hand motor
impairment can be reduced in chronic stroke. Neurorehabil Neural Repair 2020 Aug;34(8):733-745. [doi:
10.1177/1545968320939563] [Medline: 32845230]

Daly JJ, McCabe JP, Holcomb J, Monkiewicz M, Gansen J, Pundik S. Long-dose intensive therapy is necessary for strong,
clinically significant, upper limb functional gainsand retained gainsin severe/moderate chronic stroke. Neurorehabil Neural
Repair 2019 Jul;33(7):523-537. [doi: 10.1177/1545968319846120] [Medline: 31131743]

Dale G, Joessel A, Bavelier D, Green CS. A new look at the cognitive neuroscience of video game play. Ann N 'Y Acad
Sci 2020 Mar;1464(1):192-203. [doi: 10.1111/nyas.14295] [Medline: 31943260]

Bediou B, AdamsDM, Mayer RE, Tipton E, Green CS, Bavelier D. Meta-analysis of action video gameimpact on perceptual,
attentional, and cognitive skills. Psychol Bull 2018 Jan;144(1):77-110. [doi: 10.1037/bul0000130] [Medline: 29172564]
Choi E, Shin SH, Ryu JK, Jung KI, Kim SY, Park MH. Commercia video games and cognitive functions: video game
genres and modulating factors of cognitive enhancement. Behav Brain Funct 2020 Feb 3;16(1):2. [doi:
10.1186/s12993-020-0165-z] [Medline: 32014027]

Vermeir JF, White MJ, Johnson D, Crombez G, Van Ryckeghem DML. The effects of gamification on computerized
cognitivetraining: systematic review and meta-analysis. IMIR Serious Games 2020 Aug 10;8(3):e18644. [doi: 10.2196/18644)]
[Medline: 32773374]

Sheng B, Zhao J, Zhang Y, Xie S, Tao J. Commercial device-based hand rehabilitation systems for stroke patients: state
of the art and future prospects. Heliyon 2023 Mar;9(3):€13588. [doi: 10.1016/j.heliyon.2023.e13588] [Medline: 36873497]
MaM, Proffitt R, Skubic M. Validation of aKinect V2 based rehabilitation game. PLoS ONE 2018;13(8):e0202338. [doi:
10.1371/journal .pone.0202338] [Medline: 30142631]

Zanatta F, Farhane-MedinaNZ, Adorni R, et al. Combining robot-assisted therapy with virtual reality or using it alone? A
systematic review on health-related quality of lifein neurological patients. Health Qual Life Outcomes 2023 Feb 21;21(1):18.
[doi: 10.1186/s12955-023-02097-y] [Medline: 36810124]

Lass M, Dalise S, Bandini A, et al. Neurophysiological underpinnings of an intensive protocol for upper limb motor
recovery in subacute and chronic stroke patients. Eur J Phys Rehabil Med 2024 Feb;60(1):13-26. [doi:
10.23736/S1973-9087.23.07922-4] [Medline: 37987741]

Salvalaggio S, GianolaS, Ando M, et al. Predictivefactors and dose-response effect of rehabilitation for upper limb induced
recovery after stroke: systematic review with proportional meta-analyses. Physiotherapy 2024 Dec;125:101417. [doi:
10.1016/j.physi0.2024.101417] [Medline: 39395360]

Roby-Brami A, Jarrasse N, Parry R. Impairment and compensation in dexterous upper-limb function after stroke. From the
direct consequences of pyramidal tract lesionsto behavioral involvement of both upper-limbsin daily activities. Front Hum
Neurosci 2021;15:662006. [doi: 10.3389/fnhum.2021.662006] [Medline: 34234659]

Ghannadi B, Sharif Razavian R, McPhee J. Configuration-dependent optimal impedance control of an upper extremity
stroke rehabilitation manipulandum. Front Robot Al 2018;5(NOV):124. [doi: 10.3389/frobt.2018.00124] [Medline:
33501003]

Hong R, Li B,Bao, LiuL, JinL. Therapeutic robots for post-stroke rehabilitation. Med Rev (2021) 2024 Feb;4(1):55-67.
[doi: 10.1515/mr-2023-0054] [Medline: 38515779]

Szturm T, Imran Z, Pooyania S, Kanitkar A, Mahana B. Evaluation of agame based tel e rehabilitation platform for in-home
therapy of hand-arm function post stroke: feasibility study. PM R 2021 Jan;13(1):45-54. [doi: 10.1002/pmrj.12354] [Medline:
32107868]

Szturm T, Imran Z, Pooyania S, et al. A new method to evaluate hand function in clients with stroke: test-retest reliability
and discriminative validity. Physiother Res Rep 2024;5:1-7. [doi: 10.15761/PRR.1000136]

https://neuro.jmir.org/2025/1/e67779 JMIR Neurotech 2025 | vol. 4 | e67779 | p.44

(page number not for citation purposes)


http://dx.doi.org/10.1002/ana.24472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26150318&dopt=Abstract
http://dx.doi.org/10.1038/s41583-021-00528-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34711956&dopt=Abstract
http://dx.doi.org/10.1136/jnnp-2018-319954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30770457&dopt=Abstract
http://dx.doi.org/10.1001/jamaneurol.2019.1604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31233135&dopt=Abstract
http://dx.doi.org/10.1177/1545968320939563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32845230&dopt=Abstract
http://dx.doi.org/10.1177/1545968319846120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31131743&dopt=Abstract
http://dx.doi.org/10.1111/nyas.14295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31943260&dopt=Abstract
http://dx.doi.org/10.1037/bul0000130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29172564&dopt=Abstract
http://dx.doi.org/10.1186/s12993-020-0165-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32014027&dopt=Abstract
http://dx.doi.org/10.2196/18644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32773374&dopt=Abstract
http://dx.doi.org/10.1016/j.heliyon.2023.e13588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36873497&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0202338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30142631&dopt=Abstract
http://dx.doi.org/10.1186/s12955-023-02097-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36810124&dopt=Abstract
http://dx.doi.org/10.23736/S1973-9087.23.07922-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37987741&dopt=Abstract
http://dx.doi.org/10.1016/j.physio.2024.101417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39395360&dopt=Abstract
http://dx.doi.org/10.3389/fnhum.2021.662006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34234659&dopt=Abstract
http://dx.doi.org/10.3389/frobt.2018.00124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33501003&dopt=Abstract
http://dx.doi.org/10.1515/mr-2023-0054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38515779&dopt=Abstract
http://dx.doi.org/10.1002/pmrj.12354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32107868&dopt=Abstract
http://dx.doi.org/10.15761/PRR.1000136
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY Kanitkar et &

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kanitkar A, Parmar ST, Szturm TJ, et a. Evaluation of acomputer game-assisted rehabilitation program for manual dexterity
of children with cerebral palsy: feasibility randomized control trial. PM R 2023 Oct;15(10):1280-1291. [doi:
10.1002/pmrj.12947] [Medline: 36655404]

Parmar ST, Kanitkar A, Sepehri N, Bhairannawar S, Szturm T. Computer game-based telerehabilitation platform targeting
manual dexterity: exerciseisfun. “You are kidding-right?’. Sensors (Basel) 2021 Aug 27;21(17):5766. [doi:
10.3390/s21175766] [Medline: 34502656]

Wu J, Cheng H, Zhang J, Yang S, Cai S. Robot-assisted therapy for upper extremity motor impairment after stroke: a
systematic review and meta-analysis. Phys Ther 2021 Apr 4;101(4):pzab010. [doi: 10.1093/ptj/pzab010] [Medline: 33454787]
Ko MJ, Chuang YC, Ou-Yang LJ, Cheng YY, Tsai YL, Lee YC. The application of soft robotic glovesin stroke patients:
a systematic review and meta-analysis of randomized controlled trials. Brain Sci 2023 Jun 2;13(6):900. [doi:
10.3390/brainsci13060900] [Medline: 37371378]

Ketkar VD, Wolbrecht ET, Perry JC, Farrens A. Design and devel opment of aspherical 5-bar thumb exoskel eton mechanism
for poststroke rehabilitation. JMed Device 2023 Jun 1;17(2):021002. [doi: 10.1115/1.4056864] [Medline: 37152413]
Alhamad R, Seth N, Abdullah HA.. Initial testing of robotic exoskeleton hand device for stroke rehabilitation. Sensors
(Basel) 2023 Jul 12;23(14):6339. [doi: 10.3390/s23146339] [Medline: 37514633]

Wang T, Liu Z, Gu J, Tan J, Hu T. Effectiveness of soft robotic glove versus repetitive transcranial magnetic stimulation
in post-stroke patients with severe upper limb dysfunction: arandomised controlled trial. Front Neurol 2022;13:887205.
[doi: 10.3389/fneur.2022.887205] [Medline: 36712422]

Shin S, Lee HJ, Chang WH, Ko SH, Shin Y1, Kim YH. A smart glove digital system promotes restoration of upper limb
motor function and enhances cortical hemodynamic changes in subacute stroke patients with mild to moderate weakness:
arandomized controlled trial. J Clin Med 2022 Dec 10;11(24):7343. [doi: 10.3390/jcm11247343] [Medline: 36555960]
Moggio L, de Sire A, Marotta N, Demeco A, Ammendolia A. Exoskeleton versus end-effector robot-assisted therapy for
finger-hand motor recovery in stroke survivors: systematic review and meta-analysis. Top Stroke Rehabil 2022
Dec;29(8):539-550. [doi: 10.1080/10749357.2021.1967657] [Medline: 34420498]

Ahn SY, Bok SK, Lee JY, et al. Benefits of robot-assisted upper-limb rehabilitation from the subacute stage after a stroke
of varying severity: amulticenter randomized controlled trial. JClin Med 2024 Jan 30;13(3):808. [doi: 10.3390/jcm13030808]
[Medline: 38337500]

Lockery D, Peters JF, Ramanna S, Shay BL, Szturm T. Store-and-feedforward adaptive gaming system for hand-finger
motion tracking in telerehabilitation. IEEE Trans Inf Technol Biomed 2011 May;15(3):467-473. [doi:
10.1109/T1TB.2011.2125976] [Medline: 21536526]

Kanitkar A, Parmar ST, Szturm TJ, et a. Reliability and validity of a computer game-based tool of upper extremity
assessment for object manipulation tasksin children with cerebral palsy. J Rehabil Assist Technol Eng
2021;8:20556683211014023. [doi: 10.1177/20556683211014023] [Medline: 34123406]

Imran Z, Szturm T, Pooyania S. Devel opment of a computerized assessment tool for hand-arm function after stroke:
test-retest reliability and convergent vaidity. JHand Ther 2017 Oct;30(4):e€12. [doi: 10.1016/j.jht.2017.06.016]

PC games. Big Fish. URL : https://www.bigfishgames.com/us/en/pc-games.html [accessed 2025-02-27]

Pandyan AD, Price CIM, Barnes M P, Johnson GR. A biomechanical investigation into the validity of the modified Ashworth
Scaleasameasure of elbow spagticity. Clin Rehabil 2003 May;17(3):290-293. [doi: 10.1191/0269215503cr6100a] [Medline:
12735536]

Darymple-Alford JC, MacAskill MR, Nakas CT, et a. TheMoCA: well-suited screen for cognitive impairment in Parkinson
disease. Neurology (ECronicon) 2010 Nov 9;75(19):1717-1725. [doi: 10.1212/WNL .0b013e3181fc29c9] [Medline:
21060094]

Teodoro | PP, Reboucas VDC, Thorne SE, SouzaND, Brito LD, Alencar A. Interpretive description: aviable methodol ogical
approach for nursing research. Esc Anna Nery 2018 Mar 19;22(3). [doi: 10.1590/2177-9465-ean-2017-0287]

Wolf SL, Catlin PA, EllisM, Archer AL, Morgan B, Piacentino A. Assessing Wolf Motor Function Test as outcome measure
for research in patients after stroke. Stroke 2001 Jul;32(7):1635-1639. [doi: 10.1161/01.str.32.7.1635] [Medline: 11441212]
Morris DM, Uswatte G, Crago JE, Cook EW 3rd, Taub E. Thereliability of the Wolf Motor Function Test for assessing
upper extremity function after stroke. Arch Phys Med Rehabil 2001 Jun;82(6):750-755. [doi: 10.1053/apmr.2001.23183]
[Medline: 11387578]

Lin KC, Hsieh YW, Wu CY, Chen CL, Jang Y, Liu JS. Minimal detectable change and clinically important difference of
the Wolf Motor Function Test in stroke patients. Neurorehabil Neural Repair 2009 Jun;23(5):429-434. [doi:
10.1177/1545968308331144] [Medline: 19289487)

Leiker AM, Miller M, Brewer L, Nelson M, Siow M, Lohse K. Therelationship between engagement and neurophysiol ogical
measures of attention in motion-controlled video games: arandomized controlled trial. IMIR Serious Games 2016 Apr
21;4(1):e4. [doi: 10.2196/games.5460] [Medline: 27103052]

Muratori LM, Lamberg EM, Quinn L, Duff SV. Applying principles of motor learning and control to upper extremity
rehabilitation. JHand Ther 2013;26(2):94-102. [doi: 10.1016/j.jht.2012.12.007] [Medline: 23598082]

Grefkes C, Fink GR. Recovery from stroke: current concepts and future perspectives. Neurol Res Pract 2020 Jun 16;2:17.
[doi: 10.1186/s42466-020-00060-6] [Medline: 33324923]

https://neuro.jmir.org/2025/1/e67779 JMIR Neurotech 2025 | vol. 4 | e67779 | p.45

(page number not for citation purposes)


http://dx.doi.org/10.1002/pmrj.12947
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36655404&dopt=Abstract
http://dx.doi.org/10.3390/s21175766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34502656&dopt=Abstract
http://dx.doi.org/10.1093/ptj/pzab010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33454787&dopt=Abstract
http://dx.doi.org/10.3390/brainsci13060900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37371378&dopt=Abstract
http://dx.doi.org/10.1115/1.4056864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37152413&dopt=Abstract
http://dx.doi.org/10.3390/s23146339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37514633&dopt=Abstract
http://dx.doi.org/10.3389/fneur.2022.887205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36712422&dopt=Abstract
http://dx.doi.org/10.3390/jcm11247343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36555960&dopt=Abstract
http://dx.doi.org/10.1080/10749357.2021.1967657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34420498&dopt=Abstract
http://dx.doi.org/10.3390/jcm13030808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38337500&dopt=Abstract
http://dx.doi.org/10.1109/TITB.2011.2125976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21536526&dopt=Abstract
http://dx.doi.org/10.1177/20556683211014023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34123406&dopt=Abstract
http://dx.doi.org/10.1016/j.jht.2017.06.016
https://www.bigfishgames.com/us/en/pc-games.html
http://dx.doi.org/10.1191/0269215503cr610oa
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12735536&dopt=Abstract
http://dx.doi.org/10.1212/WNL.0b013e3181fc29c9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21060094&dopt=Abstract
http://dx.doi.org/10.1590/2177-9465-ean-2017-0287
http://dx.doi.org/10.1161/01.str.32.7.1635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11441212&dopt=Abstract
http://dx.doi.org/10.1053/apmr.2001.23183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11387578&dopt=Abstract
http://dx.doi.org/10.1177/1545968308331144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19289487&dopt=Abstract
http://dx.doi.org/10.2196/games.5460
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27103052&dopt=Abstract
http://dx.doi.org/10.1016/j.jht.2012.12.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23598082&dopt=Abstract
http://dx.doi.org/10.1186/s42466-020-00060-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33324923&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY Kanitkar et &

44,

45,

Ciceron C, Sappey-Marinier D, Riffo P, et a. Case report: true motor recovery of upper limb beyond 5 years post-stroke.
Front Neurol 2022;13:804528. [doi: 10.3389/fneur.2022.804528] [Medline: 35250813]

Fleming MK, Sorinolal O, Roberts-Lewis SF, Wolfe CD, Wellwood I, Newham DJ. The effect of combined somatosensory
stimulation and task-specific training on upper limb function in chronic stroke: adouble-blind randomized controlled trial.
Neurorehabil Neural Repair 2015 Feb;29(2):143-152. [doi: 10.1177/1545968314533613] [Medline: 24803495]

Abbreviations

IB: inertial-based

MCID: minimal clinically important difference
MOT: movement onset time

RMD: robotic manipulandum device

RTP: repetitive task practice

SR: success rate

UE: upper extremity

WMFT: Wolf Motor Function Test

Edited by P Kubben; submitted 21.10.24; peer-reviewed by A Anastasiev, F Noveletto, H Abdullah; revised version received 17.01.25;
accepted 05.02.25; published 19.03.25.

Please cite as:

Kanitkar A, Sepehri N, Lezen A, Parmar ST, Hin CKF, Szturm TJ

A Game-Based Mechatronic Device for Digital Rehabilitation of Hand Function After a Sroke: Design, Prototyping, and Feasibility
Sudy

JMIR Neurotech 2025;4:e67779

URL.: https://neuro.jmir.org/2025/1/e67779

doi:10.2196/67779

© AnupritaKanitkarl, Nariman Sepehri, Ariel Lezen, Sanjay Tejraj Parmar, Cherry Kit-Fong Hin, Tony Joseph Szturm. Originally
published in IMIR Neurotechnology (https://neuro.jmir.org), 19.3.2025. Thisis an open-access article distributed under theterms
of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in IMIR Neurotechnology, is properly
cited. The complete bibliographic information, alink to the original publication on https://neuro.jmir.org, aswell asthis copyright
and license information must be included.

https://neuro.jmir.org/2025/1/e67779 JMIR Neurotech 2025 | vol. 4 | e67779 | p.46

RenderX

(page number not for citation purposes)


http://dx.doi.org/10.3389/fneur.2022.804528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35250813&dopt=Abstract
http://dx.doi.org/10.1177/1545968314533613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24803495&dopt=Abstract
https://neuro.jmir.org/2025/1/e67779
http://dx.doi.org/10.2196/67779
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY Proulx et al

Poststroke Neurorehabilitation Using a Soft Robotic Glove
Combined With a Virtual Environment: Preliminary Study on
Feasibility, Safety, Effects, and User Satisfaction

Camille E Proulx*?, OT, MSc, PhD; Johanne Higgins'?, OT, MSc, PhD; Thomas Vaughan®, M Eng, PhD; Mark
Hewko®, M Eng; Dany H Gagnon™?, PT, MSc, PhD

1school of Rehabilitation, Faculty of Medicine, Université de Montréal, 7077 Avenue du Parc, Montréal, QC, Canada

2Center for Interdisciplinary Research in Rehabilitation of Greater Montreal, Institut Universitaire sur la Réadaptation en Déficience Physique de
Montréal, CIUSSS Centre-Sud-de-I’ Tle-de-Montréal, Montréal, QC, Canada

3Simulation and Digital Health, Medical Devices Research Centre, National Research Council Canada, Boucherville, QC, Canada
4Simulation and Digital Health, Medical Devices Research Centre, National Research Council Canada, Winnipeg, QC, Canada

Corresponding Author:
Camille E Proulx, OT, MSc, PhD
School of Rehabilitation, Faculty of Medicine, Université de Montréal, 7077 Avenue du Parc, Montréal, QC, Canada

Abstract

Background: Optimizing rehabilitation intensity using arobotic-assisted hand rehabilitation exercise (RAHRE) program coupled
with avirtual environment is a promising intervention as it aligns with key neuroplasticity principles.

Objective: The aim of the study is to assess the feasibility, safety, preliminary effects, and satisfaction of the 2-week RAHRE
program offered as an adjunct to conventional rehabilitation.

Methods: Intotal, 11 adults with hand hemiparesis following a recent stroke and undergoing intensive functional rehabilitation
were randomized into experimental and control groups. Both groups received conventional rehabilitation therapy over a 2-week
period. The experimental group received 10 additional 30-minute sessions of the RAHRE program (5 times per week), incorporating
4 hand opening and closing exercises with personalized glove assistance or resistance levels with virtual reality over the same
period. Measures of feasibility (ie, attendance rate, compliance rate, repetitions per session, active training time, therapist verbal
cueing, and support required), safety (ie, discomfort and adverse effects), and satisfaction (ie, satisfaction questionnaire) were
collected. Functiona outcomes (ie, Action Research Arm Test [ARAT], Fugl-Meyer Assessment for the Upper Extremity
[FMA-UE], Box and Block Test, ABILHAND) were also assessed before and after the intervention in both groups.

Results: Attendance and compliance ratesin the experimental group reached 96% (48 compl eted training sessions of 50 planned
sessions) and 95% (1432 completed training minutes of 1500 planned minutes), respectively. Participants performed a median
of 2543 (IQR 2368-2951) additional movement repetitions during the RAHRE program (median repetitions per session 260, IQR
173-365; median active training time 24 minutes 39 seconds, IQR 22 minutes 26 seconds-25 minutes 51 seconds). Minimal
therapist verbal cueing and support were necessary for technology use (median glove donning time 46, IQR 27-60 seconds;
median independence achieved in 6, IQR 4-7 sessions). No abnormal discomfort or adverse effects were reported. Both groups
showed functional improvements in ARAT, FMA-UE, Box and Block Test, and ABILHAND. For the primary outcomes (ie,
ARAT and FMA-UE), the median score changes were, respectively, 4.50 (IQR 0-9) and 4.00 (IQR 3-4) in the control group, and
4.00 (IQR 1-7.5) and 5.00 (IQR 5-6) in the experimental group. Excellent overall program satisfaction (median 5/5, IQR 5-5)
was reported for the RAHRE program.

Conclusions: The RAHRE program, as an adjunct to conventional rehabilitation therapy, emerges as being feasible, safe,
beneficial, and satisfying for adults with hand hemiparesisfollowing arecent stroke. However, careful interpretation of the results
remains recommended given the strength of the evidence. Future studies providing higher-quality evidence are needed.

(JMIR Neurotech 2025;4:e69750) doi:10.2196/69750
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Introduction

Despiteintensive functional rehabilitation efforts, 75% of people
who sustained a stroke continue to experience difficulties with
hand sensorimotor impairments beyond 3 months after stroke,
which negatively affect their participation in daily activities[1].
To enhance poststroke recovery, evidence suggests combining
various treatment modalities (eg, constraint-induced therapy,
mirror therapy, robotics, and virtual reality) that integrate
principles of neuroplasticity into a rehabilitation intervention
[2,3]. The principles of neuroplasticity emphasize the benefits
of high-intensity activity-based therapy soon after stroke [4].
However, clinical settings face challenges in achieving these
high-intensity goals due to administrative constraints such as
high caseloads and limited therapist availability [5]. Emerging
technologies, notably robotic gloves, offer potentia for
integrating diverse treatment modalities into a single
intervention, thereby both intensifying and enhancing
rehabilitation opportunities while simultaneously alleviating
any clinical or administrative burdens.

Over the past 50 years, robotic gloves have emerged asvaluable
assetsin both clinical and research settings for promoting upper
extremity function and recovery, particularly when provided
for the duration of at least 30 minutes daily over a minimum
period of 2 weeks [6]. These gloves can assist movement and
provide haptic feedback with realistic proprioception and tactile
sensations, which may improve dexterity and fine motor skills.
Combining the use of a robotic glove with virtual reality
represents amultimodal approach that enhances various forms
of sensory feedback [7]. Beyond the rehabilitation benefits of
the glovesthemselves, augmented visual and auditory feedback
can be provided via realistic and appealing interactive virtual
reality environments created for specific motor training tasks,
thereby boosting the engagement and mativation of individuals
with stroke in pursuing their neurorehabilitation [8].

Advancementsin glovetechnology have progressed, with some
now available commercially, offering features tailored for
rehabilitation settings such as movement tracking, kinesthetic
and tactile feedback, and compatibility with virtual reality
environments [9]. Recognizing the potential of these features,
the Dexmo glove, a commercialized robotic glove
(DextaRobotics), was selected to be coupled with our newly
developed virtual environment software platform, btrained
(version 2.0), specifically designed for hand rehabilitation after
astroke [10]. This coupling is now ready for clinical testing in
the form of a robotic-assisted hand rehabilitation exercise
(RAHRE) program to complement and intensify conventional
hand rehabilitation and is the focus of this feasibility study.

This study aimsto assessthefeasibility, safety, and preliminary
effects on hand-related functional abilities while also assessing
satisfaction of a novel 2-week RAHRE program offered as an
adjunct to conventional rehabilitation. Recruitment, attendance
and dropout rates, learnability, and the progression of dosage
over the course of the program were measured to determine the
feasibility; presence of participant-specific undesirable effects
such as discomfort, pain, spasticity, and skin and soft tissue
integrity or the occurrence of any other adverse effects were

https://neuro.jmir.org/2025/1/e69750
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measured to determine safety; and functional outcomes were
measured to determine the effects of the program. Moreover, a
guestionnaire of participants’ satisfaction toward the program
was completed to determine satisfaction. The study hypothesis
wasthat the RAHRE program isfeasible and can safely intensify
conventional hand therapy whileinducing beneficial functional
changes and satisfaction for participants. It is anticipated that
thefindingswill enrich and inform afuture larger-scale efficacy
study.

Methods

Study Design

A prospective intervention feasibility study with pre- and
posteval uationswas carried out over a6-month period to assess
the 2-week RAHRE program. As this was a feasibility study,
no a priori power anaysis was performed to determine the
sample size. Participants were randomly allocated to an
experimental group (RAHRE program) or a control group
(conventional rehabilitation therapy) through a block
randomization method. This process was facilitated by a
computer-generated algorithm to ensure unbiased allocation.
Therandomization was centrally managed by asingledesignated
research team member (DHG) who was not involved in the
assessment or in the intervention. The use of block
randomization improved the chance of maintaining balanced
group sizes and minimized selection bias throughout the study.
A preintervention evaluation was completed prior to group
alocation, and a postintervention evaluation was completed
within 40 hours upon completion of the RAHRE program. The
initial evaluation included a familiarization period for all
participants to acquaint themselves with the technology,
ensuring that no additional exclusion criteria could hinder its
use if assigned to the experimental group.

Participants Recruitment

A nonprobabilistic consecutive sample of 11 adults who
sustained a stroke and were undergoing an inpatient intensive
functional neurorehabilitation program offered by a publicly
funded rehabilitation center was recruited. Participants had to
meet the following eligibility criteria: have hand sensorimotor
impairments and functional disabilities, as determined using
the subscale of the hand subsection of the Fugl-Meyer
Assessment  for the Upper Extremity (FMA-UE;
FMA-Hand<14). Exclusion criteriaincluded alack of minimal
motor recovery using the earlier-mentioned subscale (Dexmo
gloverequirement of FMA-Hand >1) or theinability to provide
consent, to communicate in French, English, or Spanish, or to
understand simple commands. All patients admitted to the
rehabilitation center between September 15, 2023, and March
15, 2024, and meeting inclusion criteria were identified by a
clinical research coordinator (Frédéric Messier) who
communicated with their assigned occupational therapists for
screening. If the patient was deemed eligible, a research
professional explained the research project, verified interest in
participating, and invited the person to sign the consent form.
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Ethical Consider ations

The project was approved by the Rehabilitation and Physical
Disahility Research Ethics Committee of the Centre Intégré
Universitaire de Santé et de Services Sociaux
Centre-Sud-de-I’ Tle-de-Montréal (2023 - 1822). All participants
provided written informed consent prior to participation.
Participant data were anonymized to ensure privacy and
confidentiality. Participants received approximately US $14.56
per evaluation visit (2 visitsin total) as compensation for their
time and any inconvenience, as outlined in the consent form.

Soft Robotic Glove and Software

Although defined hereunder as arobotic glove, the Dexmo can
be classified as a wearable hand exoskeleton or exoglove. The

Proulx et al

Dexmo enables 11 degrees of freedom of hand motion (flexion
or extension and abduction or adduction of all 5 fingers and
additional rotation for the thumb). It isworn on the dorsal side
of the hand, and each finger is connected to the main controller
at the end effector using acloth glove (Figure 1A). The Dexmo
includes a sensory module for detecting finger movements and
an actuation module for adjusting force transmission to assist
with movement execution [11]. The gloveislinked to avirtua
environment software, btrained (version 2.0), that reproduces
the hand and itsmovementsin real timethrough an avatar using
3D graphics.

Figure 1. Therobotic glove and software. (A) Dexmo glove. (B) Exerciselevel 1in the virtual environment on btrained (version 2.0) software.

A

The btrained (version 2.0) software, developed in partnership
with Canada’s National Research Council using Unity software
(Unity Technologies), evolved from previous iterations to
address the needs of people who sustained a stroke [10]. A
session with btrained (version 2.0) begins with a 1-time glove
calibration for avatar movement mirroring. The session
continues by having participants explore the 4 devel oped hand
exercises associated with a spherical grip. The first level
involves hand opening and closing exercises over astatic 45-mm
diameter virtual ball (Figure 1B). Throughout this level, glove
assistance decreases by 5% for every 3 repetitions of full-finger
movement, starting from 100% assistance (equivalent to [11.8
N) and ending with 0% assistance, then increasing by 5% in
resistance up to 100% resi stance (equivalent to (17 N). Exercise
level 2 consists of a 10-minute hand opening and closing
exercise with constant assistance or resistance. Exercise level
3 involves the same hand opening and closing exercise but
requires the participant to follow a constant tempo (0.33 Hz)
set by a metronome for the duration of 10 minutes. Exercise
level 4issimilar to exerciselevel 3 but with ametronometempo
that increases with the number of repetitions. Visua and
congruent auditory feedback signals to the participant whether
or not the movement is synchronized with the metronome tempo.

At the start of each session, participants only have access to
exercise level 1. Completing this level alows the software to
automatically personalize the difficulty threshold for subsequent

https://neuro.jmir.org/2025/1/e69750
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exercises (ie, levels 2, 3, and 4) to be 10% easier than level 1.
Once level 1 is completed, participants have full access to the
other exercises for the remainder of the 30-minute session,
allowing them the freedom to choose the order and duration of
each exercise. At any point during any exercise, participants
can pause or end the exercise using the “Pause” and “Menu”
icons on the touch screen. If participants fail to fully open or
close their hand for more than 30 seconds, the exercise stops
automatically. The software also tracks and displaysthe number
of full repetitions achieved for each exercise by assessing
whether the second to fifth fingers transitioned from <20° to
>50° and back to <20° range of motion (ROM) of the
metacarpophalangeal joints. A performance summary is also
avalable after each exercise. This summary included the
exercise duration, total number of repetitions, and level of
assistance or resistance, aswell as performance outcomes from
previous sessions for comparison.

Intervention: Conventional Rehabilitation Therapy
and the RAHRE Program

The study aimed to demonstrate the feasibility and added value
of integrating the RAHRE program into current conventional
therapy (ie, pragmatic approach). In this context, the control
group received only conventiona therapy, and no aternative
intervention was added in the context of the present feasibility
study. Thus, regardless of the allocation group, all participants
received conventional rehabilitation therapy (eg, massage,
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passive or active ROM, sensory stimulation, strengthening
exercises, and functional activities of daily living) offered by
their appointed rehabilitation professionals throughout the
duration of the study. Overall, each participant received
approximately 7.5 hours per week of individual occupational
and physical therapy [12]. Participants alocated to the
experimental group (ie, RAHRE program) received an additional
30-minute on onweekdays over a2-week period (5 sessions
per week for atotal of 10 sessions). Each session took place at
the rehabilitation center where participants underwent their
regular inpatient intensive functional rehabilitation and was
supervised by a registered occupational therapist (CEP) who
provided support as needed to the participant. During each
on, participants engaged in the different exercises available
on btrained (version 2.0).

Outcome M easures

Sociodemographic and Clinical Characteristics

Sociodemographic and clinical characteristics including age,
sex, time since stroke onset, stroke type, most affected side,
handedness, and technological experience were collected during
theinitial evaluation. With permission from MoCA Test Inc, a
certified research member (CEP) administered the Montreal
Cognitive Assessment (MoCA) to gather participants’ cognitive
scores, while the Modified Ashworth Scale (MAS) was used to
assess spadticity at the elbow, wrist, fingers, and thumb of the
most affected arm [13,14]. Although the study did not aim to
improve these parameters, these assessments were conducted
to inform the development of future inclusion and exclusion
criteria for the use of the Dexmo and btrained (version 2.0)
software. Additionally, the FM A-Hand score for each participant
was collected to confirm eligibility as previously described.
Feasibility

Thefeasibility of thisintervention is structured around 3 themes:
recruitment, familiarization period, and intervention. For
recruitment, the number of patients admitted to the rehabilitation
center, the number of those identified as potentialy eligible,
the number of those enrolling in the study, and the number of
dropouts were collected over the course of the study. For the
familiarization period, the number of participants able to don
the glove independently (ie, to put on the glove and wear it on
their most affected hand without the need of verbal cues nor
physical support from athird party) and carry out exercise level
1 was collected. For the intervention, attendance and
compliance, including the session duration of the therapy
session, were collected. The therapy dose and learnability,
through the number of repetitions of full movement of fingers
flexion and extension per session, the active training time per
session, the time for the participant to independently don the
glove, the level of glove assistance or resistance, and the
description of any therapist verbal cueing and support necessary
to help the participants navigate through btrained (version 2.0),
were also collected.

Safety

At the start, during, and at the end of each session, participants
were asked to inform the researcher of the presence of serious
adverse effects or any discomfort believed to be associated with
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thetraining sessions and specified itsintensity (mild, moderate,
or high). In addition, the level of hand pain was collected using
avisual analog scale (VAS) at the start and end of each session.

Function

Five functional upper extremity assessments encompassing 2
domains of the International Classification of Functioning,
Disahility and Health were used to measure body function and
activity and participation. Body function was assessed via the
primary outcome measure, the FMA-UE, aswell asgrip strength
and lateral pinch strength. Activity and participation were
assessed using the primary outcome measure, the Action
Research Arm Test (ARAT), along with the Box and Block
Test (BBT) and the ABILHAND questionnaire. These
assessment tools are thoroughly detailed in other sources,
including the Shirley Ryan AbilityLab [15] and are known to
demonstrate excellent psychometric properties in stroke
populations [16-19].

Satisfaction

Participants in the experimental group completed a
project-specific satisfaction questionnaire at the end of the
RAHRE program. The questionnaire incorporated elements of
both the User Satisfaction Evaluation Questionnaire [20] and
the Suitability Evaluation Questionnaire (SEQ) [21] for atotal
of 25 questions organized around 7 sections, each including 1
to 5 questions (see Multimedia Appendix 1 to access the full
version of the questionnaire). Questions incorporated into
sections 1 to 6 were scored on a 5-point Likert scale ranging
from 1=strongly disagreeto 5=strongly agree, whereas questions
incorporated in section 7 were answered on a 3-point scale
depending on the item. For questions regarding duration and
frequency (items 7.1-7.3), response options were: 1=adequate,
2=too short or not enough, and 3=too long or too much. For
perceived effort (items 7.4-7.5), responses were: 1=mild,
2=moderate, and 3=high.

Data Analysis

All sociodemographic and clinical characteristics, feasibility,
aswell as participant-specific safety measures and satisfaction
data are reported with descriptive statistics (ie, median and
group-median %). Functional outcome measures are analyzed
by comparing individual changes in scores from pre- to
postintervention. Median scores for the entire group are then
extracted and interpreted against established benchmarks, such
as the minimal detectable change (MDC), smallest real
difference (SRD), and minimal clinically important difference
(MCID), when available for the specific outcome and
comparable population [22]. Changes exceeding the MDC,
SRD, or MCID are deemed to indicate a significant effect in
that particular functional outcome and thereafter, based on the
directionality of this change, judged to be beneficial or
detrimental. The proportion of participants with a change
exceeding the MDC, SRD, and MCID for each outcomeisalso
reported.
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Results

Feasibility

Recruitment Process
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Figure 2 illustrates the recruitment process and details reasons
for excluding potential participants at each step. Of 71
individuals admitted to the stroke unit of the rehabilitation center
between September 15, 2023, and March 15, 2024, a total of
11 enrolled in the study, resulting in a recruitment rate of 16%
and arecruitment ratio of 1.83 participants per month.
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Figure 2. Recruitment flowchart.
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Familiarization Period

During the familiarization period prior to initiating the
intervention, most participants (8/11, 73%; except C1, C4, and
E6) successfully donned the glove independently. All
participants were able to complete exerciselevel 1. Participants
werethen randomized into the control (n=5) or the experimental
group (n=6). Following the randomization, 1 participant from
each group withdrew, resulting in adropout rate of 18% (2/11);
the participant who withdrew from the control group was
discharged before the final eval uation appointment and requested

Table. Participants sociodemographic and clinical characteristics.

Proulx et al

data destruction, whereas the participant who withdrew from
the experimental group cited being overwhelmed by learning
to use technologies such as the Dexmo and btrained (version
2.0) due to age (84 years), limited technological experience,
and cognitive issues (MoCA=18/30). Thus, a tota of 9
participants (control group: n=4 and experimental group: n=5)
compl eted the study. Participants’ sociodemographic and clinical
characteristics are provided in Table 1. Among all participants,
the highest MAS score observed was 3 for elbow spasticity,
while scores for wrist and finger spasticity ranged between 0
and 2.

Participant ~ Age(year)  Sex Strokeonset  Stroketype  Affected Handedness  Technologi-  pocaP EMAC-Hand
(months) side cdl e;(pe”' (outof30)  (out of 14)
ence

Control group

C1 52 Male 41 Hemorrhagic Right Right B 22 3

C3 65 Female 0.83 Ischemic Right Right D 15 7

c4 30 Male 147 Hemorrhagic Right Right C 23 5

C5 80 Male 1.19 Ischemic Left Right D 20 11
Experimental group

El 63 Male 1.87 Hemorrhagic  Left Right B 27 13

E2 44 Female 1.23 Ischemic Right Right B 25 9

E3 74 Female 1.13 Ischemic Left Right C 24 13

E5 56 Female 0.71 Hemorrhagic Right Right C 15 12

E6 22 Female 152 Hemorrhagic  Left Right A 23 1

8A: expert, B: competent, C: beginner, D: ignorant.
bMoCA: Montresl Cognitive Assessment.
°FMA: Fugl-Meyer Assessment.

I ntervention

Attendance and Compliance

Most participants in the experimental group (3/5) attended all
training sessions, while 2 missed 1 session each, respectively,
due to a technology malfunction and a scheduling conflict.
Hence, the attendance rate was 96% (48 completed training
sessions of 50 planned sessions). The expected session duration
was 30 minutes, including the glove donning time. Most
participants (3/5) completed all 30-minute sessions as planned,
though 2 sessions ended earlier than expected (ie, 19 minutes
20 seconds and 28 minutes 30 seconds) due to fatigue. The
overall compliance rate was 95% (1432 completed training
minutes of 1500 planned minutes).

Therapy Dose and L ear nability

A summary of the number of repetitions of full-finger movement
of flexion and extension, their activetraining time, and thetime
for participants to independently don the glove over the course
of the study is reported in Figure 3. The number of
full-movement finger flexion and extension repetitions per

https://neuro.jmir.org/2025/1/e69750

session ranged from 65 to 632 (median 260, IQR 173-365
repetitions), with a median active training time of 24 minutes
39 seconds (1QR 22 minutes 26 seconds-25 minutes 51 seconds).
Thisresulted in amedian intensity ratio of 10.2 (IQR 6.6-13.1)
repetitions per minute of activetraining and 8.2 (IQR 4.4-10.5)
repetitions per minute of total training session. Independent
donning timesranged from 14 to 225 seconds (median 46, IQR
27-60 seconds). Only 1 participant (E6) required continuous
therapist support to don the glove until the end of the program
due to severe hand impairments. The median donning time for
this participant with therapist support was 181 (IQR 162-195)
seconds. Participants predominantly used the Dexmo glove with
resistance (n=4) rather than assistance (n=1). Therapist verbal
cueing and support required to navigate btrained (version 2.0)
was only needed during thefirst 7 sessions, with a median of 6
(IQR 4-7) sessions to reach full independence. By the fifth
session, 3 of 5 participants were completely autonomous.
Independence was more difficult to achieve for the remaining
2 (E3 and E5), who required support, respectively, in 70% (7/10)
and 40% (4/10) of sessions, whilethe other 3 needed assistance
in no more than 20% (2/10) of sessions.
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Figure 3. Participants’ progression in the robotic-assisted hand rehabilitation exercise (RAHRE) program. (A) Number of full-finger movement of
flexion and extension repetitions (n) completed by each participant in each session. (B) Active training time (seconds) for each participant in each

session. (C) Time required (seconds) to independently don the glove for each participant capable of independent donning, for each session.
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Safety

No serious adverse effect associated with the RAHRE program
was reported. Most participants (4/5) experienced mild to
moderate muscle fatigue in the forearm during or at the end of
at least 1 session. Some participants took short breaks due to
muscle fatigue during a session, and others deemed it
unnecessary. Musclefatigue never leadsto asession termination.
No instances of increased spasticity, hypertonicity, or other
discomforts such as skin lesions, tiffness, confusion, or
dizziness were observed or reported by participants during or
after any of the sessions.

Hand pain was reported by 1 participant (E5) before every
training session (median VAS score 2.1 per 10cm, IQR 1.7-2.9
cm), with anincreasein pain reported at the end of each session
never exceeding 1 cm (median increase on VAS 0.1 per 10 cm,
IQR-0.2t0 0.4 cm).

https://neuro.jmir.org/2025/1/e69750
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Preliminary Functional Effects

Tables 2 and 3 present the individual pre- and postintervention
scores and overall change in scores for each participant, along
with the group median. For each functional outcome, thetables
also display the corresponding MDC or SRD, as well as the
MCID, when available. Both groups demonstrated functional
improvements on the ARAT, FMA-UE, and BBT, with median
score changes exceeding the respective MDC or SRD values.
In the control group, 50% of participants exceeded the MDC
for both the ARAT and FMA-UE, and 75% exceeded the SRD
for the BBT. In the experimental group, 60% of participants
exceeded the MDC for the ARAT, 80% for the FMA-UE, and
60% exceeded the SRD for the BBT. For the ABILHAND, both
groups also showed improvements, with median score
differences exceeding the MCID. In the control group, 75% of
participants exceeded the MCID. In the experimental group,
80% exceeded the MCID, while 20% showed changes below
the MCID threshold in the negative direction.
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Table. Individua pre- and postintervention scores, change scores, and group data scoresfor Action Research Arm Test (ARAT), Fugl-Meyer Assessment
for the Upper Extremity (FMA-UE), and grip strength.

Group ARAT (points out of 57) FMA-UE (points out of 66) Grip strength (kg)
(MDC?=3.5 points; MCIDP=12 - 17 points (MDC=3.5 points; MCID=9 - 10 points  (SRp®=2.9 kg; MCID=5 - 6.2 kg [16,23])
[23,24)) [24,25))
Prescore Postscore  pd Prescore Postscore A Prescore Postscore A
Control group
Individual data
c1 0.0 0.0 0.0 10.0 11.0 1.0 7.0 6.0 -1.0
c3 280 37.0 9.0 50.0 57.0 7.0 11.3 123 1.0
ca 1.0 10.0 9.0 17.0 26.0 9.0 0.0 47 47
c5 54.0 54.0 0.0 53.0 54.0 1.0 30.0 30.8 0.8
Group data
Median 145 235 45¢ 335 40.0 40° 9.2 9.2 0.9
(IQR) (08-345) (75413 (9090 (153508) (223548) (1075 (53160) (57-17.0)  (0.4-1.9)
Experimental group
Individual data
E1 54.0 57.0 30 49.0 57.0 8.0 25.0 26.0 1.0
E2 39.0 55.0 16.0 49.0 54.0 5.0 83 9.3 1.0
E3 55.0 57.0 20 57.0 59.0 20 12.0 16.3 43
E5 51.0 55.0 40 54.0 60.0 6.0 20.7 227 20
E6 0.0 40 40 13.0 18.0 5.0 4.0 6.7 27
Group data
Median 51.0 55.0 408 49.0 57.0 50° 12.0 16.3 20
(IQR) (39.0540)  (55.057.0) (3040 (49.0540)  (54059.0)  (50.60) (83207) (93227)  (1L0-27)

3\IDC: minimal detectable change.
M CID: minimal clinically important difference.

CSRD: smallest real difference.

dChange in score between pre- and postscores.
®Median score changes exceeding the respective MDC, SRD, or MCID values.
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Table. Individua pre- and postintervention scores, change scores, and group data scores for lateral pinch strength, Box and Block Test (BBT), and

ABILHAND.

Group

Lateral pinch strength (kg)

BBT (blocks per minute)

ABILHAND (per logit)

(SRD?=1.4 kg [16]) (SRD=5.5 blocks per minute [16]) (MCIDP=0.26 - 0.35 logits [19])
Prescore Postscore AC Prescore Postscore A Prescore Postscore A
Control group
Individual data
C1 22 22 0.0 0.0 20 20 0.0 0.3 0.3
C3 28 2.8 0.0 20.0 26.0 6.0 11 22 11
Cc4 0.3 12 0.9 0.0 7.0 7.0 -1.0 -0.4 0.7
C5 7.7 8.0 0.3 33.0 40.0 7.0 38 43 0.5
Group data
Median 2.5 25 02 10.0 165 6.5 05 12 0.6¢
(IQR) (17-40)  (1.9-4.1) (0.0-0.5) (00233 (58295  (50.7.0) (-0.3-1.8)  (0.1-2.7) (0.5-2.4)
Experimental group
Individual data
E1l 58 7.0 13 27.0 30.0 30 26 43 17
E2 20 21 0.1 27.0 36.0 9.0 -0.8 20 2.8
E3 45 56 11 150 230 8.0 18 24 0.6
ES 4.2 6.5 23 35.0 42.0 7.0 -13 11 24
E6 0.5 0.7 0.2 0.0 20 20 0.8 0.1 -0.6
Group data
Median 4.2 56 11 27.0 300 700 08 24 174
(IQR) (2.0-4.5) (2.1-6.5) (0.2-1.3) (150-27.0) (230-360) (30-8.0) (-08-1.8)  (11-2.4) (0.6-2.4)

3SRD: smallest real difference.

M CID: minimal clinically important difference.
CChange in score between pre- and postscores.
9Median score changes exceeding the respective minimal detectable change, SRD, or MCID values.

Satisfaction

guestionnaire are reported in Tables 4 and 5. Overal,

program, Dexmo glove, and btrained (version 2.0). The program

wasfound to be both satisfying and motivating, with participants
Participants’ median satisfaction scores for each section of the  acknowledging its high learnability and ease of use.

Additionally, participants strongly agreed with the perceived

participants expressed high satisfaction with the RAHRE  health benefits associated with the RAHRE program.
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Table. Satisfaction median score per section for each participant.

Proulx et al

Domains: part 1 - 6 E1l E2

E3 E5 E6

1. Overall satisfaction 5 5

with the RAHRE? pro-
gram

2. Satisfactionwiththe 5 5
robotic glove

3. Satisfactionwiththe 5 5
virtual environment
system attributes

4. Satisfactionandmo- 5 5
tivation with exercise

program

5. Learninghowtouse 5 4
the robotic glove cou-

pledtothevirtua envi-

ronment system

6. Perceived health 5 5
benefits

35

45 5 2

3RAHRE: robotic-assisted hand rehabilitation exercise.

Table. Participant’slevel of satisfaction with the setting of the program.

Domains: part 7: satiss  E1 E2
faction with the setting

of the RAHRE? pro-
gram

E3 E5 E6

7.1. Thetota duration
of the program, which
took place over a peri-
od of 2 weeks, was

Adequate Adequate

7.2. The number of ex-
ercisesessions(5times
per week) is

Adequate Adequate

7.3. The duration of
each exercise session,
whichisapproximately
30 minutes, is

Adequate Adequate

7.4.1 perceived alevel  Mild Moderate
of physical exertion
during exercise

sessions

7.5.1 perceived alevel Moderate Moderate
of cognitive effort (at-
tention, concentration,
etc) ___ during exer-

Cise sessions

Adequate Adequate Adequate

Too much Adequate Adequate

Adequate Adequate Adequate

Moderate Moderate High

High High Moderate

3RAHRE: robotic-assisted hand rehabilitation exercise.

Discussion

Although based on a small sample, this preliminary feasibility
study suggests that adding a 30-minute high-intensity,
hand-specific RAHRE program to conventional rehabilitation
is feasible and safe and holds promise for improving hand
function and achieving high participant satisfaction.

https://neuro.jmir.org/2025/1/e69750
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RAHRE Program as an Adjunct to Conventional
Inpatient Rehabilitation |s Feasible

The results of this study demonstrate feasibility, first, by
confirming a recruitment ratio of 1.83 participants per month,
whichissimilar totheratio reported in other comparable studies
(ranging between 1.5 and 1.9 participants per month) [26,27].
When the project wasintroduced to potential participants, there
were minimal refusals (n=5), indicating that the intervention
was appealing and motivating for individuals with stroke. In
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fact, themain reason for declining participation wastheir interest
in enrolling in another research project, deployed
simultaneously, and that aligned better with their therapeutic
preferences and needs. The dropout rate of 18% exceeded the
median dropout rate of 6% reported in a systematic review on
recruitment in stroke rehabilitation randomized controlled trials
[26]. Nonethel ess, the dropout rate in this study waslower when
compared to another study involving a similar number of
participants and interventions, which had adropout rate of 30%
[28].

Second, the attendance rate was excellent (48 completed training
sessions out of 50 planned sessions, 96%), indicating that both
the frequency and duration of the novel RAHRE program (5
sessions per week; 30 minutes per session) are feasible. Such
an engagement was facilitated by offering the novel program
during inpatient rehabilitation, thereby reducing common
attendance barriers often encountered in outpati ent rehabilitation,
such astransportation issues and the unavailability of caregivers
to accompany participants [29]. However, applying the
intervention during inpatient rehabilitation comes with other
issues such as scheduling chalenges due to multiple
interventions and the development of fatigue as the day
progresses. Future trials should carefully consider participant
fatigue when scheduling the RAHRE program. | ndependent use
of the technology, without constant therapist supervision, and
ensuring its availability at al times would enable more
scheduling flexibility.

RAHRE Program Can Be Performed I ndependently

Theresults of this study confirm that participants progressively
achieved autonomy and independencein performing the RAHRE
program. First, despite expectations of challenges in donning
the Dexmo glove for individuals who have had a stroke, most
participants successfully donned the glove independently,
efficiently, and with ease, never exceeding the5 - to 10-minute
donning period recommended by occupational therapists to
optimize therapy time [30]. In this study, the donning process
typically took less than 1 minute, with or without therapist
support, and there was a noticeabl e trend of decreased donning
time across sessions, confirming improved efficiency with
practice. Based on the findings, which should be interpreted
with caution dueto the small samplesize, it isimportant to note
that a score <5 on the FMA-Hand makes it challenging for
individuals to don the glove independently. Conversely, as
mentioned, a MAS score of <2 seems to be acceptable for the
use of the glove.

Second, after donning the glove, the next crucia part of the
intervention was for participants to become independent in
navigating through btrained (version 2.0). The results confirm
that within less than 1.5 weeks, al participants had achieved
independence in using btrained (version 2.0). These findings
are consistent with those of asimilar study involving a4-week
protocol of robot-assisted poststroke rehabilitation [31], where
supervised therapy gradually transitioned to unsupervised
sessions after a 2-week period.

However, achieving this level of independence was markedly
more challenging for 2 participants. To explain thisdiscrepancy,
participants’ sociodemographic characteristics (cognition level

https://neuro.jmir.org/2025/1/e69750
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via MoCA, age, and technological experience) were closely
examined for potentia determinants on the acquisition of
independence in navigating through btrained (version 2.0).
Initially, participants MoCA score was considered, recognizing
that a decline in cognitive functions can impact the ability to
manage technology [32]. A MoCA score below 24, which is
closeto the known cutoff of <26 for mild cognitiveimpairment,
may necessitate more therapist verbal cueing and support [33].
However, this criterion aone may not fully explain the
phenomenon. The participant with the lowest MoCA score
(15/30) did not require the most therapist verbal cueing and
support. Instead, the participant who required the greatest
amount of cueing and support, E3 (7/10 sessions), wasthe ol dest
at 74 years of age (9 years older than the second-oldest
participant) and had no cognitive impairment. This aligns with
the understanding that the recall or recognition of information
encoded, a process required to navigate autonomously through
btrained (version 2.0), tends to decrease with age [34]. Asfor
experience with technologies, the 2 participants requiring the
most verbal cueing and support were both technology neophytes,
having solely basic knowledge of the internet. Interestingly,
cognition level, age, and experience with technologieswerethe
reasons for withdrawal given by the participant who dropped
out of the experimental group. Experience with a smartphone
or computer could be considered as an inclusion criterion to
increase independence in navigating through btrained (version
2.0) inafutureclinical study.

RAHRE Program I ntensifiesHand Neur orehabilitation

The results of this study provide compelling evidence that the
RAHRE program can intensify functiona hand-specific
movements (+260 repetitions per session for 10 days) known
to becrucial toimprove functional outcomesin this population.
However, this intensification was inherent to the study design,
where the experimental group was expected to engage in more
exercise compared to the control group. Indeed, the increased
exercise time for the experimental group was a direct result of
the research protocol, which anticipated higher intensity of
rehabilitation due to the greater amount of exercise performed.
However, what is particularly noteworthy isthe rapid attainment
of a high level of independence by participants. The
user-friendly design of the robotic glove, combined with the
virtual environment, facilitated this rapid proficiency with the
equipment. This design not only supports the feasibility of the
RAHRE program with minimal therapist supervision but also
allows participantsto engage in rehabilitation activities outside
conventional therapy hours and without overburdening
therapists. This autonomy in exercise execution is a crucia
aspect of intensifying rehabilitation, as it allows for greater
flexibility and potentially enhances overall therapeutic
effectiveness. Theresults of this study arein line with previous
studies on the feasibility of unsupervised robot-assisted therapy
using an actuated upper extremity device in a clinical setting
that resulted in asignificant increase in therapy dose [31]. Both
thisstudy and others are based on strategiesaimed at enhancing
practice opportunities and fostering active engagement in
rehabilitation [35] by providing, beyond conventional
rehabilitation hours, a novel therapy avenue for increasing
therapy doseswith minimal therapist supervision within clinical
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settings. The high portability of the Dexmo and its virtual
environment makes it possible for the RAHRE program to be
extended to home-based rehabilitation.

In addition to enhancing therapy opportunitiesfor rehabilitation,
therapy dose, including the number of repetitions, resistance
levels during each repetition, and the time dedicated to
exercising, remains one of the key strategies to intensify hand
neurorehabilitation. The median observed repetition intensity
ratio of 10.2 repetitions per active training minute and 8.2
repetitions per total session minute is above what is seenin a
conventional rehabilitation session. For instance, in studies
focusing on the amount of repetition achieved in conventional
rehabilitation sessions, the average intensity ratio was below
2.4 - 3.8 repetitions per minute [36,37], while studies focusing
on high-repetition of task-specific training reported an average
intensity ratio between 6.1 and 7.1 repetitions per minute
[38,39]. Thus, the RAHRE program offers a higher intensity
ratio than conventional therapy alone and surpasses similar
studies on high-intensity training. Moreover, despite some
variations, participants generally increased the number of
repetitions across sessions. Lower repetition counts may have
been influenced by variations in the level of glove assistance
or resistance provided during exercises (eg, the higher the glove
resistance, the smaller the number of repetitions). Fatigue levels
toward the end of the day could also negatively influence
repetitions. To optimizethe functional benefits of time dedicated
to exercising, the second Stroke Recovery and Rehabilitation
Roundtable recommendsintervention doses of morethan 1 hour
per day on a task [2]. While each participant received
approximately 7.5 hours per week of individual conventional
occupational and physiotherapy [12], not al of these hourswere
related to task practice. In fact, only one-third of therapy time
is dedicated to task practice [40]. Therefore, supplementing
conventional therapy with the 30-minute RAHRE program
could help bridge this gap and align more closely with Stroke
Recovery and Rehabilitation Roundtable recommendations. 1t
remains uncertain how thisintensification translatesto increased
effect and efficacy, and studies using a higher level of evidence
(ie, randomized controlled trial) are needed.

RAHRE Program Induces Beneficial Effects

The results of this study do not provide conclusive evidence
that the RAHRE program induces significant beneficia effects
in terms of functional capacity, particularly for grasp-related
activities. While median changes in scores for both primary
outcomes, ARAT and FMA-UE, were greater than the MDC
or SRD, indicating atrue change, they did not exceed the MCID.
Thismodest yet encouraging impact may be partially attributed
to the brief period of the intervention (eg, duration), combined
with its early implementation in the poststroke period, a phase
during which spontaneous recovery isfrequently observed [41].
Given the neuroplastic changes and endogenous repair
mechanisms active during this acute phase, the functional
improvements observed in both groupslikely reflect, at least in
part, natural recovery processes rather than the effects of the
intervention alone. To more accurately isolate and assess
intervention-specific effects, longer intervention periods,
typically exceeding 5 weeks, are generally more effective in
eliciting measurable gains in fine motor control.
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Moreover, the small sample size of our study limited the ability
to perform comparative analyses, such ast tests, and to detect
any potential superior effects of the RAHRE program over
conventional  therapy alone. Nevertheless, previous
meta-analyses have confirmed that rehabilitation with robotic
glovesresultsin significant functional improvements compared
to conventional rehabilitation alone[6]. Future efficacy studies
with larger sample sizes are needed to assess the potential
superiority of the RAHRE program compared to conventional
therapy. Based on a power analysis using G*Power (version
3.1.9.4; Heinrich Heine University Diisseldorf) software, such
studies should aim for asample size of 106 participants (53 per
group) to achieve a statistical power of 0.8 with a 2-tailed t test
at a significance level of .05. This calculation accounts for a
medium-large effect size (Cohen d=0.6), normal distribution of
outcomes, and an 18% dropout rate observed in this study. In
these future studies, the control group should receive an
alternative hand-targeted exercise therapy of equal duration and
intensity as the experimental group, but without the glove and
virtual reality. Thiswould allow for amore accurate assessment
of the superiority of the RAHRE program compared to
nontechnological aternatives.

The selection of outcome measures to capture changes both in
gross and fine hand sensorimotor recovery and their impacts
on functional activitieswas achalengein this study. Typically,
gross motor movements are inherently easier to perform
compared to tasks requiring fine dexterity [42]. Given that the
RAHRE program led to beneficial changesin both overall upper
extremity outcomes (FMA-UE and ARAT) and gross dexterity
outcome (BBT), it would be relevant to further explore the effect
of the RAHRE progran on fine dexterity. To do so,
incorporating the Nine-Hole Peg Test as an additional outcome
would be effective to measure functional progress in terms of
fine dexterity, especially for individuals with less severe
impairments [43].

RAHRE Program |s Safe and Satisfying

The results of this study support that the RAHRE program is
clinicaly safe and satisfying for participants. While it is not
uncommon for studies involving virtual reality to report
instances of dizziness, soreness, headaches, nausea, or visua
disturbance [44], none were observed in this study. In fact, no
serious adverse effect was documented. Participants only
reported mild to moderate muscular fatigue and physical
exertion aligning with the American Heart Association and
American Stroke Association for exercise intensity
recommendations to prevent subsequent stroke and other
cardiovascular events [45]. As for the presence of moderate to
high cognitive effort, the results are consistent with studies
showing positive effects of motor-cognitive interventions on
physical and cognitive functioning [46,47]. These findings,
along with the high level of satisfaction, aresimilar in most part
to those of Warland et a [48], who observed unaccustomed
muscular pain, cognitive fatigue, perceived improvements in
impairments and functional use, and ahigh level of motivation
among participantsusing avirtua reality—based upper-extremity
stroke rehabilitation device. Nonetheless, before the RAHRE
program isadopted asaroutineinterventionin clinical practice,
it would be relevant to evaluate its safety in a broader
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framework, including adherence to standard protocolsfor safety
evaluation, testing, and risk management for medical devices.

Limitations

Some limitations should be acknowledged to contextualize the
results of thisfeasibility study. First, the small sasmple size and
the considerable variability in participant characteristics (eg,
age, sex, stroke type, and affected side) and baseline scores
within each group need to be highlighted. It did limit the
statistical power to detect between-group differences and
identify statistically or clinically meaningful changes attributable
to the intervention. However, it is crucial to emphasize that the
primary aim of this feasibility study was to assess the practical
implementation of the intervention rather than to establish its
efficacy. As such, while the study provides insights into
feasibility, it underscoresthe need for future research with larger
sampl e sizes and more rigorous research designs to strengthen
evidence regarding the efficacy of the RAHRE program. A
larger sample size would also enable subgroup analyses based
on various sociodemographic and clinical factors (eg, age, sex,
stroke type, most affected side, and FMA-Hand score), providing
a more nuanced understanding of how these variables may
influence outcomes. Second, the high level of satisfaction toward
the program may reflect a desirability bias, as the same person
(CEP) both supervised theintervention and collected satisfaction
data. To mitigate this bias in future studies, an independent
evauator should conduct the satisfaction assessments. Third,
blinding to randomization was maintained only during theinitial
evaluation, as the occupationa therapist (CEP) was aso
administering the intervention. Participant blinding was not

Proulx et al

feasible due to the intervention’s nature. Fourth, the number of
repetitions performed may have been underestimated. In fact,
the number of movement repetition compatibilized in btrained
(version 2.0) only accounted for full flexion and extension
movements. Similarly, for exercises 3 and 4, only repetitions
performed in sync with the metronome were counted, excluding
any full flexion and extension movements that deviated from
thetempo provided. Finally, achieving ROM targetsin extension
poses challenges compared to flexion due to longer-lever arms
when participants fingers were in an extension motion. To
better accommodate these biomechanical differences, adjusting
glove resistance torque levels independently for flexion and
extension would be crucial in future iterations of the RAHRE
program.

Conclusions

The RAHRE program emerges as a feasible intervention from
aclinical perspective that demonstrates encouraging beneficial
effectsfor hand functional recovery. Moreover, theintervention
remains safe and satisfying for people who sustained a stroke
currently undergoing inpatient intensive functional rehabilitation
(ie, end users). This innovative program, which combines the
Dexmo glove and the btrained (version 2.0) platform, offersan
avenue to intensify hand rehabilitation. Notably, the RAHRE
program can be used independently by individuals with stroke
with minima support from a rehabilitation professional.
Undertaking an efficacy study on a broader scale and for an
extended duration would greatly enhance the strength of
currently available evidence and inform practical applications
of this novel intervention in the future.
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Abstract

Background: Interestinusing digital sensorsto monitor patientswith prior strokefor depression, arisk factor for poor outcomes,
has grown rapidly; however, little is known about behavioral phenotypes related to future mood symptoms and if patients with
and without previously diagnosed depression experience similar phenotypes.

Objective: This study aimed to assess the feasibility of using digital sensorsto monitor mood in patients with prior stroke with
aprestroke depression diagnosis (DD) and controls. We examined rel ationships between physical activity behaviors and self-reported
depression frequency.

Methods: Inthe UK Biobank wearable accel erometer cohort, we retrospectively identified patients who had previously suffered
astroke (N=1603) and conducted cross-sectional analyses with those who completed a subsequent depression survey follow-up.
Sensitivity analyses assessed a general population cohort excluding previous stroke participants and 2 incident cohorts: incident
stroke (1S) and incident cerebrovascular disease (IC).

Results: In controls, the odds of being in a higher depressed mood frequency category decreased by 23% for each minute spent
in moderate - to - vigorous physical activity (odds ratio 0.77, 95% CI 0.69 - 0.87; P<.001). This association persisted in both
genera cohorts and in the IC control cohort.

Conclusions:  Although moderate - to - vigorous physical activity was linked with less frequent depressed mood in patients
with prior stroke without DD, this finding did not persist in DDs. Thus, accel erometer-mood monitoring may provide clinically
useful insights about future mood in patients with prior stroke without DDs. Considering the finding in the |C cohort and the lack
of findingsin the|S cohorts, accel erometer-mood monitoring may al so be appropriately applied to observing broader cerebrovascular
disease pathogenesis.

(JMIR Neurotech 2025;4:e€56679) doi:10.2196/56679

KEYWORDS
depression; cerebrovascular disease; remote monitoring; stroke; accelerometers; mobile phone

research suggests that not all patients will experience PSD

Introduction symptomsimmediately after astroke and, for thosewho do, the
Overview majority will experience recurrent depression episodes in the

o _ ) years after astroke[4]. A reason for thisgap in screening isthe
Depression isan established risk factor for poor outcomesafter  gyoriage of neurologists, particularly those with diagnostic

a stroke and transient ischemic attack (TIA), including i 5ning inidentifying PSD [5]. Accelerated by the widespread
subsequent stroke and other cerebrovascular diseases (CeVDS)  qqoption of personal mobile devices, from computers to
[1,2]. Although postsiroke depression (PSD) affects roughly  gmariwatches, it is critical to investigate the potential of such
one-third of patients with stroke, screening for depression in - geices to collect meaningful data outside of clinical settings,

patients after a stroke is not routine, with less than 10% of  4qing cliniciansin identifying depressed mood in patientswith
patients with stroke screened [3]. Furthermore, it remains

unclear when follow-up PSD screening should occur, ascurrent
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stroke—and, potentially, those most at risk for subsequent stroke
and CeVDs|6].

Background

The prevalence of PSD remains unknown, partly due to its
heterogeneous nature, spanning unique somatic, behavioral,
cognitive, motivational, and emotional components [7]. The
severity of its manifestation ranges from mild symptoms to
clinical-grade depression, the former of which relies on
self-reported scoring methods inherently subject to bias,
especialy in patients with cognitive impairment for whom
self-reported surveys may not be reliable [8]. Although
clinician-administered assessments, like the
Montgomery—Asberg Depression Rating Survey (MADRS),
offer gold-standard assessments of symptoms, nurse and
physician shortages complicate the routine administration of
such instruments[9].

In some survivors, depression may emerge alongside the
incipient pathogenesis of cerebrovascular dysfunction, while
for others, depression may be a reaction to being conscious of
cognitive impairment or the putative manifestation of silent
cerebra infarcts [10,11]. As such, individual depression
phenotypes may vary greatly across survivors with identical
survey summary scores. Although investigations into the
associations between stroke location within the brain and
self-reported depression survey scores haveyielded inconclusive
results, a recent cross-sectional study of patients with prior
stroke (n=200) found that symptoms assessed by MADRS
correlate with specific macrostructural characteristics [12].
Considering that clinician-administered assessments, like
MADRS, are more accurate than self-reported survey scoresin
patients with prior stroke, the need for a modified approach to
monitoring patients with stroke for depression emerges.

In recent years, objective data from portable and wearable
sensors have demonstrated the feasibility of augmenting
self-reported mood surveys outside of clinics, a promising
approach for monitoring patients with symptomatic and
asymptomatic deteriorating brain health outside of standardized,
clinica environments [13-20]. In addition, accelerometer
measures of behavior have established a difference in PA
engagement stratified by depression severity, highlighting the
need for athoughtful approach to PSD screening and monitoring
that ensures patients with emerging or mild depression
symptoms, unlike those with previous documented depressive
episodes, are not neglected [21].

While triaging patients with PSD for preventative intervention
couldyield clinically meaningful functional recovery outcomes,
the potential of such an approach for preventing future CevVD
diagnoses remains to be seen. Numerous studies have found
that depressive symptoms are associated with an increased risk
of subsequent CeV D, from acute CeVDs, like stroke and TIA,
to more chronic conditions, like cerebral arterial stenosis and
vascular dementia [11,22-24]. Furthermore, recent research
suggests daily functioning and cognitive changes may be
observable up to 10 years before some types of CeVD [25].
Thus, particular attention should be paid to behaviora patterns
in patients with PSD to elucidate phenotypes with predictive
potential for functional outcomes and neurologic disorders.

https://neuro.jmir.org/2025/1/€56679
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Previous Work

Blending self-reported assessments of phenomena, like mood,
recorded through web browsers and smartphone apps, with
passive sensor data, like that from wearable accel erometers, is
gaining popularity in real-world settings [26,27]. Numerous
pilot studies have demonstrated the potential for wearable and
minimally invasive sensors to detect neurologic conditions;
however, these tools have neither been validated in population
cohorts nor combined with survey sampling of mood [28].

Early-stage evidence suggests that monitoring lifestyle behavior
and mood in PSD is feasible [29-31]. The results of a small
longitudina study (n=40) suggest that self-reported
moderate-to-vigorous physical activity (MVPA) before stroke
is associated with improved mobility and self-care as well as
decreased discomfort after stroke [32]. While the study did not
sample mood outside of clinical environments, Reinholdsson
et a [33] used self-report surveys to expand on the above
findings, demonstrating that patients who engage in higher
levels of prestroke physical activity (PA) experienced less severe
PSD compared with patients who were physically inactive .

In addition, current literature on accel erometersin PSD suggests
that distinct behavioral patterns may identify patients with
depression within the first year after a stroke. In a 2022
prospective observational study of recently discharged patients
with minor ischemic stroke (n=76), participants wore
accelerometers in-hospital for 1 week. Analyses revealed that
only increased sedentary behavior (SB) and reduced light
physical activity (LPA) were linked with more intense
depression, assessed through a written Geriatric Depression
Scale survey, 3 months after hospitalization in this older adult
cohort [34]. In a small pilot study (n=40) of stroke survivors,
MV PA waslinked with positive mood [ 35]. Although extensive
research has confirmed links between sleep disorders and both
depression and incident CeVD (IC), no research has observed
both depressive symptomsand objectively measured sleep after
stroke[36,37]. Furthermore, no previous accel erometer research
into PSD beyond the first year of stroke recovery has been
published.

Goal of This Study

The goal of this study is twofold: first, to investigate potential
associations between objectively measured behavior and future
depression frequency in patients with prior stroke assessed by
a remote approach and second, to explore whether that
association varies between patients with prior stroke with a
prestroke depression diagnosis (DDs) and those without
(contrals).

We conducted a cross-sectional analysis with the UK Biobank
(UKBB), the most extensive lifestyle and mood cohort to date,
assessing the relationships between accel erometer-measured
deep, SB, LPA, and MVPA and a subsequent depression
descriptor (depressed mood frequency). Given that depression
before stroke may yield behavioral phenotypes distinct from
those emergent in participants without a prestroke depression
diagnosis, we created 2 cohorts of patients with prior stroke:
those with a clinical depression diagnosis before stroke and
those without. Asthisanalysisfocuses on participants who may
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develop or have undiagnosed PSD, participants whose PSD
diagnosis was recorded were excluded. Adjusting for age, sex,
ethnicity, multiple relevant comorbidities, and time elapsed
between accelerometer monitoring and depression survey
submission, we hypothesized that increased LPA and MVPA
time would be associated with areduction in the odds of being
in a more frequent depressed mood category while increased
SB time would be associated with arise in the odds of being in
a more frequent depressed mood category. Considering the
established rel ationship between sleep and depressed mood, we
created abinary variable (yes or no) for guideline-recommended
deep (7 - 9h/d). We hypothesized that guideline-recommended
sleep would be associated with areduction in the odds of being
in amore frequent depressed mood category.

Methods

Recruitment

The UKBB enrolled middle-aged (40 - 69 y) participants
(N=502,364) at 22 assessment centers across the United
Kingdom a a baseline assessment (2006 - 2010), which
included in-person interviews, touchscreen surveys, and physica
examinations to extract lifestyle and environmenta data used
in this study. Although al baseline participants (n=502,151)
wereinvited, only 72,652 enrolled in the 1-week accel erometer
study (2013 - 2015) and completed the depression frequency
survey (2016 - 2017). Hospital and other diagnostic registries
were linked to enrolled participants.

Figure 1. Classification algorithm for participant cohorts.

Participants who completed 2-phase remote
monitoring (accelerometer + depression survey)
(n=72,652)

Zawada et al

Participant Cohorts

Among participants who completed both remote monitoring
components, those with dementia (n=23) were excluded. Quality
control filtering demonstrated by Madjedi et al [38] wasapplied
(n=70,785), which excluded those with outlier acceleration
(>100 mg), more than 1% of readings exceeding £8 g (clips),
accelerometer wear time less than 3 days, and missing data for
at least one 60-minute interval throughout 24-hour periods.
Only participants with a previous stroke, including ischemic
stroke, hemorrhagic stroke, and TIA (G45), were included
(n=1660). Retinal artery occlusion (H34) was included as a
stroke, asit is now considered a type of acute ischemic stroke
[39]. Participants who were diagnosed with depression after
stroke but before the accelerometer study (n=57) were excluded.

Among those meeting the inclusion criteria (n=1603),
participants were divided into two cohorts. (1) those with a
prestroke depression diagnosis at accelerometer study
commencement (n=155) and (2) contrals, that is, those without
a prestroke depression diagnosis (n=1448) (Figure 1). No
participants were diagnosed with depression between the
accelerometer study and the follow-up depression survey.

Participants with a history of depression (International
Classification of Diseases, Tenth Revision [ICD-10] codes
F32-39) comprised the depression diagnosis (DDs) cohort.
Definitions (ICD-10 codes) used for inclusion and exclusion
criteria as well as diagnostic classification are available in
Multimedia Appendix 1.

Participants with
-poor calibration (n=1859)

A\ 4

Participants after quality control
(n=70,785)

\ 4

-clips (1%) (n=0)
-outlier acceleration (n > 100 mg) (n=8)

Participants

y

Participants with a previous stroke diagnosis
(n=1603)

Participants with a
previous stroke
diagnosis and a

prestroke depression
diagnosis
(n=155)

Participants with a
previous stroke
diagnosis without a
prestroke depression
diagnosis
(n=1448)

Data Collection

Accelerometer study participants were instructed to wear the
Axivity AX3 commercia accelerometer wristwatch continuously
on their dominant arm for 1 week. The depressed mood
frequency question was administered through alink accessible

https://neuro.jmir.org/2025/1/€56679
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-without a previous stroke diagnosis (G45; H34; 160-64)
(n=69,125)
-with a depression diagnosis after stroke (n=57)

on smartphone, tablet or PC browsers as part of the standardized
Patient Health Questionnaire-2 (PHQ-2) survey: “ Over the past
two weeks, how often have you felt down, depressed, or
hopeless?” Responses were ordinal scores indicating the
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frequency of depressed mood, with 1="Not at all”; 2=" Several
days’; 3="More than half of days’; and 4="Nearly every day.

Permanent covariableswere obtained at baselinevisit, including
sex and ethnicity. For each participant, age at the time of
accelerometer study was calculated. Time-to-assessment was
individually calculated by subtracting the accelerometer start
date from the date of submitting the depressed mood survey.
Comorbidity diagnoses before the accelerometer study were
obtained from linked patient and hospital databases.

Statistical Analysis

To compare continuous and categorical covariables, the
Mann-Whitney U test and X2 test, respectively, were used. A
cross-sectional analysis using ordinal logistic regression to
investi gate the associ ati on between objective behavior predictors
and the ordinal outcome variable, depressed mood frequency
over the past 2 weeks, was conducted on data obtained at the
accelerometer study and remote follow-up survey.

For both DD and control cohorts, separate models were fitted
to evaluate whether the role of objective behavior predictorsin
depressed mood frequency differed between cohorts.

Analyses were performed in R (R Foundation for Statistical
Computing), using polr fromthelibrary MASS. The effect sizes
of objective behavior predictors, adjusted for confounders, on
depressed mood frequency were plotted as odds ratios with 95%
Cls. The Likelihood Ratio Test was used to obtain all P values
and associated Cls. P<.05 was statistically significant.

Sensitivity Analysis
Three sensitivity analyses (also using ordinal logistic regression
models), each considering DDs and controls, were performed

using UKBB data. First, a general population dataset wasf
generated. Thisincluded all participants eligible for inclusion

https://neuro.jmir.org/2025/1/€56679
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in the accel erometer study and follow-up depression frequency
survey who did not have a previous stroke diagnosis.

Next, participants with an initial IC diagnosis (after the
depression frequency survey) were filtered into a separate
dataset. Ordinal logistic regression modelswerefitted to assess
the relationships between objective behavior predictors and
depressed mood frequency. Finally, participantsin the | C cohort
who had an IS diagnosis were filtered into a separate dataset,
and ordinal logistic regression models were fitted to assess the
target relationship. The investigation of 1C as a composite end
point reflects updated understanding of stroke as sharing
etiology with other neurologic rather than circulatory system
disorders, as defined in the most recent International
Classification of Diseases, Eleventh Revision (ICD-11) [37].

For each filtered cohort, sample characteristics were obtained
for review.

Ethical Consider ations

National Hedth Service Research Ethics Committee
(1UNW/0382) granted ethical approval for the UKBB
population cohort study. Informed consent was obtained from
all UK Biobank participants under National Health Service
National Research Ethics Service (Ref 11/NW/0382). All UKBB
data are deidentified.

Results

Study Characteristics

For participants in the 2-stage remote monitoring study (Table
1), the DDs had a higher proportion of women compared with
controls (58.7% vs 40.7%). On average, DDswere younger (64
vs66Y), sept slightly longer (9.2 vs 9.0 h/d), spent slightly less
time in MVPA (29.3 vs 37.3 min/d) and SB (580.1 vs 583.6
min/d), and spent slightly more time in LPA (281.4 vs 278.2
min/d).
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Table. Baseline characteristics of patients with previous stroke.

Zawada et al

Prestroke depression Controls P vaue

Number of participants, n 155 1448
Age, mean (SD) 64 (7) 66 (6.5) <.001
Gender, n (%)

Men 64 (41.3) 859 (59.3) <.001
Race, n (%)

White 153 (98.7) 1418 (97.9) .68
Sleep, mean (SD) 9.2(1.8) 9.0(18) <.001
Sleep (7 - 9 h/d), n (%) 71 (45.8) 736 (50.8) 27
S8 mean (SD) 580.1 (114.4) 583.6 (112.8) <.001
LPAP, mean (SD) 281.4 (106.9) 278.2 (102.4) <.001
MVPAS, mean (SD) 29.3(31.2) 37.3(33.0) <.001
Time-to-assessment, mean (SD) 1.8(0.7) 1.8(0.6) <.001
Diabetes, n (%) 21(135) 130 (9.0) .09
Hyperlipidemia, n (%) 76 (49) 615 (42.5) 14
Hypertension, n (%) 155 (100) 1448 (100) 1
Multiple strokes, n (%) 40 (25.8) 348 (24.0) .70
Time since most recent stroke, mean (SD) 7.8 (6.4) 9.8(8.8) <.001

83B: sedentary behavior.
bLpA: light physical activity.
°MVPA: moderate-to-vigorous physical activity.

All participantshad ahypertension diagnosis. Theaveragetime
between accelerometer study start and depressed mood survey
submission (time-to-assessment) was 1.8 yearsfor both cohorts.

The average time from the initial stroke to the accelerometer
study commencement was less for DDs than controls (7.8 vs
9.8y).

Among DDs, 9 participants dept less than 7 hours while 75
slept more than 9 hours. In the control group, 79 participants
slept less than 7 hours while 633 slept more than 9 hours.

Cross-Sectional Analysis

No significant association persisted in both the DD and control
cohorts (Table 2). In controls, for each minute spent in MVPA
per day, the odds of being in ahigher depressed mood frequency
category decreased by 23% (P<.001).

Table. Ordina logistic regression ng objective behavior predictors and depressed mood frequency.

Previous stroke participants  Prestroke depression Controls
OR?(95% CI) P value OR (95% CI) P vaue
Sleep (7 - 9 hr/d) 0.49 (0.23 - 1.03) .06 0.88 (0.66 - 1.19) 41
SBP (min/d) 1.00 (1.00 - 1.01) .10 1.00 (1.00 - 1.00) .63
LPAS (min/d) 1.00 (0.99 - 1.00) .20 1.00 (1.00 - 1.00) .35
MVPAY (min/d) 0.86 (0.64 - 1.17) .33 0.77 (0.69 - 0.87) <.001
®0R: odds ratio.

bsB: sedentary behavior.
CLPA: light physical activity.
dMVPA: moderate-to-vigorous physical activity.

Mode swere adjusted for age, sex, ethnicity, time-to-assessment,
hyperlipidemia diagnosis, and diabetes diagnosis. Odds ratios
(ORs) with 95% Cls for frequency of depressed mood are

https://neuro.jmir.org/2025/1/€56679

reported (Figure 2). ORs above 1 correspond to an increasein
the accelerometer-measured behavior associated with increased
depressed mood frequency.

JMIR Neurotech 2025 | vol. 4 | €56679 | p.68
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY

Zawada et al

Figure2. Forest plot of oddsratiosfor depressed mood frequency by accel erometer-measured behavior comparing participants with prestroke depression
diagnosis (DDs) and control cohorts. LPA: light physical activity; MV PA: moderate-to-vigorous physical activity. *** denotes statistical significance.

Prestroke Depression Diagnosis
Accelerometer-
measured behavior

Sleep (7-9 hiday) } . {
Sedentary (min/day) *
LPA (min/day) *
MVPA (min/day) | R
I L g

No Prestroke Depression Diagnosis

N e

0.25 0.50 0.75 1.00

Sensitivity Analysis

Study Characteristics

In each filtered cohort (Multimedia Appendix 2), DDs were
younger than controls (general cohort: 60 vs62y; IS: 64 vs 66
y; IC: 65 vs 67 y) and had a greater proportion of females
(69.4% vs 56.8%; 60.0% vs 45.6%; 61.8% vs 45.1%). In the
general population cohort, DDs had a greater proportion of
White participants (97.7% vs 97%). On average, DDs also spent
less time across cohortsin MVPA (35.0 vs 42.9 min/d; 31.0 vs
39.5 min/d; 32.0 vs 38.4 min/d), less time in LPA (295.0 vs
300.3 min/d; 286.7 vs 291.0 min/d; 287.5 vs 287.7 min/d), and
more time asleep (9.1 vs 8.9 h/d; 9.1 vs 9.0 h/d; 9.04 vs 8.98
h/d).

While DDs in the general cohort spent slightly less time, on
average, in SB than controls (564.3 vs 564.4 min/d), DDs in
the IS and IC cohorts spent more time sedentary on average
(577.1vs 569.9 min/d; 578.2 vs 575.3 min/d).

In the general cohort, DDs had a higher proportion of diabetes
(4.4% vs 2.9%) and hyperlipidemia (17.9% vs 14.9%) diagnoses
and a lower proportion of participants with optimal sleep
duration per day (49.5% vs 55.4%).

For the IS cohort, the average time from the completion of the
depression survey to first stroke diagnosis was slightly more
for DDs (1.9, SD 0.7 y) than controls (1.8, SD 0.6 y). IntheIC
cohort, the average time from the completion of the depression
survey to first CeVD diagnosis was similarly more for DDs
(1.9, SD 0.7 y) than controls (1.8, SD 0.7 y).

Cross-Sectional Analysis

Inthe general model (Multimedia Appendix 3), for each minute
spent in MV PA, the odds of being in a higher depressed mood
frequency category decreased by 18.4% (P<.001) and 13.5%

https://neuro.jmir.org/2025/1/€56679

0.8 1.0 1.2

Odds Ratio (95% Cl)

(P<.001) for
respectively.

DDs (n=6096) and controls (n=62,589),

Also in the general model, specific only to controls, getting
guideline-recommended sleep hours (7 - 9 h) each day was
associated with adecreased odds of being in ahigher depressed
mood frequency category (5.3%; P=.02).

No significant associations were identified for those in the
IS-only cohort (Multimedia Appendix 4).

For the final sensitivity analysis (Multimedia Appendix 5),
assessing only those participantswith an 1C diagnosis, including
stroke, the odds of being in a higher depressed mood frequency
category decreased by 12.2% for each minuteincreasein MV PA
(P=.03), only in controls (n=1526).

Discussion

Principal Findings

Thisinvestigation partialy supportsthe hypothesisthat objective
behavior predictors would be associated with future depressed
mood frequency. Although we found no significant associations
between depressed mood frequency and SB, LPA or sleep for
patients with prior stroke, regardless of prestroke depression
diagnosis, we did find that the odds of being in a higher
depressed mood frequency category decreased for each minute
spent in MV PA; however, this association was only observed
in participants without a prestroke depression diagnosis. This
finding supports the exploratory aim of this manuscript,
suggesting that participants with prestroke depression may
experience different behavioral patterns compared to those
without a prestroke depression diagnosis. Such a finding can
potentially help clinicians tailor programs monitoring patients
at risk of PSD.

The sensitivity analysis in the genera cohort corroborates
established findings that MV PA confers a protective effect on
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mood, regardless of previous depression diagnosis. The lack of
findingsfor the sensitivity analysisincluding only IS cases may
be driven by the smal sample sizes; however, the lack of
findings aso brings into question the potential for
accelerometers to capture clinically actionable aberrations in
patients before a stroke. Given that the protective effect of
MVPA on depressed mood frequency was observed in the
control cohort of patients with IC, accelerometer monitoring
may be more appropriately directed to assess a broader range
of neurologic changes, not just those linked with strokes.

Overall, theresults suggest that accel erometer-based monitoring
of behavior linked to depressed mood frequency may help
clinicians identify patients who would benefit from
resource-intensive screening, likethe MADRS assessment. The
sensitivity analyses support a separate approach for monitoring
patients with a previous depression diagnosis, or more severe
depression, compared to those with no documented depression
or mild undiagnosed depression. When applied to predictive
monitoring, aremote accel erometer-mood survey approach may
be useful in cohorts of patients without a previous depression
diagnosis, considering that patients with 1C without clinical
depression may experience observable behavior and mood
changes before a CeVD diagnosis while their clinically
depressed counterparts may not.

Limitations

A chief limitation of this study is that self-report data, like the
depressed mood frequency survey, are subject to inaccuracies.
Self-reported bias in survey responses may lead to
misclassification of depressive symptom frequency and could
influence different time-dependent results in our cohorts.
Furthermore, the frequency of depression measures was not
obtained by a clinician-graded protocol but, rather, by a survey
guestionnaire. Also, as the accelerometer study was only
administered for one week and, on average, over ayear before
the follow-up mood survey, the impact of time between the
objective measures and follow-up could have introduced
substantial changes. The lack of associations observed for DDs
may be due to the small sample size of participants with a
previous depression diagnosis across cohorts. Moreover, the
accelerometer study was only 1-week long and, therefore, may
not generalize well to accurately represent busier or less busy
weeks for patients. Accelerometer data collected on weekends
versus weekdays may be distinct; however, this was not
considered in this study.

The dichotomous investigation of clinically depressed and
control patients are study strengths. In addition, UKBB
participants were primarily White, limiting the generalizability
of our findings outside of European populations. This UKBB
study also primarily included participants aged 60 years and
older and, as such, may not generalize well to young or
middle-age adult populations. The mgjority of DDswerefemale
across cohorts, a frequent finding in studies, however, male
patients are less likely to seek out mental health resources, and
the cohort stratification may be impacted by this.

Also, in the main analysis of previous stroke patients,
parti cipants diagnosed with clinical-grade depression after first
stroke were excluded from this analysis. Considering the long
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gap in time from initial stroke to accelerometer study
commencement, participants with a more immediate PSD
diagnosis may either exhibit more intense symptoms or
experience an underlying pathogenesis distinct from participants
whose PSD symptoms are mild or emerge in the years after
stroke.

Combining stroke types together as a single end point, as was
donein the main analysis aswell asthe IS sensitivity analysis,
may not consider unique characteristics of each stroke type and,
assuch, generated no significant results. Sleep was al so assessed
asadaily composite value, without consideration for time spent
in a nap or broken sleep throughout the day. Together, these 2
limitations may have introduced confounding effects when
considering sleep and depressed mood frequency, as previous
research has shown short and long sleep to be associated with
increased risk of intracerebral hemorrhage and ischemic stroke,
respectively [40]. Furthermore, considering that all participants
in our cohorts were hypertensive, MV PA's protective effect on
depressive mood frequency may occur through improved
cardiovascular health, rather than by conferring direct cerebral
effects.

Comparison With Previous Work

No previous study assessed objective behavior measures and
self-reported depressed mood frequency in patients with prior
stroke years after their initial diagnosis. A key problem inherent
in accelerometer research is that adherence to study designsis
less-than-satisfactory for most studies [41]. This study also
excluded participants with a more immediate PSD diagnosis,
considering only those with prestroke depression diagnoses or
those with no or mild depression after stroke. A self-report
survey study of recent patients with prior stroke found that
patients with high levels of PA before a stroke experienced less
severe PSD [33]. Although our study could not confirm this
analysis due to the design of the UKBB study, we extended
those results by confirming that MVPA confers a protective
effect on mood before a CeVD diagnosis in patients without a
previous depression diagnosis, but not before a stroke-only
diagnosis.

One plausible explanation for the lack of association between
MVPA and depressed mood frequency in DDs may be that
stroke survivors with a previous depression diagnosis have
persistently deficient levels of brain-derived neurotropic factor
(BDNF), atrophic factor released after exercise that is linked
with improved mood benefits. It iswell established that stroke
patientsin general have lower levelsof BDNF, amarker of poor
functional recovery [42]. The lack of alink between improved
mood and MVPA in DDs may be driven by a less intense
“exercise high” due to reduced or impaired BDNF function. In
addition, other contributing factors, such astime spentin MVPA
or neuroinflammation, may play arole in modulating BDNF
expressionin DDs. Of note, the lack of asignificant association
between MV PA and depressed mood frequency in participants
with a previous depression diagnosis may be attributed to less
time spent in MV PA compared with controls across all cohorts
(patientswith prior stroke, general population, IS, and IC). Time
spent in MVPA may need to exceed a time threshold in
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participants with previous depression diagnoses to improve
mood.

The significant findings for IC cases, compared with the lack
of findings for IS-only cases, are consistent with the updated
ICD-11 classification of CeVDs as atype of brain disease with
shared etiology, rather than circulatory system disorders [37].
The protective effect of guideline-recommendation sleep (7 - 9
h/d) only observable in controls in the general cohort
corroborates established work; however, thelack of associations
across other cohorts may be explained by high levels of
individual variability in sleep patterns, that is, nighttime
disturbances, insomnia, and so on, previously identified in
patients with depression as well as those at high risk of stroke
[43,44].

A small pilot study of patients with minor ischemic stroke that
found SB was positively associated with depression intensity
and LPA was inversely associated with depression intensity
[34]. Considering that this accelerometer study was conducted
within the first 3 months after hospital discharge, our results
extend these findingsto look at mood in the years after astroke.
For instance, SB and LPA may be significant to monitor in the
months after a stroke, while MVPA may be appropriate to
monitor in the years after a stroke. Alternatively, MVPA may
be less useful to monitor in minor ischemic stroke cases.

Using a larger dataset, our study builds on the feasibility
demonstration of a small real-world study with patients with
prior stroke, years after diagnosis, collecting one week of
accelerometer dataand ecol ogical momentary assessments[45].
The results of our general cohort analysis considering
participants without a previous depression diagnosis align with
thosefrom Sarriset a [46], who found that self-reported optimal
deep and PA werelinked with decreased frequency of depressed
mood in UKBB participants.

Conclusions

Our results highlight the importance of encouraging MVPA in
patients with prior stroke without a depression diagnosis.
Patients with prior strokes may be able to minimize short- and
long-term disability and improve outcomes by proactively
managing depressive symptoms. Applying MV PA to improve
mood provides the added benefits of exercise-induced
inflammation reduction and enhanced vascular elasticity while
simultaneously reducing the risk of developing comorbidities
and arterial stenosis or occlusion [47].
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Abstract

Background: Speech features are increasingly linked to neurodegenerative and mental health conditions, offering the potential
for early detection and differentiation between disorders. Asinterest in speech analysis grows, distinguishing between conditions
becomes critical for reliable diagnosis and assessment.

Objective: This pilot study explores speech biosignaturesin two distinct neurodegenerative conditions: (1) mild traumatic brain
injuries (eg, concussions) and (2) Parkinson disease (PD) as the neurodegenerative condition.

Methods: The study included speech samples from 235 participants (97 concussed and 94 age-matched healthy controls, 29
PD and 15 healthy controls) for the PaTaKa test and 239 participants (91 concussed and 104 healthy controls, 29 PD and 15
healthy controls) for the Sustained Vowel (/ah/) test. Age-matched healthy controlswere used. Young age-matched controls were
used for concussion and respective age-matched controls for neurodegenerative participants (15 healthy samples for both tests).
Dataaugmentation with noise was applied to balance small datasets for neurodegenerative and healthy controls. Machinelearning
models (support vector machine, decision tree, random forest, and Extreme Gradient Boosting) were employed using 37 temporal
and spectral speech features. A 5-fold stratified cross-validation was used to evaluate classification performance.

Results:  For the PaTaKa test, classifiers performed well, achieving F;-scores above 0.9 for concussed versus healthy and
concussed versus neurodegenerative classifications across all models. Initial testsusing the original dataset for neurodegenerative
versus healthy classification yielded very poor results, with F;-scores below 0.2 and accuracy under 30% (eg, below 12 out of
44 correctly classified samples) acrossall models. Thisunderscored the need for data augmentation, which significantly improved
performance to 60% - 70% (eg, 26 - 31 out of 44 samples) accuracy. In contrast, the Sustained Vowel test showed mixed resullts;
F,-scores remained high (more than 0.85 across all models) for concussed versus neurodegenerative classifications but were
significantly lower for concussed versus healthy (0.59 - 0.62) and neurodegenerative versus healthy (0.33 - 0.77), depending on
the model.

Conclusions: Thisstudy highlightsthe potential of speech features as biomarkersfor neurodegenerative conditions. The PaTaKa
test exhibited strong discriminative ability, especially for concussed versus neurodegenerative and concussed versus healthy
tasks, whereas challenges remain for neurodegenerative versus healthy classification. These findings emphasize the need for
further exploration of speech-based toolsfor differential diagnosis and early identification in neurodegenerative health.

(JMIR Neurotech 2025;4:€64624) doi:10.2196/64624

KEYWORDS

speech biosignatures; speech feature analysis, amyotrophic lateral sclerosis; AL S; neurodegenerative disease; Parkinson's disease;
detection; speech; neurological; traumatic brain injury; concussion; mobile device; digital health; machine learning; mobile health;
diagnosis; mobile phone
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Introduction

Overview

Thefieldsof health care and medical diagnostics have withessed
a significant shift toward noninvasive and accessible methods
for early detection, assessment, and monitoring of medical
conditions. This shift has been driven by technological
advancements and growing research interest in digital health
solutions [1]. Among these, speech analysis has emerged as a
promising avenue, with studiesidentifying speech asapotential
biosignaturefor avariety of neurodegenerative conditions[2,3].
The ability to reliably distinguish between conditions or detect
coexisting disordersis critical for accurate diagnosis, tracking
disease progression, and eval uating treatment effectiveness[4].

This pilot study investigates speech-based biosignatures of 2
distinct  neurodegenerative  conditions, that  are,
neurodegenerative diseases and mild traumatic brain injuries
(mTBIs), specifically concussions. Speech patterns often reflect
neurodegenerative health, with specific speech features showing
promisefor distinguishing between these conditions. The dataset
includes individuals with concussions, patients with Parkinson
disease (PD), and age-matched healthy controlsfor both groups
(15 samplesfor each test). These groups were selected to ensure
demographic compatibility while addressing the unique speech
patterns associated with each condition.

Neurodegenerative diseases, such as PD, are characterized by
the progressive loss of neurons in the brain and spinal cord,
leading to impairments in motor and cognitive functions [5,6].
PD involvesthe degeneration of dopaminergic neurons, resulting
in clinical symptoms such as tremors, rigidity, bradykinesia,
and postural instability [7]. These symptoms worsen over time
and lack curative treatments, necessitating reliable diagnostic
toolsfor early intervention [8]. On the other hand, concussions,
aform of mTBI, result from sudden traumato the brain, causing
temporary cognitiveimpairments, disruptionsin brain function,
and neurochemical changes. Repeated concussions are
associated with aheightened risk of neurodegenerative disorders,
such as dementia, later in life [9]. Despite their prevalence,
approximately 90% of concussions go unreported, leading to
inadequate medical attention and potentially catastrophic
consequences [10].

Traditional diagnostic methods for neurodegenerative diseases
and concussions often rely on observable motor symptoms, such
as tremors, gait disturbances, or muscle rigidity, as well as
subjective assessments of cognitiveimpairments[11]. However,
emerging research hasidentified speech as aval uable biomarker
for neurodegenerative health. Dysarthria and dysphonia,
characterized by changes in articulation and motor speech
production, are prevalent in both concussions and
neurodegenerative conditionslike PD [12-14]. Speech features,
such as mel frequency cepstral coefficients (MFCCs), jitter,
shimmer, harmonics-to-noise ratio (HNR), and other temporal
and spectra attributes, have been shown to correlate with
underlying neurodegenerative conditions.

In this study, we analyzed speech data from 2 well-established
medical speech tasks, the PaTaK atask and the Sustained Vowel
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task. These tasks are widely used in clinical settings for
assessing speech impairments. The objective of this study isto
explore the potential of speech features in differentiating
between concussions and neurodegenerative conditions, aswell
astheir respective healthy controls, and to assessthe feasibility
of using these features as biomarkers for diagnosis. By
addressing this objective, we am to contribute to the
development of speech-based diagnostic tools for early and
accurate identification of neurodegenerative health conditions.

This study evaluated 37 speech-based features (25 temporal and
12 spectral), applying machinelearning model s such as support
vector machine (SVM), decisiontree (DT), random forest (RF),
and Extreme Gradient Boosting (XGBoost) to classify between
the groups.

Theremainder of this paper describes our methodol ogy, feature
extraction and analysis, machinelearning approaches, and results
for the binary classification tasks across the 2 speech tests.

Related Work

Diagnosing brain injuries and neurodegenerative diseases can
be challenging; for instance, concussions may present subtle
featuresthat are difficult to detect, including using third person
witness accounts of the injury, clinica examinations, and
laboratory testing, where diagnostic accuracy is not always
perfect [15]. Recent work has explored the diagnosis of
concussions in athletes using mobile technologies [16] and
speech analysis[17,18], whiledigita assessments, coupled with
speech analysis, areasoincreasingly being used for individuals
with neurodegenerative diseases[19]. In astudy by Tsanas[19],
various speech tasks have been used to distinguish between
healthy people and individuals with PD, with relatively high
accuracy. Other previous research has investigated the overall
symptom severity of individuals with a neurodegenerative
condition[11,20], the effectiveness of voicerehabilitation [21],
and how to distinguish PD from other conditions such as
essential tremor or atypical parkinsonism [22].

The choice of speechtask iscritical to obtaining speech samples
that can be used for subsequent feature extraction and analysis.
One commonly used speech task is to ask an individual to
produce sustained phonation of vowels. For instance, the study
by Mallela et a [23] presents an automatic voice assessment
approach for separating healthy individuals from patients with
amyotrophic latera sclerosis(ALS). Although our study focuses
exclusively on PD as the representative neurodegenerative
condition, references to ALS studies are included to highlight
the broader research landscape on neurodegenerative speech
biosignatures and their diagnostic significance. Linear
discriminant analysis is used to classify phonation, with the
most successful model achieving more than 90% accuracy.
Similarly, a study by Rueda and Krishnan [24] obtained
sustained vowel data from 57 PD patients and 57 healthy
individuals, and the study used 5 hierarchica and 1
partition-based clustering techniquesto compare and cross-check
PD patients at different phases. In some cases, researchers have
relied on existing voice recordings, for example, obtained
through the Parkinson's Voice Initiative project (the largest
speech-PD dataset so far) to analyze voice impairment due to
PD [25].
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Daudet et a [18] developed a mobile app to diagnose
concussions, using data from 47 high-schools and colleges in
the Midwest. The study used several speech tasks such as
repetition of a sequential motion rate, alternating motion rate,
multisyllabic words (words with 4 syllables containing front,
middle, and back vowels, and bilabial, alveolar, velar, and glide
consonants). The work by Vashkevich et al [26] presented
features for detecting pathological changes in acoustic speech
signals for ALS diagnosis. It used recordings from 48 people
(26 with ALS) and investigated vowel harmony. The features
obtained an 88% correct classification performance using linear
discriminant analysis. Various speech-based indicators, such
as shimmer, jitter, HNR, and other temporal and spectral
indicators, have also been explored as dysphonia measures in
individuals with neurodegenerative diseases [27]. Finally, in a
study by Benba et a [22], the authors investigated the most
effective acoustic el ementsfor accurately identifying symptoms
of PD, combining shimmer, jitter, pitch, harmonicity, pulses,
and voicing by using K-Nearest Neighbor classifiers with
different types of kernels (ie, radial basis functions, linear,
polynomial, and multilayer perceptron).

Machine learning—based solutions have become the standard
for most health care decision-making processes, for example,
most previous works focus on differentiating diseased
individuals from healthy controls. For example, the work by
Tsanasand Arora[28] evaluated 2289 individual s (2023 healthy
controls and 246 PD patients) and analyzed 15,227 voice tasks
(9994 for healthy controlsand 5233 for PD patients). Similarly,
the work Bongioanni [29] compared speech-based automatic
classification of patients with ALS and healthy people using
sustained phoneme generation, diadochokinetic task, and
spontaneous speech. They classified voice samples from 25
patientswith AL S and 25 healthy participants using SVMsand
deep neura networks. More recently, more focus has been given
to multiclass scenarios, for example, the study by Benba et a
[22] used a Convolutional Neural Network Long Short-term
Memory to categorize ALS, PD, and healthy controls. The study
analyzed speech data from 60 people, focusing on sentence
reading, sound repetition, and sustained vowels.

Though there are studies that had investigate speech features
pertaining to neurodegenerative disorders or acquired
neurodegenerative disorders like mTBI, there are not many
studies exploring speech feature variations between those
populationswhich might co-occur and impact speech production
differently.

The aim of this study is to investigate whether distinct
speech-based biomarkers, derived from commonly used tasks
like the PaTaKa and Sustained Vowel tests, can effectively
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differentiate between concussed individual s, neurodegenerative
conditions (focused on PD), and healthy controls.

Methods

Data Collection

Thisstudy focused on 2 widely used speech tasks, the sequential
motion rate task (PaTaKa test) and the Sustained Vowel test.
The PaTaKa test evaluates speech-motor function by asking
participants to take a deep breath and repeatedly articulate
“PaTa-Ka’ assteadily aspossiblein 1 breath, providing insights
into the rate and precision of sequential articulatory actions.

In the Sustained Vowel test, participants were instructed to
sustain the vowel sound “ah” for as long as possible, offering
valuable information about voice quality and potential vocal
tremor. Both tasks were assigned to four participant groups,
that are (1) individuals with concussions, (2) individuals with
neurodegenerative conditions (specificaly PD), (3) hedlthy
controls age-matched to the concussed group, and (4) healthy
controls age-matched to the neurodegenerative group.

Individuals diagnosed with a concussion were evaluated by
physiciansor athletic trainers using standardized neurocognitive
assessment tools, such asImPACT (Immediate Post-Concussion
Assessment and Cognitive Testing) by ImPACT Applications,
Inc, SCAT (Sport Concussion Assessment Tool), an open-access
tool , and SAC (Standardized Assessment of Concussion) by
researchers at the University of North Carolina’'s Sports
Medicine Research Laboratory, within 48 hours of the suspected
injury. Individuals with neurodegenerative conditions (ie, PD)
were diagnosed by licensed neurologists or family physicians.
All participants with PD were in the early stages of disease
progression (Hoehn and Yahr stage 1 - 2) and were assessed
using tools such as the MDS-UPDRS (Movement Disorder
Society - Unified Parkinson’s Disease Rating Scal€) and Hoehn
and Yahr Scale.

Healthy controls were divided into two groups: (1) young
healthy individuals age-matched to the concussed group and
(2) older hedthy individuals age-matched to the
neurodegenerative group. This separation ensures more accurate
comparisons between the groups, minimizing the confounding
effects of age-related speech differences.

Participants completed the speech tasks using a mobile app
(smartphone or tablet) that provided both visual and auditory
instructions. The app also recorded the audio samples digitally
for subsequent analysis. Audio datawere collected from atotal
of 235 and 239 participantsfor the PaTaK aand Sustained Vowel
tests, respectively, as shown in Table 1.
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Table. Description of collected samples.
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Test name and population Samples, n Sex Age (years), mean
(SD)
Male n Female, n
PaTaKa
Concussed 97 86 11 17 (3)
Healthy control 94 81 13 17 (3)
(young)
Neurodegenerative 29 17 12 63.67 (4.95)
(PDY
Healthy control (older) 15 5 10 63.67 (4.95)
Sustained Vowel
Concussed 91 82 9 17 (3)
Healthy control 104 90 14 17 (3)
(young)
Neurodegenerative 29 17 12 63.67 (4.95)
(PD)
Healthy control (older) 15 5 10 63.67 (4.95)

3PD: Parkinson disease.

The PaTaKa test dataset includes speech samples from 97
concussed participants, 29 participants with neurodegenerative
conditions (ie, PD), 97 age-matched young healthy controls,
and 15 age-matched older healthy controls. Similarly, the
Sustained Vowel dataset consists of speech samples from 91
concussed participants, 29 participants with neurodegenerative

conditions (ie, PD), 91 age-matched young healthy controls,
and 15 age-matched older healthy controls.

In the remainder of this section, we describe the 4 key
components of the proposed analysis methodology, shown in
Figure 1, that are data preprocessing, feature extraction, model
training, and evaluation.

Figure 1. Overal visualization of the 4 methodological steps: data preprocessing, feature extraction, model training, evaluation. DT: decision tree;
mfcc: mel frequency cepstral coefficient; RF: random forest; SV: Sustained Vowel; SVM: support vector machine; XGBoost: Extreme Gradient Boosting.
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Data Preprocessing

The voiced portions of speech signals typically carry the most
critical information for analysis. Therefore, to enhance the
quality and efficiency of feature extraction, it is essential to
eliminate unnecessary components, such as silence intervals
and extraneous noise, during the preprocessing phase. In this
study, silenceintervalswere removed at 2 pointsin each speech
recording using the free software developed by Muse group
named “Audacity”. Specificaly, silence was cut from the
beginning of the recording to the onset of vocalization and from
the offset of vocalization to the end of the recording.

In addition, recordings that did not meet the study’s
requirements, such asthose where participantsfailed to produce
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the expected utterances (eg, “PaTaKa’ in 1 continuous breath
or sustained vowel production without interruptions), were
excluded from further analysis. This step ensured a high-quality
dataset for feature extraction and classification, thereby
improving the reliability of the results.

Data Augmentation

To address the challenges of imbalanced datasets and improve
classification performance, data augmentation was applied to
specific data subsets, particularly those with limited samples,
such asthe neurodegenerative (ie, PD) and age-matched healthy
datasets. The augmentation process involved adding Gaussian
noiseto the raw audio signals. The noise factor was set to 0.005
to ensurethat the original speech characteristicswere preserved
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whileintroducing subtle variationsto increase sample diversity.
For each audio file, a noise vector was generated using a
Gaussian distribution, scaled by the specified noise factor, and
added to the original signal. The augmented audio signalswere
then normalized to ensure they remained within the acceptable
amplitude range for further processing.

This step increased the dataset size from 29 PD and 15 healthy
samplesto 58 PD and 30 healthy samples, resulting in anotable
improvement in classification accuracy from under 30%
(original data) to 60% - 70% (augmented data).

Feature Extraction

Feature extraction isthe process of transforming raw audio data
into numerical features while retaining the critical information
embedded within the original signal. Among various methods
for converting speech into numerical data, temporal and spectral
features are widely used in speech-processing research
[22,26,27,30]. In these studies, both types of features were
extracted using Python’s Librosa library [31].

Temporal features describe the changesin an audio signal over
time, such asamplitude and pitch variation. This study extracted
25 tempora features, including 4 fundamental frequency
measures (eg, mean and SD of F0), 5jitter measures, 6 shimmer
measures, and the HNR. These features provide insights into
voice quality and stability, commonly associated with motor
speech dysfunctions. The full list and descriptions of these
temporal features are provided in Multimedia Appendix 1.

Spectral features analyze the frequency components of the
speech signal and are commonly used in applications such as
speech recognition and speaker identification. This study
extracted 12 spectral features, including MFCC, spectral
centroid, chromafeatures, and spectral flatness. These features
capture frequency-domain characteristics that are sensitive to
articulation and vocal tract configurations. Detailed descriptions
of these spectral featuresare presented in Multimedia A ppendix
1.

All 37 extracted features (25 temporal and 12 spectral) were
included in the training and evaluation of machine learning
models. By retaining the full feature set, we ensured that
potentially valuable information was preserved, particularly
given the small sample size. Data augmentation techniques,
such as adding noise to the audio samples, were used to improve
the robustness of the models and enhance performance,
especialy for the classification between neurodegenerative and
healthy controls, where the original dataset resulted in poor
classification performance.

Model Training

In recent years, the trend in digital health care has been to use
machine learning modelsto classify input data (speech samples)
into 2 or more classes based on extracted features. In thiswork,
we employed several popular machinelearning techniques, such
asSVM, DT, RF, and XGBoost [18]. These model swere chosen
due to their interpretability, robustness, and ability to handle
small datasets effectively, which is essential for clinical
applications.

https://neuro.jmir.org/2025/1/e64624
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SVM, asupervised learning algorithm proposed by Boser et al
[32], isgrounded in statistical learning theory and is particularly
effective for high-dimensional data [33]. It uses hyperplanes
and margins to separate data into classes, with its performance
being highly dependent on data scaling and the choice of kernel
functions. DTs, on the other hand, divide feature space into
regions by recursively splitting data and assigning classes to
leaf nodes [34]. Despite their simplicity, DTs are prone to
overfitting, especially on small datasets.

RFs mitigate this issue by employing an ensemble of DTs
trained on bootstrapped datasets, with each tree built using a
random subset of features [35]. The final class prediction is
based on amajority vote acrossall trees, which reduces variance
and enhances model robustness. Finally, XGBoost, a gradient
boosting implementation, constructs DTs sequentialy,
optimizing performance by correcting errors from previous
iterations [36]. It is known for its computational efficiency and
scalability, making it a popular choice for structured datasets.
For a given sample, the final prediction can be calculated by
summing up the scores of overall leaves, whichisillustrated in
Multimedia Appendix 2.

Given the limited size of our dataset, we prioritized traditional
machine-learning models over deep learning methods. While
deep learning agorithms have demonstrated exceptional
performance on large datasets, their effectiveness diminishes
with smaller datasets due to overfitting and computational
requirements. Traditional machine learning models, such as
SVM and RF, offer superior interpretability, which is critical
for clinical decision-making [28]. For instance, the study by
Pishgar et a [37] found that on a small voice disorder dataset,
SVM outperformed adeep neural network intermsof sensitivity
and specificity.

In this study, all 37 extracted features (25 temporal and 12
spectral) were used without any feature selection or filtering.
Data augmentation was applied to address the limited sample
size, particularly for the neurodegenerative versus healthy
dataset, where the augmented dataset improved model
performance.

To train and evaluate the machine learning models, we applied
a75 - 25 stratified split of the dataset into training and test sets,
ensuring that class distributionswere preserved. Stratified 5-fold
cross-validation was used to evaluate model performance more
reliably, and Grid Search was used to fine-tune hyperparameters
for all algorithms.

Evaluation

In this study, we assessed the performance of our classification
models using multiple eval uation metrics, with aparticular focus
on the F;-score due to its robustness in handling unbalanced
datasets. The F;-scoreis particularly well-suited for situations
where there is an imbalance in the class distribution, as it
provides a harmonic mean of precision and recall, balancing
the trade-off between these 2 metrics. The F;-score is defined
asfollowsin Multimedia Appendix 2.

Both precision and recall are crucial in medical applications,
where the consequences of false positives or fal se negatives can
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be severe. The F;-score offers a balanced view of a model’'s
performance when neither precision nor recall can be prioritized
over the other. A higher F;-score (ranging from 0to 1) indicates
a better-performing model.

In addition to the F;-score, we evaluated our models using
precision, recall, and accuracy to provide acomprehensive view
of model performance. These metrics helped compare the
performance of models across different speech tasks (PaTaKa
and Sustained Vowel) and combinations (eg, concussed vs
healthy, concussed vs neurodegenerative, neurodegenerative vs
healthy). The results section discusses these findings in detail,
highlighting the implications of our model’s performance for
clinical applications.

Ethical Considerations

This research was conducted in compliance with ethical
standards and approved by the Institutional Review Board at
the University of Notre Dame. The approval numbers for this
study are 18-01-4338 and 18-01-4340 for PD and concussion,
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respectively. All participants provided informed consent
(Multimedia Appendices 3 and 4), and their confidentiality was
ensured throughout the study.

Results

Overview

The performance of the models was evaluated using precision,
recall, F;-score, and accuracy across 3 participant combinations
(ie, concussed vs healthy, concussed vs neurodegenerative, and
neurodegenerative vs healthy) for 2 widely used speech tasks,
PaTaKaand Sustained Vowel. The results provide insightsinto
the discriminative ability of each test and highlight the
comparative effectiveness of different classifiers in
distinguishing between participant groups. While the PaTaKa
task generally demonstrated robust performance across al
combinations, the Sustained Vowel test showed varying levels
of accuracy, particularly for certain groups and classifiers. The
performance for each combination and test, along with
discussions on their implications are illustrated in Figure 2.

Figure 2. Performance metrics by test type, model, and combination. SVM: support vector machine; XGBoost: Extreme Gradient Boosting.
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Concussed Versus Healthy

PaTaKa Test

The models performed exceptionaly well, achieving
near-perfect precision, recall, F;-score, and accuracy acrossall
classifiers. DT and RF dightly outperformed SVM and
XGBoost, consistently achieving 0.95. There are no sourcesin
the current document across all metrics. Theseresults highlight
the PaTaKa test's robustness in distinguishing between
concussed and healthy participants.

Sustained Vowel Test

Performance dropped significantly compared with the PaTaKa
test. SVM and X GBoost achieved slightly higher metrics, with
F,-scores around 0.59 - 0.62. DT and RF had the lowest
performance, with metrics around 0.56. The reduced
performance might indicate that sustained vowels are less
effective for distinguishing concussed participants from healthy
individuals.

Concussed Versus Neurodegener ative

PaTaKa Test

All models performed perfectly, achieving precision, recall,
F,-score, and accuracy of 1.0. This demonstrates the
effectiveness of the PaTaKa test for differentiating concussed
participants from those with neurodegenerative conditions.
Consistency across al classifiers reinforces the reliability of
thistask for this combination.

Sustained Vowel Test

Similar to the PaTaK atest, most models achieved perfect scores
across all metrics. However, DT and XGBoost showed dlightly
reduced performance, with F,;-scores of 0.87 and accuracy of
0.92. Despite slight variahility, the Sustained Vowel test remains
astrong indicator for distinguishing these groups.

Table. Top 10 most frequent features across all tests.

Rubaiat et al

Neurodegener ative Ver sus Healthy

PaTaKa Test

Resultsvaried significantly acrossclassifiers. RF and X GBoost
outperformed others, achieving F;-scores of 0.63 and 0.72,
respectively. DT and SVM performed poorly, with F;-scores
around 0.52 - 0.55. These results indicate that the PaTaK a test
has moderate effectiveness for this group but requires careful
classifier selection.

Sustained Vowel Test

Similar trends were observed. XGBoost achieved the highest
F,-score (0.40) and accuracy (0.67), while other models showed
significantly lower performance. Thisunderscoresthe challenge
of distinguishing neurodegenerative participants from healthy
controls using sustained vowel tasks.

Feature Set Analysis

Understanding the importance of individua features in
classification tasks is crucial for interpreting the predictive
power of machine learning models. In this study, we examined
featureimportance across all tests and combinationsto identify
the most influential speech features contributing to the
classification of concussed, neurodegenerative, and healthy
individuals. Feature importance was calculated for each model
(SVM, DT, RF, and XGBoost) using a combination of metrics,
such as Gini importance, SHAP values, or permutation
importance, depending on the model.

To identify globally significant features, we analyzed the
frequency of featuresranked among thetop 5 acrossall 24 tests.
A summary of thetop 10 most frequent featuresis presentedin
Table 2, while Table 3 provides combination-specific feature
importance values. The most frequently identified featureswere
temporal and spectral characteristics, which are known to
capture both short-term and long-term speech patterns.

Rank Feature Frequency Mean importance
1 duration 15 0.29
2 Zero_crossing_rate 13 0.33
3 spectral_flatness 12 0.30
4 mfcc? u 0.25
5 spectral_bandwidth 7 0.42
6 spectral_centroid 6 0.07
7 spectral_contrast 5 0.07
8 chroma_stft 5 0.32
9 HNRP 4 0.06
10 f4_median 4 0.04

8mfcc: mel frequency cepstral coefficient.
PHNR: harmonics-to-noise ratio.
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Table. Combination specific feature importance value.

Rubaiat et al

Combination and test Feature Value
Concussed versus healthy
PaTaKa Duration 19
PaTaKa Zero-crossing rate 0.47
Sustained Vowel Spectral flatness 0.12
Concussed ver sus neur odegener ative
PaTaeKa Spectral bandwidth 13
Sustained Vowel MFCC? 29
Neur odegener ative ver sus healthy
PaTaKa HNRP? 0.43
Sustained Vowel Spectra flatness 0.76

AMFCC: mel frequency cepstral coefficient.
PHNR: harmonics-to-noise ratio.

Among the top 10 features, duration, zero-crossing rate, and
spectral_flatness were the most influential, appearing
consistently across multiple tests and combinations. These
features reflect critical aspects of speech production, including
articulation rate, periodicity, and frequency smoothness. For
instance:

« Duration: Thisfeature providesinsightsinto motor control
and speech articulation by measuring the length of
utterances.

« Zero-crossing rate: Indicative of voice signa periodicity,
this feature is particularly significant in distinguishing
voiced and unvoiced speech segments.

- Spectra_flatness: Thisfeature quantifies the uniformity of
the speech spectrum, distingui shing between harmonic and
noise-like components.

Combination-specific patterns further highlight the variability
in feature importance depending on the test (PaTaKa or

https://neuro.jmir.org/2025/1/e64624

Sustained Vowel) and the target classification task (concussed
vs healthy, concussed vs neurodegenerative, and
neurodegenerative vs healthy). For example, (1) in the concussed
versus healthy classification, features like mfcc and spectral
bandwidth were highly impactful, particularly in the PaTaKa
test, (2) in the Concussed concussed versus neurodegenerative
classification, spectral_centroid and chroma stft played a
significant rolein distinguishing between the 2 groups, and (3)
for the neurodegenerative versus healthy classification, features
such as f4 median and HNR were key discriminators,
particularly in the Sustained Vowel test.

The distribution of feature importance values across
combinations and tests is visualized in Figure 3, while the
detailed numerical values for each combination and test are
available in Table 3. These findings emphasize the variability
of feature contributions across different tasks and highlight the
importance of task-specific feature analysis for robust
classification.
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Figure 3. Top 10 most frequent features across all tests. mfcc: mel frequency cepstral coefficients.
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Principal Findings

The findings of thisstudy provide valuableinsightsinto the use
of speech-based features for differentiating between
neurodegenerative conditions, particularly mTBI (concussions)
and neurodegenerative diseases (eg, PD). By leveraging 2
commonly used speech tasks, the PaTaK atest and the Sustained
Vowel test, and a variety of machine learning models, we
achieved classification accuracies ranging from 60% to 90%,
with RF and X GBoost model s consistently outperforming others.
In addition, we identified key speech features, such asduration,
zero-crossing rate, and spectral flatness, as critical biomarkers
for distinguishing between these conditions. These results
underscore the potential of speech features as noninvasive
biomarkers for neurodegenerative health assessment and
highlight the complementary roles of the PaTaKaand Sustained
Vowel tests in revealing task-specific and globally significant
features.

Key Observations

First, task-specific performance. The PaTaKa test consistently
outperformed the Sustained Vowel test acrossall combinations.
Thismay be attributed to the sequential articulatory movements
required in the PaTaKa test, which can better capture subtle
motor and speech deficits. For example, in the concussed versus
healthy classification, F;-scoresfor PaTaK aexceeded 0.9 across
all models, whereasthe Sustained Vowel test achieved F;-scores

below 0.6 for the same classification. These findings highlight
the importance of task selection in speech analysis and suggest

https://neuro.jmir.org/2025/1/e64624
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information.

Second, model-specific trends. Among the machine learning
models, RF and XGBoost consistently performed well,
demonstrating their ability to handle complex, nonlinear
relationshipsin speech data. This alignswith previousresearch
highlighting the robustness of ensemble learning methods in
biomedical and speech signal processing tasks [38].

Third, the high interpretability of DTs also provides an
advantage for clinical applications, particularly in scenarios
wheretransparency iscritical for adoption in health care settings.

Fourth, despiteitsslightly lower performancein some scenarios,
DT models remain valuable due to their ssimplicity and ease of
implementation.

Fifth, interestingly, SVMs displayed strong performance in
balanced datasets, particularly in the concussed versus
neurodegenerative classification, where precision and recall
consistently reached 1.0 for the PaTaKa test. This finding is
consistent with previous studies showing that SVMs are
effective for high-dimensional data, especially when datasets
are carefully preprocessed and balanced [39]. The performance
of SVM inthisclassification task further underscoresits utility
in distinguishing nuanced differences between distinct
neurodegenerative conditions using speech features.

Finally, featureimportance. The analysis of feature importance
revealed that a small subset of features consistently played a
dominant role across tests and combinations. Temporal features
such as duration and zero-crossing rate were particularly
influential, likely reflecting disruptions in motor control and
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speech rhythm caused by both concussions and
neurodegenerative conditions. Spectral features, including
spectral_flatness, mfcc, and spectral_bandwidth, were aso
critical, highlighting their utility in capturing frequency-domain
variations associated with speech pathologies. These results
align with previous research, which has emphasized the role of
both temporal and spectral features in detecting
neurodegenerative impairments.

Comparison With Previous Studies

Our findings corroborate and extend existing literature on
speech-based biomarkers for neurodegenerative conditions.
Previous research has demonstrated the utility of features such
asMFCC and jitter for detecting PD [4], aswell asfeatureslike
zero-crossing rate and duration for identifying concussions[19].
However, this study uniquely emphasizes the differentiation
between neurodegenerative diseaseslike PD and mild traumatic
brain injury (eg, concussions), a task that remains relatively
underexplored in existing literature.

Furthermore, theinclusion of both PaTaKaand Sustained Vowel
tests enables a more comprehensive analysis of task-specific
feature relevance. While previous studies have evaluated the
diagnostic utility of individual speech tasks (eg, sustained
phonation for ALS in studies by Allison et a [13] and Tsanas
et a [27]), thiswork highlights how combining multiple tasks
can revea unique and complementary insights into speech
biosignatures associated with diverse neurodegenerative
conditions.

In addition to confirming the significance of widely used
features such as spectral flathess and zero-crossing rate, our
study identifies new combinations of features, including spectral
contrast and chromabased features, as being critica for
distinguishing between these groups. These results align with
recent advancements in the field, where ensemble learning
models, such as RF and XGBoost, are increasingly used to
capture theintricate, nonlinear relationships within speech data
[23].

By addressing age-related variability and introducing data
augmentation to mitigate the challenges of limited datasets, this
study not only validates previoudy established findings but also
sets the stage for future research aimed at improving the
diagnostic accuracy of speech-based assessments across distinct
but potentially overlapping neurodegenerative conditions.

Implicationsfor Clinical Practice

Theresultsof thisstudy highlight several practical implications
for clinical applications.

First, noninvasive diagnostics. The reliance on speech features,
which can be collected using readily available devices like
smartphones, opens up possibilitiesfor remote and noninvasive
diagnostics. Thisisparticularly valuablein resource-constrained
settingswhere accessto advanced imaging or neurophysiological
tests may be limited.

Second, early detection. The ability to detect subtle speech
impairments associ ated with neurodegenerative conditions could
enable earlier diagnosis, allowing for timely interventions.

https://neuro.jmir.org/2025/1/e64624
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Finally, task selection. The superior performance of the PaTaKa
test suggeststhat it should be prioritized in future speech-based
diagnostic protocols, particularly for distinguishing between
concussions and neurodegenerative conditions.

Limitations

Despite the promising results, there are several limitations to
this study.

First, small dataset—the dataset size, particularly for
neurodegenerative diseases, wasrelatively small. Thismay limit
the generaizability of the findings to larger, more diverse
populations.

Second, demographic differences—the age gap between the
concussed (younger) and neurodegenerative (older) populations
posesapotential confounding factor. While age-matched healthy
controls were included, the results could be influenced by
inherent age-related differences in speech production.

Third, feature engineering and contextual factors—while the
study identified important features, the reliance on manual
feature extraction may overlook nuanced patterns. Advanced
techniques, such as deep | earning—based feature discovery, could
revea hidden characteristics in speech data. Future research
should also account for comorbidities and age-related factors,
as these can influence speech biosignatures and potentialy
confound results. Age-normalized datasets and statistical
adjustments can further enhance the robustness of classification
models.

Future Directions

This study demonstrates the potential of speech-based features
to differentiate between concussed, neurodegenerative, and
healthy individuals. While promising, the findings also highlight
several areasfor improvement and expansion, which weaimto
address in future work.

First, dataset expansion and diversity. The current dataset
includes limited samples from each group, particularly for
neurodegenerative diseases. Future studies will expand the
dataset to includelarger and more diverse popul ations, ensuring
broader generalizability of the results. In addition, we aim to
achieve a more balanced age distribution across all participant
groups, enabling more robust analyses and minimizing potential
biases.

Second, age-related effects. While we mitigated some
confounding effects of age by including 2 distinct healthy
control  groups (age-matched for concussed and
neurodegenerative participants), future studieswill incorporate
more advanced strategies to address age-related variations in
speech features. These include (1) explicitly including age as a
covariatein statistical modelsto control its effects and quantify
its influence on the results, (2) conducting age-matched
subgroup analyses to validate that classification performance
is not driven by age-related biases but by the underlying
neurodegenerative conditions, and (3) expanding the dataset to
improve the representation of younger and older age groups
across al conditions.
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Third, feature engineering and discovery. While this study
focused on predefined temporal and spectral features, advanced
deep learning model s such as autoencoders or transformer-based
models could uncover latent features that may better distinguish
between neurodegenerative conditions. In addition, further
exploration of task-specific feature relevance could reveal
complementary insightsinto speech patternsfor different health
conditions.

Fourth, longitudinal data analysis. Future work should explore
longitudinal datato track changesin speech biosignatures over
time. Thiswould help identify temporal patterns associated with
disease progression and recovery, providing valuable insights
for monitoring treatment efficacy and early diagnosis.

Fifth, integration with clinical practice. To enhance the clinical
utility of thisresearch, future efforts should focus onintegrating
speech-based diagnostic tools into real-world health care
settings. Thisincludes (1) devel oping user-friendly mobile apps
or web applications for noninvasive speech analysis and (2)
collaborating with cliniciansto validate the model s and evaluate
their effectivenessin clinical decision making processes.

Finally, evaluation metrics and benchmarking. Expanding the
evaluation metrics to include area under the receiver operating

Rubaiat et al

characteristic curve and precision-recall curves would provide
a more comprehensive understanding of model performance.
In addition, benchmarking against existing speech-based models
or aternative diagnostic tools could further contextualize the
findings and demonstrate the added value of the proposed
methods.

By addressing these areas, future research can build upon the
findings of this study to further advance the field of speech
analysis in neurodegenerative health, improve diagnostic
accuracy, and pave the way for noninvasive, scalable diagnostic
tools.

Conclusion

This study demonstrates the potential of speech features,
particularly those derived from the PaTaKa test, as effective
biomarkers for distinguishing between  concussed,
neurodegenerative, and healthy individuals. By identifying
task-specific and globally important features, the findings lay
the groundwork for developing noninvasive, speech-based
diagnostic tools that can be readily implemented in clinical
practice. Further research addressing the study’s limitations
could pave the way for broader applications of speech analysis
in neurodegenerative health.
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Abstract

Background: A 12-month longitudina observational study was conducted on 43 children aged 2 - 18 years to evauate the
effectiveness of the CognitiveBoticsartificia intelligence (Al)—based platform in conjunction with continuous therapy inimproving
therapeutic outcomes for children with autism spectrum disorder (ASD).

Objective: Thisstudy eval uatesthe CognitiveBotics software's effectiveness in supporting children with ASD through structured,
technol ogy-assisted |earning. The primary objectivesinclude ng user engagement, tracking progress, and measuring efficacy
using standardized clinical assessments.

Methods: A 12-month observational study was conducted on children diagnosed with ASD using the CognitiveBotics Al-based
platform. Standardized assessments, include the Childhood Autism Rating Scale (CARS), Vineland Social Maturity Scale,
Developmental Screening Test, and Receptive Expressive Emergent Language Test (REEL), were conducted at baseline (T1)
and at the endpoint (T2). All participants meeting theinclusion criteriawere provided accessto the platform and received standard
therapy. Participants who consistently adhered to platform use as per the study protocol were classified as the intervention group,
whilethose who did not maintain continuous platform use were designated asthe control group. Additionally, caregiversreceived
structured training, including web-based parent teaching sessions, reinforcement strategy training, and home-based activity
guidance.

Results: Participantsin theintervention group demonstrated statistically significant improvements across multiple scales. CARS
scores reduced from 33.41 (SD 1.89) at T1 to 28.34 (SD 3.80) at T2 (P<.001). Social age increased from 22.80 (SD 7.33) to 35.76
(SD 9.09; mean change: 12.96, 56.84% increase; P<.001). Socia quotient increased from 53.26 (SD 11.84) to 64.75 (SD 16.12;
mean change: 11.49, 21.57% increase; P<.001). Developmental age showed an improvement from 30.93 (SD 9.91) to 45.31 (SD
11.20; mean change: 14.38, 46.49% increase; P<.001), while developmental quotient increased from 70.94 (SD 10.95) to 81.33
(SD 16.85; mean change: 10.39, 14.65% increase; P<.001). REEL scores showed substantial improvements, with receptive
language increasing by 56.22% (P<.001) and expressive language by 59.93% (P<.001). In the control group, while most
psychometric parameters showed some improvements, they were not statistically significant. CARS scores decreased by 10.62%
(P=.06), social age increased by 52.27% (P=.06), social quotient increased by 19.62% (P=.12), developmental age increased by
44.88% (P=.06), and developmental quotient increased by 11.23% (P=.19). REEL receptive and expressive language increased
by 34.69% (P=.10) and 40.48% (P=.054), respectively.

Conclusions: Overal, the platform was an effective supplement in enhancing therapeutic outcomes for children with ASD.
This platform holds promise asaval uable tool for augmenting ASD therapies across coghitive, social, and developmental domains.
Future devel opment should prioritize expanding the product’s accessibility across various languages, ensuring cultural sensitivity
and enhancing user-friendliness.

(JMIR Neurotech 2025;4:€70589) doi:10.2196/70589
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Introduction

Autism, otherwise known as autism spectrum disorder (ASD),
is a neurodevelopmental disorder with a wide continuum of
associated cognitive and neurobehaviora deficitsincluding, but
not limited to, 3 core defining features: impairments in social
interaction and impairments in verbal and nonverbal
communication, combined with restricted and repetitive patterns
of behaviors[1]. Such impairments can impede an individual’s
social level of interaction, learning aptitude, and employability,
leading to poor long-term outcomes, difficulties in socializing,
poor job performance, and difficultiesin activities of daily living
[2-5]. The estimated prevalence of ASD has increased from 1
in 10,000 in the 1960s to at least 1 in 36 today [6,7].

Atturu et al

The cause for the rise of children diagnosed with ASD is
unknown [8]. What is clear is that early and consistent
intervention is crucial for positive long-term outcomes [9].
Currently, there are no medical treatments that can effectively
cure individuals with ASD, with most interventions involving
applied behavioral analysis (ABA), speech and language
therapy, and sensory integration to address the core symptoms
of ASD [10,11]. To provide adequate and quality therapy to
children with autism, a team of trained professionals ranging
from pediatricians, child psychiatrists; occupational, behavioral,
and speech therapists; psychologists, specialist teachers, and
dedicated caregivers are necessary [12]. Providing therapy to
children with autism can be rewarding but challenging due to
several factors. Figure 1 provides an insight into the challenges
faced by the stakeholders in the care and support of children
with autism [13-20].

Figure 1. Challengesin providing therapy to individuals with autism spectrum disorder [13-20].
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Asiis, the solution to many of today’s challenges may be the
leveraging of cutting-edge technologies to enhance autism
intervention; these technologies include the use of machine
learning, deep learning in artificial intelligence (Al), animated
gaming, and data analytics. Computer-assisted interventions
(CAls) areparticularly appealing to underresourced schoolsdue
to the potential to provide cost-effective individualized
instruction and allow teachers to offer concurrent group
instruction. Several available CAls have integrated
evidence-based interventions and complement current therapies
for individuals with ASD [21].

Research suggests that CAls, when applied effectively, can
enhance learning by fostering four key components of the
learning process: (1) active engagement, (2) group participation,
(3) regular interaction and feedback, and (4) integration with
real-life settings [22]. Furthermore, the convenient access of
CAls among parents and therapists allows ease of access to
these technologiesright in the palm of their hands[23]. During
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therecent COVID-19 pandemic, there was significant disruption
and reduction in conventional therapies. Asameansto continue
therapy, many therapists sought to use CAls, leading to ajump
in usage from 15% to 61% [24].

Through the use of intelligent systems—based Al technologies,
therapists and parents alike can provide supplementary and
consistent therapy to individuals with ASD and enhance
outcomes[25-28]. In 2 recent articles, the prospect of integrating
Al into standard practicesfor autism therapy has great potential
to improve social and communication outcomes in individuals
with autism [29,30].

Theintegration of video modelingin ABA allowstheindividual
to observe arecorded video of aspecific task, gradually enabling
independent performance by clearly presenting theinstructions
and essentid stimuli needed to compl ete the task. Several studies
have demonstrated the effectiveness of this strategy across
various complex socia tasks, such as acquiring conversational
skills, commenting, complimenting, and enhancing pragmatic
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abilities, aswell asinitiating and maintaining socia relationships
[31].

Gaming systems provide a sensory stimulus, where numerous
studies have found an attraction factor for participation through
aframework or application that provides additional animation
and images [32,33]. Al-driven games can improve cognitive
skills, social interaction, and emotional regulation. Such games
can be modified to the specific needs of individual swith autism,
offering personalized learning objectives. Studies have suggested
that integrating Al-based interventions into standard therapy
can improve the behavioral patterns of children with autism
[34,35]. Animation games use engaging animated characters
and scenariosto teach essential skills, making learning enjoyable
and less stressful for children with autism, thusimproving their
attention span and resulting in a greater retention of learned
skills. Studies using animation-based interventions have
observed significant improvementsin language acquisition and
social skills[36,37]. All these technol ogy-driven solutions have
been shown to significantly enhance outcomes and bridge the
limitations of therapists and parents in managing challenging
behaviors among children with ASD.

As a result, CognitiveBotics, an Al-powered assistive
technology, was designed and developed. The platform allows
children with autism and their parents and therapists to
effortlessly accessits program anytime, anywhere, sinceit only
requires agadget (eg, alaptop or tablet) and accessto an internet
connection. The development process involved a
multidisciplinary approach, combining insights from clinical
psychology, child development, and technology experts. The
platform provides a “digita” VARK (visual, auditory,
read/write, and kinaesthetic) opportunity rangeto help children
acquire social, communication, emotional, and behavioral skills,
while automatically recording progress for therapists [38]. For
parents, the platform is an easy-to-use digital tool offering
training sessions on strategies and techniques, ensuring
continuity of therapy at home. For further information on the
platform, visit [39].

During the COVID-19 pandemic, a survey was conducted
among therapists working with children diagnosed with ASD.
Due to the reduction in conventional therapies, the therapists
observed a moderate to severe impact on individuals' learning
(73%), while parents were impacted emotionaly and
psychologically (85%). Before the pandemic, only 22% of
therapists expressed awillingnessto use any digital technology
in autism intervention, however, this number tripled to 65%
dueto the constraintsimposed by thelockdown [40]. Therewas
an urgent need for standardizing digital health technol ogiesthat
can be parent-mediated [41]. An initia pilot study was
conducted between November 2020 and April 2021 to assess
the software’s capabilities using a set of 19 different skills.
Throughout the study, the software effectively collected and
recorded data during the user interaction, demonstrating its
effectivenessin real-time data collecting and analysis [40].

Subsequently, to further evaluate the effectiveness of the
CognitiveBotics Al-based platform in augmenting therapiesfor
individualswith ASD, an observational, longitudinal study with
an adequate sample size was conducted to assess different

https://neuro.jmir.org/2025/1/€70589
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domains—the social/emotional, language/communication, and
cognitive development of individuals who used the platform
for 12 months. Theinitial study revealed minor glitches, which
were promptly addressed, and parents of the individuas
expressed awillingness to continue using the app, highlighting
its potential impact.

Methods

Overview

The observational, longitudinal study was designed to evaluate
the effectiveness of the CognitiveBotics Al-based software over
a 12-month period. By understanding the practical challenges
and assessing the software’s effectiveness, the study provides
afoundation for the future development and design of atrial.

The primary objectives of the study are as follows:

1. User engagement: assess the ability of both children and
parentsto effectively use the software and follow web-based
instructions.

2. Progress tracking: evaluate the software's capability to
automatically log the child's daily progress and provide
visual graphical feedback on the dashboard.

3. Efficacy measurement: using established clinical parameters
to evaluate progressat T1 and T2 across multiple measures.

Scoring Systems

Qualified therapists conducted assessments at baseline and at
a 1-year follow-up, using the following specific parameters to
evaluate progress over time.

The Childhood Autism Rating Scale (CARS) score is a factor
analysis—based scal e used for assessing the presence and severity
of symptoms of autism spectrum disorders[42]. Scores between
30 and 37 are considered as mild to moderate autism and scores
between 38 and 60 are considered as a severe level of autism.
According to Russell et a [43], CARS has an acceptable level
of sensitivity and specificity in Indian populations.

The Vineland Socia Maturity Scale (VSMYS) scores were
compared between groups, assessing changesin socia age (SA)
and social quotient (SQ). This scale has been used to measure
the adaptive behaviors of children with or without ASD by
measuring their developmental profilein 8 domains and scoring
SA and SQ. Originally developed by Doll in 1935 [44], VSMS
was adapted by Malin in 1956 [45] to better suit the Indian
population, ensuring its cultural relevance and applicability.
This adaptation was further modified by Bharatraj in 1992,
incorporating additional changes [46].

The Developmental Screening Test (DST), which measures
developmental age (DA) and developmental quotient (DQ),
assesses the devel opmental progress of children across various
domains, including motor skills, language, social behavior, and
cognitive abilities. It helps in determining the DA and DQ of
the participants, which reflects their level of functioning in
comparison to typical developmental milestones [47].
Recognizing that many developmental assessments at that time
were standardized on Western populations, in 1977, Bharatraj
adapted the DST to be more sensitive to the developmental
norms of Indian children [48].
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The Receptive and Expressive Emergent Language (REEL ) test
is designed to identify infants and toddlers who have language
impairments or who have other disabilitiesthat affect language
development. It has 2 core subtests, receptive language age
(RLA) and expressive language age (ELA), which are based on
caregiver reports and converted into age-equivalent scores. A
study conducted with Hindi-speaking children found the REEL
assessment to be valid, reliable, and effective in assessing
language outcomes [49].

Recruitment

Recruitment for the study took placefrom January to April 2023
and the completion of the study was 12 months after the last

Textbox 1. Inclusion, exclusion, and withdrawal criteriafor participants.

Atturu et al

participant was recruited. Parents whose children were
diagnosed with ASD and attending Rainbow Hospital in India
wereidentified by theclinical team. Recognizing that individuals
with ASD may have a higher chronological age but a lower
social or developmental age, participants were accepted if their
social or developmental age was between 2 and 18 years. The
parent information sheet regarding the study was provided to
all identified parents. Parents who expressed interest in their
child’s participation were contacted by the principal
investigator’s team. Textbox 1 shows the inclusion, exclusion,
and withdrawal criteria of the study.

Inclusion criteria

2. Children aged between 2 and 18 years.

Exclusion criteria
1. Children with parents who were not willing to consent to the study.
2. Children without access to atablet, computer, or internet connection.

3. Children unable to understand English.

included but were not limited to the following:
1. Participant was no longer willing to continue in the study.
2. Study termination by sponsor or independent ethics committee.

3. Investigator's discretion (for safety reasons).

Children who met al the following inclusion criteria were enrolled in the study:

1. Children diagnosed with autism spectrum disorder using assessment scales such as the Childhood Autism Rating Scale.

3. Children with associated comorbidities were included on the condition that the child can use the platform.
4. Children with the ability to understand and respond to instructions given in English.
5. Children with access to a device on which the software can be accessed using an internet connection.

6. Children with parents who consented for their child to use the software.

Withdrawal criteria (removal of participantsfrom the therapy or assessment)

Any participant was allowed to voluntarily discontinue participation in the study at any time after giving informed consent and before the completion
of thelast visit of the study. Thiswould not affect the care provided by their clinical team. The reasons for participant withdrawal were recorded and

When a participant withdrew from the study, the investigator clearly documented the reason in the medical records and completed the appropriate
case report form describing the reason for discontinuation. In addition, every effort was made to compl ete the appropriate assessment.

During this stage, the study objectives and procedures were
thoroughly explained, and any questions from the parents were
addressed. Informed consent was obtained from those who
agreed to participate, and documentation was appropriately
maintained. At baseline, clinical assessments including the
CARS, DST, VSMS, and REELS were administered. Parent
training sessions, conducted either online or offline, were
arranged to familiarize parents with the platform and its usage.
Parents who had training were granted access to the software
and instructed to ensure their children used the software for at
least 20 minutes per session, with a minimum of 3 sessions per
day over 12 months, followed by home-based activities to
reinforce learning. At the beginning of the study, we requested
parents to use the software in addition to the standard care they
were providing to their children and for ethical reasons did not
ask them to stop any other treatments or therapies.

https://neuro.jmir.org/2025/1/€70589

Participants were scheduled for 3 visits during the active study
period:

- Visit 1 (day 0, T1): baseline clinical assessments were
conducted.

« Visit 2 (6 months): clinical parameters were reassessed.

« Visit 3 (12 months, T2): final clinical assessments were
conducted.

- Datafrom the software tracking the child’s progress were
collected for statistical analysis at each stage.

Additionally, a follow-up phone call was made every 15 days
between the physical visits to verify the child’'s regular usage
of the software and address any concerns. This telephonic
follow-up ensured adherence to the study protocol and provided
support for parents throughout the trial.
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Softwar e-Delivered Program

Using tablets or acomputer, the platform offers evidence-based
therapeutic interventions through a high-quality, patented
software program that addresses a broad spectrum of learning
difficultiesby teaching small, key behaviorsincrementally. This
aimsto improve learning outcomes and devel opmental progress
in individuals with ASD by providing a comprehensive digital
platform that supports various learning styles and therapeutic
needs. It is designed to personalize learning, adjust difficulty
levels, and provide real-time feedback and support to both
parents and children.

Uponinitialy using the platform, parentswere registered in the
system and requested to complete an auto-generated
individualized learning plan (ILP) questionnaire generated by
the software. This enabled the software to ascertain the child's
current developmental state and learning needs. If there were

Table. Lesson plan structure and associated advantages of the platform.

Atturu et al

any difficulties or queries from the parents regarding the
guestionnaire, a study coordinator was available to assist with
the onboarding process. Parents were then requested to attend
a webinar session, where an interactive orientation on the
software and its features was given, and any queries were
addressed. Additionally, parents received a user manual and a
navigation video for reference. Participation in this webinar
session was mandatory before an |LP was assigned to the child.

Based on the parental responses and child assessments, an ILP
consisting of 3 target goal swas generated by Al modelsfocusing
on 4 domains (social/femotional, language/communication,
cognitive, and movement/physical development). Table 1
contains the lesson plan within the software and its advantages
in providing adjunct therapy to children with ASD. The content
is personalized and mapped to individual learning objectives,
guided by therapist-defined developmental goals.

Goal/skill domain Task/learning objective

Methodology and advantages

Eye contact/attention Looking at the object

Eye contact/attention Responding to name
Imitation skills

Cognitive skills

Communi cation/language

Imitating arm, leg, or facial movements

Number identification, shape recognition

Labeling objects, requesting help

Gamified, visually engaging content designed
for children with neurodiverse profiles. Encour-
ages sustained visual attention through interactive
elements.

Multimodal cues and visual prompts enhance
auditory responsiveness and social awareness.

Structured video modelsguideimitationinalow-
anxiety, judgment-free digital space.

Tasks scaffold foundational academic concepts
in aplayful, exploratory manner.

Activities promote expressive and receptive
communication. Coviewing with caregivers en-
hances language modeling.

Before engaging in any lessons, parents were encouraged to
watch the objective videosto improve the reasoning of mastering
each goa. A practice session was available for skill
reinforcement; however, the scores in these practice sessions
were not recorded for progression to the next stage. Each daily
practice session lasted 20 minutes, after which the software

https://neuro.jmir.org/2025/1/€70589

automatically concluded the learning session and redirected the
child to the dashboard. If the caregiver determined that the child
was prepared for an additional session, they had the option to
initiate anew session., Overall, there are 227 activities or tasks
organized under goals. Figure 2 presents the technologies and
features of the CognitiveBotics platform.
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Figure 2. Thetechnologies and features in the software. Al: artificial intelligence.

Al - Machine leaming

Al - Deep learning

Animated gaming

The session begins with the caregiver launching the daily
schedule on the CognitiveBotics app. This schedule presents a
sequence of personalized tasks aigned with the child's
developmental goals. Each task is supported by engaging,
gamified digital content designed specifically for children with
ASD. Caregivers are encouraged to coview and participate in
the learning process, fostering emotional bonding and
reinforcing engagement through shared experience.
Alternatively, under parent supervision, the child may explore
the content independently, depending on their comfort and
developmental level.

Once the child achieved 3 goals, a new ILP with a new set of
3 goals was created. To achieve each goal, the child is taught
through 4 modalities:

» Audiovisua stimulation: Concepts are introduced through
video modeling with interactive questions embedded within
the content, increasing with complexity across four levels
(level O, 1, 2, and 3). Prompts are provided to guide the
child’s learning and are gradually reduced as the child
becomes more proficient.

«  Chatbot: Thisfeature usesinteractive questionsto reinforce
learning and promote generdization. The feature is
particularly effective in fostering verbal engagement and
enhancing the child’s communication skills. An example
of achatbot god is given in Figure 3.

https://neuro.jmir.org/2025/1/€70589
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Audiovisual stimulation

Chatbaot

Al-based interactive games

Parent training videos

Individualised learning plan

Personalization

Dashboard

Two-way communication

Objective videos

Data capture and

rogress-tracking features

«  Al-basedinteractive games: Learning isfacilitated through
Al-driven interactive gamesthat aretailored to each child’s
learning style, making the learning engaging and adaptive
to individual needs.

»  Home-based parent training videos: To support home-based
activities, parents are provided with instructional videos
that demonstrate how to apply the skills learned by their
child in various settings, thus reinforcing learning outside
the therapy center. The child’'s performance is assessed
using 3 metrics captured by the software: first-time rights
(accuracy of initial responses), correct questions (total
number of correctly answered questions), and number of
guestions attempted (total engagement with the learning
materia). Once the lesson is mastered, the software
automatically assigns the next set of goals.

If a child is not progressing toward their goals, the system
proactively aertsthe parents and therapists. Separately, parents
are instructed to record a video of the lesson and submit it to
the study coordinator or therapist team for review. In response,
therapists will simplify the web-based goals to better suit the
child’s needs. Should the child continue to struggle, parents
will receive a notification prompting them to resubmit the ILP
checklist. Following this, the system will reassign 3 new goals,
which will be carefully verified by therapists to ensure they
align with the child’s learning trgjectory.
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Figure 3. A screenshot of alesson and an example transcript of a child-software interaction.

Chatbot

it i the?

sk Tooy

Software: "Hi [Child s Nama]! Let 5 name the object”

([Object] appears on the screen...)
Software: [Child s name]! What 1s this?
(Child should respond “Squishy tov™

(If the child does not respond, the caregiver points at [object] on the screen)

Software: What is this?
(If the child still does not respond...)

Software: "Squishy Tov”, [Childs Name] say “Squisihy toy."

(If the child responds...)

Software: "Great job, [Childs Name]! Let 5 continue!"

(If the child did not respend...)
Software: "Great job, [Childs Name]!

(Software mowves on to the next goal and repeats this lesson the next day until the

child masters the goal.

Other Core Features of the Platform

Other corefeatures of the CognitiveBotics platform include the
following:

ILP progression: The software adjuststhelevel of difficulty
of the ILP based on the child's progress, providing
necessary assistance and notifications to parents and
therapists.

Personalization: Personalization isaunique feature, where
al learning goals are delivered in a personaized and
customized manner, tailored to the specific needs of each
child. During interactive sessions, the system personalizes
by using the child’'s name while asking the interactive
questions, drawing the child's attention.

https://neuro.jmir.org/2025/1/e70589
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Dashboard: A daily progress graph is displayed on the
child’s dashboard, which is accessible to both parents and
therapists, offering real-time insights into the child's
development.

Two-way communication: The software includes a fun
activity that detects and encourages body part interactions,
in addition to occupational therapy tasks, promoting overall
development from ayoung age.

Objective videos: Parents are empowered through videos
that outline the objectives of each task, enabling them to
actively participate in and support their child’s learning.
Data capture and progress tracking features. Aim to
automate monitoring and capture the child’s progress based
on key learning principles—attention, retention, and
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generalization, such as “eye gaze detection.” These data
are presented in a user-friendly format on a dashboard,
facilitating easy comprehension for both parents and
therapists.

Fidelity of Implementation Data

The fidelity of implementation was assessed via a multitiered
approach to ensure attendance to the session lessons. The
software has an automated session notification and progress
tracker to prompt parentsto compl ete assigned goal swithin the
learning plan. To progressto the next learning level, mandatory
successive mastering of goalsis required. This ensuresthat all
lesson components were completed as intended. Additionally,
therapist-led monitoring and follow-up callswere conducted to
monitor progress, reinforce engagement with the intervention,
and address any caregiver-reported concerns to ensure fidelity.

Caregivers underwent a structured training program on
reinforcement strategies aimed at ensuring consistency in their
interactions with the child beyond software-guided sessions.
This training equipped caregivers with evidence-based
behavioral techniquesthat align with the principles of ABA and
developmental learning models, such as immediate
reinforcement or reward systems. Furthermore, to encourage
parental involvement, caregivers were provided zero-fee
in-person therapy sessions at the center, on the condition their
child is actively engaged with the platform.

Lastly, software usage was collected at the back end, tracking
metrics such as log-in frequency, time spent on lessons, and
completion rates. This allowed the software programmer to
evaluate the platform utilization and adherence. Any deviations
from the lesson plans were brought to the attention of the
therapist. Together, these mechanisms ensured consistent
implementation and provided opportunities for timely
intervention when necessary.

Statistical Analysis

After completion of the study, the data were analyzed to
compare the effectiveness of the CognitiveBotics platform
between the intervention and control groups. For each group
and clinical assessment parameter, the mean scores and standard
deviationswere calculated at 2 stages: the start of the study (T1)
and the end of the study (T2). The mean change and percentage
mean change from T1 to T2 were a so computed. To determine
the statistical differences, the P values were calculated using
the Mann-Whitney U test, with a P value of <.05 being
considered as statistically significant.

Ethical Consider ations

This study was conducted in accordance with the study protocol,
the New Drugs and Clinical Trials Rules 2019 issued by the
Government of India, the ethical principlesthat havetheir origin
inthe Declaration of Helsinki (64th World Medical Association
General Assembly, Fortaleza, Brazil, October 2013), the
International Council for Harmonisation Good Clinical Practice,
and al applicable local regulatory requirements. The
investigators agreed to conduct the study according to the
principlesof the International Council for Harmonisation Good
Clinical Practice, as well as in accordance with the ethical
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principles that have their origin in the Declaration of Helsinki,
the protocol, and all national, state, and local laws or regulations.
Themedical care given to and medical decisions made on behal f
of study participantswere alwaysthe responsibility of aprincipal
(site) investigator. Each individual involved in conducting the
study was qualified by education, training, and experience to
perform his or her respective task(s).

Informed consent was obtained from the parents or lega
guardians of al participants. The study detailswere thoroughly
explained, including the study’s purpose and procedures and
the voluntary nature of participation. Parents were informed
that they and their children werefree to withdraw from the study
at any time, with no impact on their routine activities or any
other services received. As this study included human
participants, the collection of datafrom medical records, aswell
as software usage, it adheres to all ingtitutional ethical
guidelines. Ethical approval for this observational study was
obtained from the Ingtitutional Ethics Committee of the Rainbow
Children’'s Medicare (registration number
EC/RENEW/INST/2021/10510).

Before any collection of data, the study protocol, participant
information sheets, and informed consent formswere reviewed
and approved. The data were maintained throughout the study,
with all reports and communications relating to participants
being kept confidential. Names and other identifiable details
were removed, and al records were coded using unigque
identification acronyms. No images or video recordings of
participants are included in the manuscript. No monetary
compensation was provided to the participants or their families.
However, participants in both the intervention and control
groups received free access to the software platform, as well
compensation for travel expenses when coming to the center
for assessments.

Results

Participant Selection and Characteristics

The results of this study examine the impact and utility of the
CognitiveBotics platform for children with ASD over a
12-month observational period. Key outcomes focus on
guantitative measures of behavioral, developmental, and
language-based parameters. An intervention versus control
analysis was performed, organized by basdine (T1) and
end-of-study (T2), to ascertain the software’s impact across
multiplefunctional and developmental domains, namely CARS,
VSMS, DST, and REEL scores. This approach provided
structured insights into the software’s influence on each
parameter and allowed for comparative analysis of outcomes
over time.

Figure 4 illustrates the study’s recruitment and retention flow.
Of aninitial total of 88 enrolled participants, 43 completed the
study, while 35 continued to use the software for the entire
1-year duration, and 5 did not use the software but participated
in the 1-year follow-up assessments, and were categorized as
the control group. A further 3 participants were labeled as
outliersand were excluded from further analysis. Table 2 shows
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the key baseline demographic characteristics of the 40

Figure 4. Flowchart of participantsin the study.

Atturu et al

participants who completed the study.

Number of participants screened (n=88)

Number of participants
screen failure (n=1)

l

(n=87)

Number of participants enrolled

Number of participants
withdrawn from the study

Number of participants Outliers

(n=44)

»] that completed the study

(n=43) (n=3)

44 participants withdrawn
due to loss to follow-up

Number of participants who
used software

Number of participants who
did not use software (control)

—

(intervention) (n=35) (n=5)
Table. Comparison of baseline demographics of participants in the intervention and control groups.
Parameter and statistics Intervention (n=35) Control (n=5) Overal (n=40)
Age (years)
Mean (SD) 43.71(SD 15.48) 44.60 (SD 14.98) 43.83(SD 15.23)
Median 39.00 39.00 39.00
Quantile 31.50; 52.00 33.00; 54.00 31.75; 54.50
Range 25.00 - 87.00 31.00 - 66.00 25.00 - 87.00
Gender, n (%)
Male 33(94) 3(60) 36 (90)
Female 2(6) 2 (40) 4(10)
The participants in the intervention group were stratified into  challenges observed in social/emotional,

3 developmental groups based on chronological age:

«  Toddler group (n=12): children aged 2 - 3 years
«  Preschool group (n=15): children aged 4 - 6 years
«  School-aged group (n=8): children aged 7 - 8 years

The purpose was to assess theimpact of the intervention across
different developmental ages, considering variations in
cognitive, language, and socia skills.

Based on the study location, the majority of participants were
of South Indian descent and from families with a higher
educational background. All participants showed delays across
multiple developmental domains, necessitating structured
therapeutic intervention. Their academic skill levelsin reading,
writing, and mathematics were rudimentary, with significant

https://neuro.jmir.org/2025/1/€70589

language/communication, cognitive, and movement/physical
development.

I nter vention and Control Group—Based AnalysisUsing
Different Parameters

The study evaluated outcome measures in the intervention and
control groups across T1 (baseline) and T2 (12 months),
assessing CARS, SA, SQ, DA, DQ, and REEL scores.

Table 3 shows the outcome measures of 35 participants in the
intervention group, which were compared across T1 and T2.
For the CARS score, there was a significant decrease from 33.41
(SD 1.89) at T1 to 28.34 (SD 3.80) at T2, showing a mean
change of 5.07 and a percentage change of 15.18% (P<.001).
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Table. Comparison of outcome measures in the intervention group only at baseline (T1) and end of study (T2).

Parameters Intervention group (n=35)
T1% mean (SD) T2°, mean (SD) Mean change Mean change, % P value®

CARS 33.41(1.89) 28.34(3.80) 5.07 15.18 <.001
SAC 22.80 (7.33) 35.76 (9.09) 12.96 56.84 <.001
SQf 53.26 (11.84) 64.75 (16.12) 11.49 2157 <.001
DAY 30.93 (9.91) 45.31 (11.20) 14.38 46.49 <.001
DQ" 70.94 (10.95) 81.33 (16.85) 10.39 14.65 <.001
RLAI 22.09 (8.94) 34.51 (14.93) 12.42 56.22 <.001
ELAI 18.69 (8.52) 29.89 (15.60) 11.20 59.93 <.001

8T1: start of the study.

bT2: end of the study.

P value was calculated using the Mann-Whitney U test.
dCARS: Childhood Autism Rating Scale.

®SA: social age.

fSQ: social quotient.

9DA: developmental age.

hDQ: developmenta quotient.

IRLA: receptive language age.

IELA: expressive language age.

Inthe SA score, there was asignificant improvement from 22.80
(SD 7.33) at T1t0 35.76 (SD 9.09) at T2, with amean change
of 12.96 and a percentage change of 56.84% (P<.001).

In the SQ score, there was an improvement from 53.26 (SD
11.84) at T1to0 64.75 (SD 16.12) at T2, with amean change of
11.49 and a percentage change of 21.57% (P<.001).

In the DA score, there was an improvement from 30.93 (SD
9.91) at T1t045.31 (SD 11.20) at T2, showing a mean change
of 14.38 and a percentage change of 46.49% (P<.001).

In the DQ score, there was an improvement from 70.94 (SD
10.95) at T1t0 81.33 (SD 16.85) at T2, showing amean change
of 10.39 and a percentage change of 14.65% (P<.001).

https://neuro.jmir.org/2025/1/€70589

Inthe REEL score, the RLA showed asubstantial increasefrom
22.09 (SD 8.94) at T1to 34.51 (SD 14.93) at T2, with amean
change of 12.42 and a percentage change of 56.22% (P<.001).
Similarly, the ELA exhibited a significant increase from 18.69
(SD 8.52) t0 29.89 (SD 15.60), showing amean change of 11.20
and a percentage change of 59.93% (P<.001).

Table 4 shows the outcome measures of 5 participants in the
control group, which were compared across T1 and T2. For the
CARS score, there was a significant decrease from 33.90 (SD
1.24) at T1 to 30.30 (SD 3.68) at T2, showing a mean change
of 3.6 and a percentage change of 10.62% (P=.06).
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Table. Comparison of outcome measures in the control group only at baseline (T1) and end of study (T2).

Parameters Control group (n=5)
T1% mean (SD) T2°, mean (SD) Mean change Mean change, % P value®

CARSY 33.90 (1.24) 30.30 (3.69) 36 10.62 .06
SA® 21.41 (5.44) 32.60 (8.24) 11.19 52.27 .06
sof 49.13 (5.45) 58.77 (14.73) 9.64 19.62 12
DAY 28.30 (6.69) 41.00 (7.04) 12.7 44.88 .06
pQ" 65.60 (11.68) 72.97 (7.22) 7.37 11.23 19
RLAI 19.60 (7.13) 26.40 (9.53) 6.80 34.69 10
ELAI 16.80 (4.60) 23.60 (6.23) 6.80 40.48 .054

8T1: start of the study.

bT2: end of the study.

P valueis calculated using Mann-Whitney U test.

dCARS: Childhood Autism Rating Scale.

®SA: social age.

fSQ: social quotient.

9DA: developmental age.

hDQ: developmenta quotient.

'RLA: receptive language age.

JELA: expressive language age.

Inthe SA score, therewas asignificant improvement from 21.41 : :

g . Discussion

(SD 5.44) at T1to 32.60 (SD 8.24) at T2, with amean change
of 11.19 and a percentage change of 52.27% (P=.06).

In the SQ score, there was an improvement from 49.13 (SD
5.45) at T1to 58.77 (SD 14.73) at T2, with a mean change of
9.64 and a percentage change of 19.62% (P=.12).

Similarly, in the DA score, there was an improvement from
28.30(SD 6.69) at T1t041.00 (SD 7.04) at T2, showing amean
change of 12.7 and a percentage change of 44.88% (P=.06).

In the DQ score, there was an improvement from 65.60 (SD
11.68) at T1to 72.97 (SD 7.22) at T2, showing a mean change
of 7.37 and a percentage change of 11.23% (P=.19).

Inthe REEL score, the RLA showed asubstantial increasefrom
19.60 (SD 7.13) at T1 to 26.40 (SD 9.53) at T2, with a mean
change of 6.80 and a percentage change of 34.69% (P=.10).
The ELA exhibited an increase from 16.80 (SD 4.60) to 23.60
(SD 6.23), showing a mean change of 6.80 and a percentage
change of 40.48% (P=.054).

Overdl, the intervention group presented substantial
improvements across all outcome measures, particularly in
CARS, SA, and language scores (RLA and ELA), with the
majority of these changes reaching statistical significance. This
indicates that the platform may enhance social, cognitive, and
language outcomes in the intervention group. In contrast, the
control group of 5 participants showed positive changes but
with less significance and the changes were statistically weaker
across measures.

https://neuro.jmir.org/2025/1/€70589

Principal Findings

This study demonstrated that CognitiveBotics, an Al-powered
assistive technology, has made significant gains in
developmental and social parameters over the course of 12
months in children diagnosed with autism. Both parents and
therapists have reported minimal negative behavioral changes
while using the platform, including screen addiction and sleep
disturbances. Inintervention versus control analysis, therewere
significant improvementsin the intervention group, particularly
in those with higher baseline levels of functioning, underlining
the efficacy of the software in reducing autism severity and
enhancing developmental skills in children with ASD.
Accompanied by highly significant P values, the intervention
group showed an improvement in symptoms, aswell asmarked
enhancementsin social skills, developmental age, and language
abilities.

The CognitiveBotics software, like many other available
ABA-assistive technologies, was observed to have various
benefits and advantages specifically for individuals with ASD
[50]. Supported in laptops and tablets, the platform is commonly
available, affordable, and socially acceptable, making it an ideal
tool for parent-mediated interventions [51,52]. Using the
platform, parents played a crucia role in supporting their
children’s learning, observing better improvements compared
to the control group using only traditional therapy. The software
helps enhance attention span and motivation during learning
activities, offering engaging, interactive experiences that
increase children’s participation [53,54].
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Within a learning environment, the software increases
interaction and participation and improves the learning process
[55]. Additionally, the software provides real-time feedback on
key skills and is customizable to focus on individual needs,
similar to the benefits seen in the Picture Exchange
Communication System and other visual aids, texts, and sounds
[56,57]. The portability of the devices can alow parents to
provide learning at times when the child is most receptive,
despite the unavailability of therapists. Furthermore,
parent-implemented technologies can be the most readily and
affordably deployed, and such assistive technology enables
parents to offer the most opportunities for socia contact [58].
The software incorporates interactive games that improve
social-emotional functioning and behavior. The interactive
feature alowed the participants to recognize emotions, use
deconfliction strategies, collaborate with others, and address
issues like greeting known people like teachers or neighbors.
In a recent study, parents who used social skills programs
incorporating features similar to those in the CognitiveBotics
platform found significant improvements in social skills and
reductions in problematic behaviors, in contrast to those in the
control group [59].

There may be certain shortfalls with the use of ABA assistive
technologies, but as with any problem, there are solutions that
can overcome such shortfalls. The first area of concern is
increased screen time, possibly leading to restricted or repetitive
behaviors, lack of socializing, and concerns over metabolic and
deep disturbances [60,61]. In such circumstances,
CognitiveBotics has incorporated a preset screen time feature
of 20 minutes, after which the session concludes and takes the
user to the dashboard. It is also advisable to provide minimal
access in a group setting to reduce potential isolation [62].
Devices may also be misused to view passive content, in which
case supervised coviewing with parents is advised [63].
Furthermore, the choice of content has to be predetermined,
whereby highly interactive and engaging media is most
beneficial to the child as it promotes engagement, motivation,
and learning outcomes [64]. Another issue is the potential for
tantrums if the device is removed. As is the case in other
situations, when accessto preferred itemsisinterrupted, parents
and therapists should be trained to control such behaviors.

In recent years, there have been numerous studies on the
proposed use of tablets or computers in autism interventions.
A meta-analysis conducted by Sandbank et al [65], reviewed
252 separate trials examining the efficacy of technology in
autism interventions. The findings suggest an overal
improvement in social communication skills and reductionsin
difficult behaviors, particularly when used by parents. This
aligns with the intentions behind the CognitiveBotics platform,
which aimsto support individualswith autism and their families.
Furthermore, alow incidence of adverse events reported when
using such interventions supports adoption of the software in
both home and clinical settings.

Novack et al [66] conducted a study to assess the effectiveness
of mabile apps on the principles of ABA, particularly in
assessing the impact on the receptive language skills of
individuals. Randomized into an immediate-treatment or a
delayed-treatment control group, the resultsindicated significant
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improvements in receptive language skills in the former group.
However, the study had limitations, particularly with the absence
of psychometric parameters to assess outcomes. Although
improvements in receptive language skills were observed, the
study is incomplete. Our 12-month study demonstrated how
CognitiveBotics leverages Al to improve receptive language
skills, offering prolonged benefits using personalized
ABA-based interventions and addressing limitations in
traditional psychometric assessments. Another study aimed at
addressing socia engagement by using aproposed 3D complex
facial expression recognition system to recognize facia
emotions; it found that, in 3 weeks, users had a marked
improvement in identifying facial cues compared with the
control group, with surprise and shy expressions being the
easiest to identify [67]. Similarly, CognitiveBotics contains
activities that enable children to better recognize and respond
to social and emotional cues, significantly boosting their social
communication skills within a short intervention period.

A study conducted in Saudi Arabia assessed the effectiveness
of Al-driven apps in atraditional education setup. Apps such
as“My School” and “Alfaz” were chosen for their adaptive and
interactive content that aligned with the academic curriculum.
Participants who received 60-minute sessions twice weekly for
5 weeks showed significant improvementsin reading and math
skills compared to those in the control group [68]. Similarly,
our software incorporates real -time feedback, task adaptation,
and data-driven insightsto ensure that children receive targeted,
engaging, and effective support, ultimately enhancing their
cognitive and functional independence.

Lastly, ameta-analysis conducted by Moon et al [23] aimed to
review the effectiveness of mobile apps in the treatment of
individuals with ASD. After a review of 1100 randomized
controlled trials, only 7 studies were deemed suitablefor further
analysis, suggesting avery methodol ogical approach. Using the
Mullen Scales of Early Learning, the results favored the
intervention group, indicating a significant improvement in the
participants early learning and developmental outcomes
compared to control groups. Moreover, the analysis found
minimal heterogeneity (P>.10) across different studies or no
significant evidence of publication bias. Correspondingly, our
platform aigns with these findings by offering a
technology-based, interactive tool specifically designed to
enhance learning and developmental progress in individuals
with autism. With an emphasis on providing individualized
interventions that target key skills, CognitiveBotics uses
validated clinical parametersto monitor improvements, reducing
inaccuracies, similar to the studies highlighted in Moon's
analysis[23].

Limitations of the Study

Although evidence from our longitudinal study showssignificant
improvement in outcome measures for individuals with ASD
using the software, afew limitations haveto be discussed. First,
the small sample size of 40 participantsis acritical limitation,
suggesting inadequate generalization of the findings. However,
most studies regarding children with autism often face
challenges in recruiting adequate numbers of participants.
Limited research has explored effective strategiesfor efficiently
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recruiting participantswith ASD, achallengethat posesabarrier
to larger and more comprehensive studiesin this field [69].

Second, the participantswererecruited from asingle center and
predominantly came from literate and urban families. Such a
demographic is not representative of the entire population of
individuals with ASD, particularly in India. The benefits
observed in using the software may not translate to individuals
with a lower socioeconomic status or those located in rural
areas, who may face different challenges and have different
needs. Further studies should be conducted to include
participants from rural areas and various socioeconomic
backgrounds. This includes incorporating features that reflect
local languages and cultural sensitivitiesto ensure the software
isrelevant and effective for awider range of users.

Third, the study experienced a 59% attrition rate, which could
be attributed to several factors, including language barriers or
the demanding schedules of caregivers, which may havelimited
their ability to fully engage with the platform. Such high levels
of attrition are commonly observed in digital therapeutics for
mental health. Similarly, a recent meta-analysis found more
than half of the users discontinued using smartphone appsaimed
at treating depressive symptoms [70].

Finally, while randomized controlled trials are considered the
gold standard for assessing the effectiveness of interventions,
their feasibility in such a population remains chalenging. To
addressthis, future research should explore methodol ogies that
balance scientific rigor with practical implementation to further
validate the software’ s eff ectiveness among different subgroups.
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Conclusions

This 12-month study demonstrated that the CognitiveBotics
platform delivering parent-mediated i nterventions significantly
improved multiple developmental and social parameters in
participants. Furthermore, it highlights that these digital
technologies using audiovisuals, Al-based interactive games,
animation games, and chatbots have an attraction factor that
keeps the interest of children with ASD. Particularly, the
incorporation of Al into digital technology has been shown to
enhance social communication skills, especialy in younger
participants with learning difficulties, helping them reach their
specific learning objectives.

Most assistive technol ogies are not intended to satisfy the needs
of individualswith ASD asawhole, asthey have variable needs.
Despitebeing initsinfancy, such digital technologies have been
proposed to address the wide array of learning needs and work
on the core symptoms of ASD. Further research must be
conducted to include alarger number of children with different
levels of socia and developmental delays and ASD severity
along with regional, linguistic, and sociocultural variations.

In conclusion, the promising results of this study underscore
the potential of Al software interventions in revolutionizing
holistic support for children with ASD. As these technologies
continue to evolve, aligning the software not just to the needs
of the child but also to those of parents and therapists offers
hope for more personalized and effective strategies for not just
children on the autism spectrum but also al neurodiverse
children.
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Abstract

Background: Neuromodulation of the auricular branch of the vagus nerve using low-intensity focused ultrasound (LIFU) isan
emerging mode of treatment for anxiety that could provide a complementary or alternative treatment modality for individuals
who are refractory to conventional interventions. The proposed benefits of this technology have been largely unexamined with
clinical populations. Further research isrequired to understand its clinical potential and use in improving and managing moderate
to severe symptoms.

Objectives. Theaim of this study was to do a preliminary investigation into the efficacy, safety, and usability of the wearable
headset that delivers LIFU to the auricular branch of the vagus nerve for the purpose of alleviating anxiety disorder symptoms.

Methods: This study was a pre-post intervention study design for which we recruited 28 participants with a Beck Anxiety
Inventory score of 16 points or greater. Participants completed 5 minutes of treatment daily consisting of LIFU neuromodulation
delivered to the auricular branch of the vagus nerve. Participants did thisfor aperiod of 4 weeks. Assessments of anxiety symptom
severity (Beck Anxiety Inventory), depression symptom severity (Beck Depression Inventory), posttraumatic stress disorder
symptom severity (Post Traumatic Stress Disorder Checklist for the Diagnostic and Satistical Manual of Mental Disorders[Fifth
Edition]), and sleep quality (Pittsburgh Sleep Quality Index) were taken prior to starting treatment and weekly for 4 weeks of
treatment. Usability and safety were also assessed using an exit questionnaire and adverse event logging.

Results. After completing 4 weeks of LIFU neuromodulation to the auricular branch of the vagus nerve, the average Beck
Anxiety Inventory score decreased by 14.9 (SD 10.6) points (Cohen d=1.06; P<.001), the average Beck Depression Inventory
score decreased by 10.3 (SD 7.8) points (Cohen d=0.81; P<.001), the average Post Traumatic Stress Disorder Checklist for the
Diagnostic and Satistical Manual of Mental Disorders (Fifth Edition) score decreased by 20.0 (SD 20.5) points (Cohen d=0.94;
P<.001), and the average Pittsburgh Sleep Quality Index score decreased by 2.2 (SD 3.1) points (Cohen d=0.65; P=.001). Onthe
exit questionnaire, participants rated the treatment highly for ease of use, effectiveness, and worthiness of the time invested. Only
1 adverse event was reported throughout the entire trial, which was mild and temporary.

Conclusions: This preliminary study provided justification for further research into the efficacy, safety, and feasibility of using
LIFU to modulate the auricular branch of the vagus nerve and reduce the symptoms of anxiety, depression, and posttraumatic
stress disorder.

Trial Registration:

Clinical Trials.gov NCT06574971; https://clinicaltrials.gov/study/NCT06574971

(JMIR Neurotech 2025;4:e69770) doi:10.2196/69770

KEYWORDS
low-intensity focused ultrasound; auricular branch of the vagus nerve; anxiety; depression; posttraumatic stress disorder

(SNS) [3,4]. This sympathetic activation is adaptive in short

Introduction

Anxiety isthe “anticipation of rea or imagined future threat or
danger” [1], which manifests itself with a mix of emotional
signals, such as hyperarousal and panic, and physiological ones,
including increased heart rate, shortness of breath, sweating,
and chest pain [2]. The emotional and physiological responses
experienced with anxiety result from the activation of the
hypothalamus, which engages the sympathetic nervous system

https://neuro.jmir.org/2025/1/e69770

bursts and enables us to handle threats and stressors, but in
anxiety disorders, the SNS may be overly sensitive or
chronically activated, leading to distress and health challenges
over time [5,6]. Clinicaly significant anxiety symptoms are
disproportionate to the future threat, endure after it has passed,
and cause substantial distress or incapacitation [1,7]. The
etiology of anxiety disorders is complex, with heritability
ranging from 30% to 67% depending on the research study and
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anxiety disorder type [1]. However, trauma, chronic stress, and
other environmental factors play an important role in the
development of maladaptive anxiety [7].

The complex etiology of anxiety opens opportunities for
intervention at multiple pointsin the course of theillness from
avariety of disciplines. There are also several multidisciplinary
approaches that offer a more holistic care plan. The primary
goal of preventative strategiesisto lower the risk of developing
disordered anxiety responses prior to onset. Preventative
psychoeducationa interventionsfor adolescents and adults have
been shown to reduce the risk of anxiety onset [8] with small
to moderate effect sizes [1,8]; however, studies of these
interventions tend to end their follow-ups after only 9 months,
so the long-term stability of their benefits after intervention
completion is till in question [1]. Once an active anxiety
disorder has developed, psychotherapeutic treatments for it
range in intensity from self-guided programs to highly intense
weekly sessionswith alicensed therapist. Self-guided treatments
derived from evidence-based psychotherapies are more effective
than active controls but show smaller effect sizes than
therapist-guided programs [9]. Cognitive behaviora therapy is
widely considered to be the gold standard for anxiety disorder
treatment, particularly in adults, although Haller et al [10] found
mindfulness-based cognitive therapy and acceptance and
commitment therapy to be similar in efficacy. In recent years,
virtual psychotherapy modalities have emerged asacompromise
that balances the convenience of self-help approaches and the
rigor and guidance of a traditional in-person therapy session.
Thus, recent advances in telehealth have paved the way for
approaches that afford convenience and accessibility without a
loss of efficacy [11,12].

Pharmacotherapy is similar in efficacy to psychotherapy, and
both pharmacotherapy and psychotherapy are considered
first-line treatments for anxiety disordersin most standard care
plans[1]. Selective serotonin reuptakeinhibitors, serotonin and
norepinephrine  reuptake inhibitors,  benzodiazepines,
antipsychotics, and (-blockers are all used to treat anxiety.
Despite thiswealth of options, anxiety disordersremain chronic
and refractory to treatment in many individuals, with 15% - 40%
achieving less than 50% remission in symptoms [13]. Studies
of combinations of psychotherapeutic and pharmacological
approaches to anxiety treatment are sparse, leaving confusion
surrounding which combinations are most efficacious[1]. Taken
as a whole, while current neuraobiological and psychosocial
treatment approaches to anxiety disorders are sufficient for a
large portion of affected individuals, there is still a substantial
proportion of patients who would benefit from additional
treatment options.

Low-intensity focused ultrasound (L1FU) isan emerging mode
of treatment for anxiety that could provide an aternative
treatment modality. LIFU can stimulate or inhibit neural activity,
depending on the parameters of the energy applied to neural
tissue. Also referred to as acoustic neuromodul ation, the use of
LIFU to modulate the activity of neural structuresisapromising
method for noninvasive treatment of neurological disorders
[14]. While the majority of investigations featuring LIFU
neuromodulation have primarily focused on modulation of
neural structures within the central nervous system, disorders
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affecting the peripheral nervous system stand to benefit from
this powerful tool as well [15]. LIFU neuromodulation of the
peripheral nervous system is accomplished through a
nonthermal, noncavitation bioeffect produced by setting the
parameters to the intermediate intensity range. At intensities

between 1 and 200 W/cm?, ultrasound is able to noninvasively
and reversibly enhance periphera neural activitiesby activating
low-threshold mechanosensitive nerve endings, opening
mechanosensitive ion channels to evoke action potentials[15].
Ultrasound of intermediate intensity also enhances the neural
activity of peripheral nerve axons, leading to increased nerve
conduction velocities in both A- and C-type fibers, which is
likely caused by mechanical gating of other ion channels[16].
In addition, enhanced neural activity could be attributed to a
direct effect of acoustic radiation forces on the lipid-bilayer
neural membrane. Plausible mechanisms for this include a
transient capacitive current from rapid changes of local
membrane capacitance and transmembrane pore formation to
allow sodium and potassium ions to pass through [15,16].

The vagus nerve, also known as crania nerve X, isthe longest
cranial nerve and its branches enable the organsto adjust to the
demands of a person’sinternal state and external environment.
Thevagus nerveisaprimary component of the parasympathetic
nervous system, which, paired with the SNS, constitutes the
autonomic nervous system [4,17]. Normally, sympathetic and
parasympathetic nerve pathways act synergistically to create a
state of equilibrium appropriate to meet the demands of the
current internal state and external challenges. Disruption of the
balance of sympathetic and parasympathetic activity in favor
of sympathetic activity is one indicator of anxiety disorders
[4,18].

The many branches of the vagus nerve are increasingly seen as
pathways for promoting or restoring health and ameliorating
the physiologic unease that gives rise to anxiety and other
negative mental states [19]. The vagus nerve operates
bidirectionally, meaning states of homeostasis and calm can be
induced from the bottom up or the top down. The brain can use
cognitive strategies to dissipate states of bodily unease (top
down) or activate vagal nerve pathwaysto create psychological
comfort and a sense of safety (bottom up) [20]. In addition to
its role in regulating the parasympathetic nervous system, the
vagus nerve also projects to the amygdala and hippocampus,
both of which are important to extinction learning techniques
commonly used in the treatment of anxiety and posttraumatic
stress disorder (PTSD) [21,22]. Stimulation of the vagus nerve
can downregulate sympathetic activity, restoring visceral order
and psychological cam [23,24].

Early research into the clinical applications of vagus nerve
gtimulation (VNS) primarily centered on epilepsy and depression
[17], but the vagus nerve is an attractive target for antianxiety
therapies as well. In addition to its role in regulating the
parasympathetic nervous system, the vagus nerve also projects
to the amygdala and hippocampus, both of which areimportant
to extinction learning techniques commonly used in the
treatment of anxiety and PTSD [21,22]. Preliminary clinical
studies have demonstrated VNS's therapeutic applications to
treatment-resistant anxiety disorders [23] and long COVID-19
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symptoms[25]. Physiological changes as an effect of VNS are
alsowell knownintheliterature. Wittbrodt et al [26] discovered
that transcutaneous cervical VNS increased activation of the
anterior cingulate and hippocampus during exposureto traumatic
scripts. Lamb et al [27] found that transcutaneous auricular
vaga nerve stimulation (taVNS) improved respiratory sinus
arrhythmia and skin conductance during exposure to physical
and emotional stress. Bremner et a [28] found that
transcutaneous cervical VNS decreased inflammatory markers
and sympathetic tonewhileincreasing media prefrontal function
during exposure to trauma-specific and neutral stressors.

While VNS is traditionally done electrically, ultrasound’s
noninvasiveness and specificity make it ideal for VNS [29].
Ultrasound has been successfully used for vagus nerve
neuromodulation in rats [30] and for peripheral nerve [29] and
suborgan [31] stimulation in humans. With a recent study
showing the feasibility of transauricular VNS as an at-home
intervention [20,22], transauricular ultrasound VNS has emerged
as a noninvasive, yet potentially effective, at-home treatment
for the management of anxiety symptoms. In response to this,
we have developed a wearable headset with an ultrasound
transducer that delivers LIFU to the auricular branch of the
vagus nerve that can be used at home for treatment of anxiety
symptoms. The purpose of this study was to do a preliminary
investigation into the efficacy, safety, and usability of the
wearable headset that delivers LIFU to the auricular branch of
the vagus nerve for the purpose of alleviating the symptoms of
anxiety. Because depression [32] and PTSD [33] frequently
co-occur with anxiety, we also investigated the efficacy of
transauricular ultrasound VNS for aleviating the symptoms of
depression and PTSD in individuals with anxiety.

Methods

Study Design

Thiswas a pre-post-intervention study in which all participants
received theintervention daily, at home, for aperiod of 4 weeks.
The clinical trial is registered a ClinicaTrials.gov
[NCT06574971]. Informed consent was obtained from each of
the 28 participants prior to screening. All activities were
completed remotely and a ZenBud device with a user manual
and participant instructions was shipped to each participant’s
home. Participants completed 5 minutes of LIFU to theauricular
branch of the vagus nerve each day using the ZenBud device.
Treatment could be completed at any convenient time of day
and did not have to be completed at the same time every day,
as long as the treatment was completed within every 24-hour
period. Assessments were completed on the web on the day
before the first treatment session and then weekly. The final
assessment was completed on the day of the fina treatment
after the final treatment session. The battery of assessments
included 4 validated clinical outcome measures. Beck Anxiety
Inventory (BAI), Beck Depression Inventory (BDI), PTSD
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Checklist for Diagnostic and Statistical Manual of Mental
Disorders (Fifth Edition) (DSM-V) (PC5), and Pittsburgh Sleep
Quality Index (PSQI). The details of these assessments are
further described in the data collection section.

Participant Recruitment

Adults in the United States were recruited through web-based
social mediaadvertising mentioning astudy investigating anew
treatment for anxiety disorders. Interested individualsfilled out
a study registration form containing only contact information
and were then contacted by a member of the research team via
email with further details of the study and a link to sign the
informed consent. Upon completion of the informed consent,
candidates were then screened for inclusion and exclusion
criteriausing web-based questionnaires. Interested individuals
wereincluded if they scored 16 or higher onthe BAI, were older
than 18 years, and did not have any additional conditions that
were contraindications for VNS or ultrasound. Conditions that
were contraindicationsfor VNSincluded ahistory of vagotomy,
heart arrhythmias, schizophrenia, or rapid cycling bipolar
disorder. Conditions that were contraindications for ultrasound
included presence of a pacemaker, pregnancy, active cancer,
decreased sensation or open wounds in the ear, ear infection,
or metal implantsin or around the ear. A BAI score of 16 was
chosen as the cutoff threshold because a score of 16 or higher
inthe BAI classifiesan individual as having moderate to severe
anxiety symptoms [34]. We did not exclude individuals who
were receiving other treatments for their anxiety aslong asthe
treatment was not initiated or ceased within the past month.

A total of 100 individuals completed the interest form, 63 signed
theinformed consent and were screened, and 28 were enrolled
in the study. Each participant was assigned a unique identifier
code so that participant information could be managed in a
confidential manner throughout the study and the data could be
deidentified upon completion of the study. Only the principal
investigator and the study coordinator had access to the unique
identifier code assignments.

Ultrasound Device

ZenBud, the device used for this trial, is a proprietary
Conformité Européenne-compliant over-the-ear wearable
headset that was developed by NeurGear (Figure 1A and B).
The ZenBud delivers LIFU to the auricular branch of the vagus
nerve through severa layers of skin. The ZenBud is designed
to mimic a standard headset so that users can integrate the use
of the device into their routine with minimal effort and
discomfort. When the user plugs the ZenBud device into the
battery pack it immediately turnson. There is a hardware limit
in the circuitry so that the device shuts down after running for
29 minutes, limiting the duration of use. The ZenBud device
specifications include a center frequency of 5.3 MHz, a pulse
repetition frequency of 41 Hz, a duty cycle of 50%, and an
average intensity of 1.03 MPa.
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Figurel. (A) The ZenBud headset, powerpack, power brick, and bottle of gel. The ultrasound transducer is located in the round earpiece on the right
side of the headset. (B) The ZenBud device as depicted properly placed on amodel human head.

(A)

A detailed instruction manual was provided in the package with
every device. A copy of the manua is provided as Multimedia
Appendix 1. The participants were instructed to use the device
onceaday for 5 minutes unlessinstructed otherwise by ahealth
care professional. There were no stipulations set for the time of
day that treatment could be completed and participants were
free to choose a time that was convenient for them. For
step-by-step set up and use, participants wereinstructed to apply
apea-sized amount of the agua sonic gel to the blue part of the
devicelocated directly above the headset (Figure 2A), position
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the blue circular pad against the skin just above the ear cana
(Figure 2C), adjust the headset until they felt a moderate
pressure (without pain) just above the ear canal where the blue
circular pad was positioned (Figure 2B), and begin stimulation
by plugging the USB cable into the battery pack (Figure 2D).
Once the headset is plugged into the battery pack the device
starts working and a low humming noise can be heard. The
manual instructs users to listen for the humming sound to
indicate that the device is working properly.
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Figure 2. Images extracted from the ZenBud user manual depicting step-by-step setup and operation of the device. (A) Application of the ultrasonic
gel. (B) Placement of the headset with the headset located over the right ear. (C) Correct placement of the headset on the ear. (D) Treatment is started

upon inserting the USB cable into the battery pack.

—

(A)

Blue Circular Pad
should press here

Earbud inserts here

(C)

Data Collection

Assessments were done using a battery of 4 validated clinical
outcome measures. These were taken on the day beforethefirst
treatment session, weekly, and on the day of thefinal treatment
session after the final treatment session was completed. The
following 4 clinical outcome measures were used.

Beck Anxiety | nventory

TheBAIl isarating scale used to eval uate the severity of anxiety
symptoms in individuals aged 17 years and older. It contains
21 self-report itemsthat reflect common physiological symptoms
of anxiety such as numbness or tingling, feeling hot, and
trembling. Participants indicate how much they have been
bothered by each symptom, from “not at al” to “severely,’
using a4-point Likert scale. Theitem scores are then summed,
with possible scoresranging from 0 to 63. A total scoreof 0 - 7
is classified as minimal anxiety, 8 - 15 as mild, 16 - 25 as
moderate, and 26 - 63 as severe [35,36]. The BAI has a
Cronbach a value of 0.91, agood test-retest reliability (k=0.65,
95% CI 0.61-0.69), and correl ates moderately (Pearson r=0.51)
with the revised Hamilton Anxiety Rating Scale (HAM-A)
[34,35,37,38].
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Depression and anxiety are highly comorbid, with 60% of
patients with anxiety disorders also having depression [32].
Long-term activation of the stress response may explain this
overlap [39], implying that inhibiting overactivation of the stress
response may alleviate depressive symptoms in addition to
anxiety and stress. The BDI-1l isavalid and reliable self-report
measure for depression that quantifies depressive symptoms
over the last week [40]. For each of the 21 items, respondents
are asked to choose the statement they most agree with out of
a group of 4 choices. Each statement corresponds to a score
ranging from O to 3 and total scores range from O to 63
[35,41,42]. The scores are classified as minima depression
(O - 13), mild depression (14-19), moderate depression (20-28),
and severe depression (29-63) [38,41]. The BDI is positively
correlated with the Hamilton Depression Rating Scale with a
Pearson r of 0.71, showing good agreement. The test was also
shown to have a high 1-week test-retest reliability (Pearson
r=0.93), suggesting that it was not overly sensitive to daily
variations in mood and high internal consistency (0=.91)
[38,41].
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PTSD Checklist for DSM-V (PCL-5)

Whilethe DSM-V does not classify PTSD asan anxiety-related
disorder, both PTSD and anxiety disordersinvolve dysregulation
in neural structures dealing with fear, arousal, and anticipation
of future threats [33]. Thus, thereisreason to believe that VNS
simulation could be beneficia for PTSD-related symptoms. The
PCL-5 is a sdlf-report questionnaire that helps assess the
presence and severity of PTSD symptoms. The PCL-5 can be
used to screen for PTSD, assist in making a provisional
diagnosis, and monitor symptoms over time[43] . The measure
asks participantsto rate how much they were bothered by certain
PTSD symptoms over the past month on a 5-point Likert scale
ranging from “not at all” to “extremely” [44]. Total scoresrange
from 0 to 60 and scores ranging from 31 to 33 are widely
accepted asthe cutoff for diagnosing PTSD [45]. In asystematic
review of PCL-5 validation studies, Forkuset a [45] concluded
that the full 20-item version showed good to excellent internal
consistency across studies (Cronbach a values ranging from
0.83 to 0.97) and acceptable temporal stability (correlations
>0.60) across time points within 1 - 5 weeks of one another.
Scores were also moderately to highly correlated with other
measures of PTSD as well as measures of anxiety, depression,
suicidal ideation, and sleep.

Pittsburgh Sleep Quality I ndex

Anxiety and sleep disturbance are frequently co-occurring [46]
such that sleep disturbanceisaD3SM-V criterion for generalized
anxiety disorder. Studies have found correlations between BAI
scores and subjective sleep quality among college students [47],
indicating that measuring sleep quality could provide insight
into the burden of anxiety on well-being. The PSQI isavalidated
and widely used global measure of sleep quality [48,49]. It
comprises 19 self-report items and 5 items to be reported by a
sleeping partner, but the 19 self-report items are commonly
used on their own in research contexts[50]. The different items
call for responses in different formats (bedtimes, number of
hours, Likert scales, etc), thus the instrument is scored with the
use of 7 component scores that are summed for 1 total score
ranging from O to 21 [48]. The original creators of the PSQI
found that ascore of 5 or greater differentiated between “ good”
and “poor” deepers, with asensitivity of 89.6% and a specificity
of 86.5% [48]. Research since has generally supported the
validity of this cutoff. Mollayeva et al [49] did a meta-analysis
of the psychometric properties of the PSQI and found that it
showed acceptable internal reliability for within-group
comparisons across studies (Cronbach a values ranging from
0.70 to 0.83). They also found that intraclass correlations for
PSQI scores across timepoints met the cutoffs for use in
within-group comparisons (0.70 or greater) [49].

Exit Survey

In addition to the clinical outcome measures, participants also
completed an exit survey on thefinal day of thetrial. Thissurvey
asked questionsregarding overall satisfaction with the treatment,
impact on daily functioning and quality of life, ease of use,
symptom improvement, side effects, and how quickly effects
from the treatment were perceived to be felt. The purpose of
this questionnaire was to provide further insight into the
perceived experiences of the participants during the treatment
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period, which is important information for full and complete
understanding of the treatment’s impact.

Adverse Event Tracking

Adverse events (AEs) and device deficiencies were documented
and categorized in accordance with 1SO14155:2020. These AEs
were documented based on reports provided by the participants
through email or on the exit survey. The investigators closely
tracked the AEs and their resol ution throughout the study. Each
AE was categorized by type and seriousness according to the
definitions provided in 1SO14155. Whether an AE was related
to the device or procedureswas also distinguished. All available
detailsfor each AE were recorded in the participant case report
forms, including relationship to the investigational device,
severity (mild, moderate, or severe), onset date, resolution status,
any action taken, and if there were any sequelae. For the
causality assessment of all AEs, the MDCG 2020-10/1 guideline
was followed. This guidance is specifically aimed at severe
adverse events; however, it was extrapolated to all AEsfor this
study.

Accordingto MDCG 2020-10/1, causal relatednesswas defined
as an AE associated with the investigational device beyond
reasonable doubt. Probably device-related was defined as having
a relationship with the use of the investigational device that
seems relevant or the event cannot be reasonably explained by
another cause. “Possibly device related” was defined as having
arelationship with the use of theinvestigational devicethat was
weak but cannot be ruled out completely. “Not device related”
was defined as an event not having atemporal relationship with
the device or not following a known response pattern to the
device. The AEs were then further classified into mild,
moderate, or severe categories. Mild severity AEs correspond
to awareness of easily tolerated and mildly irritating signs or
symptoms, with no or minimal loss of time from normal
activities; these symptoms are transient and do not require
therapy or amedical evaluation. Moderate cases are events that
introduce a low level of inconvenience or concern to the
participant and may interfere with daily activities; moderate
experiences may cause some interference with functioning.
Severe cases are events that substantialy interrupt the
participant’'s normal daily activities and generally require
systemic drug therapy or other treatment; these events are
usually incapacitating.

Statistical Analysis

The primary and secondary end points of the study are
thoroughly described in the “Data Collection” section. These
end pointsincluded pre- to posttreatment changes from baseline
to the end of treatment at 4 weeks for the BAI as the primary
end point and the BDI, PCL-5, and PSQI as secondary end
points. Baseline scores were defined as the BAI, BDI, PCL-5,
and PSQI scores on the first day of treatment, prior to the first
treatment session. The within-group analyses were based on a
per-protocol estimand and tested with paired 2-tailed t tests,
where the normality assumption was confirmed with the
Shapiro-Wilk test and o value was set to .05. The effect sizes
reported in this paper are based on Cohen d and calculated as
the mean score at the end of treatment minus the mean score at
baseline, divided by the pooled SD for the 2 scores. The use of
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per-protocol estimand ensured that the changes in outcome
measureswithin each treatment arm were reflective of scenarios
where the participants used the treatment as directed and thus
included only the participants who were compliant to treatment.
Theusage criteriafor inclusion in the per-protocol analysiswas
set at 5-29 minutes of treatment per day 6-7 days per week
across the intended 4-week treatment period. There were only
2 missing scores, 1 in week 2 and 1 in week 3. Because these
data are atime series that exhibits atrend line and the number
of missing valueswasvery small, these werefilled using alinear
interpol ation between the score from the previous week and the
score from the following week. There was no missing baseline
or final scores.

To determine the appropriate sampl e size a power analysis was
performed assuming adependent t test with a significance level
of 5%, power of 80%, and moderate effect size of 0.6 between
pairs. This gave us a necessary sample size of 25 participants.
Accounting for a potential dropout rate of 20% gave us atarget
sample size of 30 participants. All analyses were performed
using GraphPad Prism 10.3.0 (507; Dotmatics).

Ethical Consider ations

Ethical approval for this trial was obtained from the
WIRB-Copernicus Group (WCG) institutional review board
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(reference no. 20233919), and the study was conducted in
compliance with the principles outlined in the Declaration of
Helsinki. Signed and documented informed consent was
obtained from all participants prior to starting the study. For
their time, participants were given a US $25.00 Amazon gift
card.

Results

Study Participants

Between October 22, 2023, and October 2, 2024, 100 individuals
completed the web-based interest form (Figure 3). A total of
63 participants consented to the trial, with 26 of these not
satisfying the criteria of having a BAl score of 16 or greater, 4
not responding to requests to complete the screening
guestionnaire, and 1 not responding to requestsfor confirmation
of their shipping address. A total of 32 participants were shipped
adevice, with 3 of these not responding to requeststo complete
the baseline assessments and 1 participant failing to respond to
requests to take the reassessments after week 2. In total, 28
participants completed al LIFU sessions and weekly
assessments (28/32, 87.5%). Data for all 28 participants who
completed the trial areincluded in the analysis.
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Figure 3. Flowchart of study participants through the trial.
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The average age of the participants was 48.1 (SD 15.6) years.
The group was heavily weighted toward women, with 22 women
and 6 men. The National Institutes of Health reports that
generalized anxiety affects approximately 2.7% of American
adults, with women experiencing the disorder at a higher rate
(3.4%) versus men (1.9%), making the fact that the sample
contained a higher percentage of women areflection of actual
population distributions. The self-reported average duration of
time suffering with anxiety was 16.5 (SD 11.8) years. There
were also 8 participants currently receiving treatment for their
anxiety and 20 who were not receiving any treatment.

Beck Anxiety Inventory

After 4 weeks of treatment with the ZenBud, the average BAI
score decreased by 14.9 (SD 10.6) points from 26.5 (SD 12.5)

https://neuro.jmir.org/2025/1/e69770
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Completion rate (n=28 of 32), 87.5%

to 11.5 (SD 11.1) (Figure 4). This change in score was both
statistically significant (P<.001, 2-tailed dependent t test) and
clinically meaningful. While there is no consistently defined
definition of clinical improvement for the BAI, based on the
categorical definitions of severity for the scores, there was a
great deal of progression into decreased severity levels of
anxiety throughout the treatment period. As seen in Figure 5,
at the start of the study, 22 participants had BAI scores in the
moderate or severe anxiety ranges and only 6 participants had
BAI scoresinthemild or minimal severity ranges. After 4 weeks
of using the ZenBud, 22 participants had BAI scores into the
mild or minimal severity rages, and only 6 participants had
scores in the moderate or severe ranges. In terms of Cohen d,
the effect sizewas large at 1.06.
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Figure 4. The progression of Beck Anxiety Inventory scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual
participant. The thick line represents the group mean.
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Figure 5. Categorical movement across degrees of severity based on the Beck Anxiety Inventory (BAI) definitions. At the start of the study, 20
participants had BAI scores in the moderate or severe anxiety ranges and only 6 participants had BAI scores in the mild or minimal severity ranges.

After 4 weeks of using the ZenBud, 20 participants had BAI scores into the mild or minimal severity ranges, and only 6 participants had scoresin the
moderate or severe ranges.
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Beck Depression Inventory

After 4 weeks of treatment with the ZenBud, the average BDI
score decreased by 10.3 (SD 7.8) points from 24.2 (SD 10.5)
t0 13.9 (SD 12.6) (Figure 6). Similar to results seen for the BAI,
this change in score was both statistically significant (P<.001;

Kohler et al

2-tailed dependent t test) and clinically meaningful. A 17%
reduction in scoreon the BDI isconsidered clinically meaningful
[3]. Based on this definition, as seen in Table 1, 71.4% (20/28)
of participants demonstrated a clinically meaningful reduction
in score by the end of the tria. In terms of Cohen d, the effect
sizewas large at 0.81.

Figure 6. The progression of Beck Depression Inventory scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual

participant. The thick line represents the group mean.
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Table. Thenumber of participantswho experienced clinically significant reductionsin Beck Depression Inventory scorefollowing 4 weeks of treatment

with the ZenBud.

Degree of score change

Participants, n (%)

Clinical decrease
Nonclinical decrease

Nonclinical increase

20 (71)
5 (18)
3(11)

Post Traumatic Stress Disorder Checklist for the
DSM-V

After 4 weeks of treatment with the ZenBud, the average PCL -5
score decreased by 20.0 (SD 20.5) pointsfrom 38.8.8 (SD 18.0)
t0 18.8 (SD 18.9) (Figure 7). Similar to results seen for the BAI
and BDI, this change in score was both statistically significant
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(P<.001; 2-tailed dependent t test) and clinically meaningful.
A 10-point reduction in score on the PCL-5 is considered
clinically meaningful [43,51]. Based on this definition, as seen
in Table 2 , 71.4% (20/28) of participants demonstrated a
clinically meaningful reduction in score by the end of thetrial.
In terms of Cohen d, the effect size was large at 0.94.
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Figure 7. The progression of PCL-5 scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual participant. The thick

line represents the group mean.
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Table. The number of participants who experienced clinically significant reductionsin PCL-5 score following 4 weeks of treatment with the ZenBud.

Degree of score change

Participants, n (%)

Clinical decrease
Nonclinical decrease
Nonclinical increase

Clinical increase

20 (71)
3(11)
4 (14)
1(4)

Pittsburgh Sleep Quality Index

After 4 weeks of treatment with the ZenBud, the average PSQI
score decreased by 2.2 (SD 3.1) points from 12.1 (SD 3.2) to
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9.9 (SD 3.2) (Figure 8). While this change in score was
statistically significant (P=.001; 2-tailed dependent t test), it
was not clinically meaningful. In terms of Cohen d, the effect
size was medium at 0.65.
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Figure 8. The progression of PSQI scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual participant. The thick

line represents the group mean. PSQI: Pittsburgh Sleep Quality Index.
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Satisfaction and Acceptability

After the final treatment and assessment, battery participants
completed an exit survey asking questions regarding satisfaction
with the treatment, acceptability, and quality-of-life impact.
When asked about satisfaction with ease of use, 89.3% (25/28)
of participants responded with very satisfied or satisfied (Figure
9A). In addition, 82.1% (23/28) of participants reported that
they would continue using the deviceif offered the opportunity
(Figure 9B). When asked whether the treatment was worth the
timeinvested inthetrial, 82.1% (23/28) of participants strongly
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agreed or agreed that the time invested was worth it (Figure
9D). When asked about the impact on quality of life, 78.6%
(22/28) of participants reported that the treatment somewhat or
greatly impacted their quality of life (Figure 9E). When asked
how long it took to feel initial effects, 53.6% 15/28) of
participants noticed effectsin lessthan 1 week and 32.1% (9/28)
felt initial effects by 1 week (Figure 9C). When asked whether
they would recommend the treatment to someonewith asimilar
condition, 75.0% (21/28) of participants responded with very
likely or likely (Figure 9F).
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Figure 9. Results of the exit survey. (A) Responses of the participants when asked “How satisfied were you with the ease of using the device?’ (B)
Responses of the participants when asked “Would you continue using this device for treatment?’ (C) Responses of the participants when asked “How
quickly did you fed the effects of the ZenBud device during your trial?’ (D) Responses of the participants when asked “Do you feel the device was
worth the time invested in the trial?’ (E) Responses of the participants when asked “How did the device impact your overall quality of life?" (F)
Responses of the participants when asked “How likely are you to recommend this device to others with similar conditions?.”
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Only 1 AE was reported throughout the duration of the trial.
On the exit survey following completion of the 4 weeks of
treatment, 1 participant reported that the treatment would make
them feel jittery for ashort period of time afterward. This effect
was short-lived and classified as a mild AE that was probably
devicerelated. The participant reported that this side effect was
not enough of an effect to make them stop treatment or drop
out of the study. Overall, the high satisfaction rates as described
in the “ Satisfaction and Acceptability” section combined with
the low rate of AE support a strong benefit-to-risk profile for
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the ZenBud. However, this study was done with asmall sample
size and these results need to be further validated with alarger
sample size.
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Discussion

Principal Findings

The main objective of this study was to provide preliminary
evidence of the efficacy, safety, and usability of the ZenBud
for treating symptoms of anxiety in humans. Overall, the study
represents one of the first clinical trials supporting the safety,
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patient tolerability, and efficacy of using LIFU to the auricular
branch of the vagus nervefor thetreatment of anxiety symptoms.

Among the 28 participants, 92.9% (26/28) demonstrated
improvements in anxiety symptoms, 89.3% (25/28)
demonstrated improvements in depression symptoms, 82.1%
(23/28) demonstrated a reduction in symptoms of PTSD, and
65.5% (18/28) demonstrated improvements in sleep quality
after 4 weeks of treatment. The average score reduction on the
BAI wasclinically meaningful at 14.9 points (SD 10.6, P<.001;
2-tailed dependent t test), reflecting a general movement from
severe anxiety symptoms to mild [35,36]. The average score
reduction on the BDI was clinically meaningful at 10.3 points
(SD 7.8, P<.001; 2-tailed dependent t test), which was a 42.6%
decreasein score, far greater than the 17% clinically meaningful
threshold [3]. The average score reduction on the PCL-5 was
clinically meaningful at 20.0 points (SD 20.5, P<.001; 2-tailed
dependent t test) [43]. It is aso noteworthy to mention that the
PCL-5 is commonly used to determine whether an individual
meets a provisional diagnosis of PTSD and requires further
assessment to confirm the diagnosis. The cutoff score for
meeting the criteriafor aprovisional PTSD diagnosisis31 - 33.
Based on using a cutoff score of 32, at the start of the study 18
partici pants exceeded the threshold scorefor aprovisional PTSD
diagnosis. Upon compl etion of the study, 14 of these participants
(77.8%) had dropped their score below the threshold score of
32 and no longer met the requirements for a provisional PTSD
diagnosis. The average score reduction on the PSQI was 2.2
(SD 3.1, P=.001; 2-tailed dependent t test) which, while
statistically significant, was not clinically meaningful, indicating
that the improvements in anxiety, depression, and PTSD
symptoms did not carry over into improved sleep quality. The
effect sizes were also large for the BAl (Cohen d=1.06), BDI
(Cohen d=0.81), and PCL-5 (Cohen d=0.94) indicating that the
observed score improvements were substantial enough to have
ameaningful impact beyond just statistical significance.

The extent of improvement in anxiety, depression, and PTSD
observed in this study is comparable with the clinically
meaningful results reported in other clinical trials featuring
noninvasive VNS as a treatment intervention. Srinivasan et a
[52] conducted arandomized controlled trial of taV NS with 60
retired schoolteachers who had been diagnosed with anxiety
during the COV1D-19 pandemic. The participantsdid 30-minute
sessions 4 times per week (16 total sessions) and demonstrated
significantly greater reductions in Generalized Anxiety
Disorder-7 (GAD-7) scoresand salivary cortisol levelscompared
with control group participants. Zhang et al [53] investigated
the effect of taVNS on anxiety symptomsand neural functioning
in 30 individual s with Parkinson disease and anxiety compared
with 30 controls with no anxiety. They treated patients with
Parkinson disease with taVNS for 2 weeks and measured
progress using the HAM-A and nerve activation in the bilateral
prefrontal cortex during averbal fluency task. After 2 weeks of
taV NS treatment, the group demonstrated a significant decrease
in HAM-A scores (P<.001) and increased activation of the left
triangle portion of the inferior frontal gyrus. Ferreiraet al [54]
treated college students with chronic anxiety with a week of
taVNS. Immediately postintervention and 2 weeks
postintervention the students demonstrated substantial reductions
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in pain perception, Beck Anxiety Inventory scores, and masseter
activation. Rong et al [55] treated 91 patients with mild to
moderate depression with taVNS for 30 minutes twice a day
for 12 weeks. Upon completion of treatment the average
reduction in score in the 24-item Hamilton Depression Rating
Scade (HAM-D-24) was both statistically significant and
clinically meaningful, the responder rate was 80%, and the
remission rate was 39%. In our study, we saw similar resultsin
only 4 weeks, making an investigation into longer treatment
periods with LIFU an important area of future research.

The results of this study are also consistent with the results of
studies investigating the use of transcranial focused ultrasound
(tfUS) targeting the amygdala for the treatment of generalized
anxiety disorders. Mahdavi et al [56] recruited 25 participants
with treatment-refractory generalized anxiety disorder and
treated them with tfUStargeting the right amygdalafor 8 weekly
10-minute sessions. The results showed an average reduction
in BAI score of 12.88 (SD 10.42) points and an average
reduction in HAM-A scores of —12.64 (SD 12.51). Chou et al
[57] recruited 30 healthy individuals and compared activation
of the amygdala, hippocampus, and dorsal anterior cingulate
cortex during afear task after treating them with active or sham
tfUS targeting the left amygdala. They found decreased
activation of the amygdala (P=.04), hippocampus (P=.05), and
dorsal anterior cingulate (P=.02) in the active tfUS group when
compared with the sham. They also found decreased
amygdala-insula (P=.03) and amygdala-hippocampal (P=.01)
resting state functional connectivity and increased
amygdala-ventromedial prefrontal cortex (P=.05) resting state
functional connectivity.

Limitations

While the results of this study are optimistic, this study was
preliminary and suffersfrom several limitations. Thisstudy did
not feature a control group, making it impossible to quantify
the possibleimpact of aplacebo effect or distinguish the specific
effects of the ZenBud device from other factors that may have
influenced the results. The lack of a control group also limits
the ability to directly compare the efficacy of the ZenBud with
other interventions. Other than participant reports, there was
also no objective way of determining the exact amount of time
the device was used by each participant. While the majority of
participants were not receiving treatment during the study, there
was no control over concurrent therapeutic modalities
participants were receiving. The lack of control for these
additional therapies may have influenced the results, making it
difficult to attribute the observed effects exclusively to the
ZenBud device. Further research with larger sample sizes,
control groups, control over concurrent treatment modalities,
and physiological measurements needs to be done to validate
these findings and further negate the possibility of placebo
effects.

Conclusions

Thispreliminary study provided justification for further research
into the efficacy, safety, and feasibility of using LIFU to
modulate the auricular branch of the vagus nerve and reduce
the symptoms of anxiety, depression, and PTSD. Given the
wide prevalence of anxiety disorders, depression, and PTSD,
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and the shortfalls of current treatment options, this novel patient outcomes and continued research is warranted.
treatment approach has potential to meaningfully improve
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Abstract

Background: Migraine is a debilitating neurological condition often impacting the quality of life and resulting in physical,
emotional, and socia burdens. Pharmaceutical interventions are the conventional treatment for migraine; however, behavioral
interventions provide safe alternatives. Both mindfulness meditation and neurofeedback are behavioral interventions that have
been separately studied for migrainetreatment. To date, no studies have investigated neurof eedback-assi sted mindful ness meditation
for migraine treatment and prevention.

Objective: The objective of our study was to document the experiences of individuals with migraines who participated in an
8-week neurofeedback-based mindfulness meditation intervention as part of arandomized controlled trial.

Methods: Semistructured interviews were undertaken with 10 participants (7 female and 3 male participants) aged 23 to 55
years who had previously completed an 8-week neurofeedback-based mindfulness meditation program using Muse wearable
sensory headbands as part of arandomized control trial. The interview data were analyzed using reflexive thematic analysis.

Results: Participants spoke to 3 categories of experiences:. the positive impact of neurofeedback-based mindfulness meditation
on migraine experiences, enhanced well-being and improved quality of life resulting from the intervention, and the benefits and
drawbacks of incorporating a portable electroencephal ogram technol ogy into mindfulness meditation practices in the context of
migraine treatment. In total, 9 participantsfelt that their ability to manage migraine symptomswas improved, and all participants
expressed benefits beyond migraine prevention and pain management. Participants also spoke to the interconnectedness of
migraine symptoms, daily stressors, and the framing of lived experience.

Conclusions:  Notably, as the first study to evaluate the experiences of individuals with migraines using an at-home,
neurofeedback-based mindfulness meditation intervention, this investigation adds to our understanding of nonpharmaceutical
migraine treatment. Participants reported that this neurof eedback-based mindfulness meditation intervention improved migraine
management, leading to significant reductions in pain intensity, migraine frequency, and medication use. They also described
improved quality of lifeand emotional regulation related to thisintervention, which they attributed to enhanced attentional control
and body awareness. Thisresearch supportsthe consideration of neurofeedback-based mindfulness meditation interventionsusing
emerging technologies, such as wearable electroencephalogram devices, as an accessible behaviora intervention for migraine
management.

(JMIR Neurotech 2025;4:e68369) doi:10.2196/68369

KEYWORDS
migraine; mindfulness; meditation; neurofeedback; behavioral intervention; mobile health; qualitative; headache

: with emotional and social burdens, including mood disturbances,
Introduction social isolation, anxiety, and challenges in work, family, and
Background social contexts [5-8]. Migraine is one of the 2 leading causes

Migraine, a debilitating neurological condition, manifests as
recurrent attacks of moderate to severe pul sating head pain that
is often localized to one side of the head and can last hours to
days[1-3]. Symptomsinclude nausea, vomiting, and sensitivity
to light and sound [2-4]. It is estimated that 14% of theworld’s
population and 8.3% of Canadian people experience migraine
[3], negatively impacting quality of life and interfering with
activities of daily living [2,5,6]. It is also frequently associated

https://neuro.jmir.org/2025/1/e68369

of years lived with disability in high and middle
sociodemographic index countries and one of the 5 leading
causes of years lived with disability globally, with an average
prevalence in 2016 of 1.04 hillion [9].

Prescription and over-the-counter medications are the
conventional abortive and preventive treatments for migraine
[10]. Unfortunately, these medications come with negetive side
effects such as dizziness, drowsiness, nausea, and the risk of
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devel oping medi cation overuse headaches—classified asoveruse
of therapeutic medi cation leading to chronic headache symptoms
in individuals prone to migraine [10-13]. Behavioral migraine
treatments such as neurofeedback and mindfulness practices
may offer safe and effective alternatives or complements to
medication [14,15].

Mindfulness-based practices involve purposefully directing
one’s attention to the present moment and the experience of
various sensory, emotional, and cognitive eventswith an attitude
of nonjudgment, curiosity, and acceptance [16-18].
Mindfulness-based interventions are popular and effective
behavioral interventionsfor migraine[19]. Quantitative, mixed
methods, and qualitative studies have reported significant
decreasesin migraine pain intensity [20,21], frequency [4], and
medication use [22] associated with these interventions. In a
recent unblinded trial, participants reported reduced monthly
migraine days and acute medication use after a 10-day
mindfulness meditation retreat [23]. A longitudinal study by
Grazzi et a [24] argued that mindfulness-based treatmentswere
comparable in effectiveness to prophylactic medication use
among individual swith medication overuse headachesin terms
of headache frequency and medication intake. The psychosocial
benefits of mindfulness meditation are also evident among
individuals with migraine, including reduced migraine-related
disability [23-25], improved quality of life [26], and increased
pain tolerance [27].

While effective, mindfulness meditation has a few limitations
as a treatment for migraine. Mindfulness meditation is a
time-intensive intervention; research suggests that an effective
“dose” requires adaily practice of 20 minutes or more[10,28].
Individuals with migraine may also struggle to access trained
educators and service providers or to locate evidence-based
resources to develop effective mindfulness meditation skills
[29]. The plethoraof resources avail ableto consumers, coupled
with the intangible nature of mindfulness meditation practice
and difficulties documenting skill progression (particularly
among beginners), can also serve as barriers to successfully
implementing mindfulness meditation to treat migraine pain
[30]. Researchers also note that a lack of clarity around ideal
dosage patterns, session durations, delivery methods, and
responder characteristics continues to hamper this treatment
approach [4].

Neurofeedback involves observing real-time displays of brain
activity (typically using an electroencephalogram [EEG]) and
learning how to alter one's brain activity to achieve a calmer
state [28]. Widely used in clinical practice for migraine [19],
review papers have noted a relationship between EEG-based
neurofeedback programs and improvements in migraine
frequency, pain intensity, and indicators of disease burden, such
asfatigue and anxiety [31,32]. Recent quasi-experimental studies
have also reported significant reductions in pain [33], stress,
and anxiety [34] aswell asimproved dleep quality inindividuals
with migraine[35] related to neurofeedback. Moreover, studies
have suggested that clients using both neurofeedback and
medi cation are more successful in reducing migraine frequency
compared to those using medication alone [34].

https://neuro.jmir.org/2025/1/e68369
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However, existing research has been limited by high protocol
heterogeneity [36], and review studies suggest that it is unclear
which neurofeedback protocols would best suit particular
patients with chronic pain [31]. Conseguently, scholars
recommend integrating neurof eedback with other interventions,
like relaxation training or mindfulness meditation, mainly
because the integration of such techniquesis shown to regulate
cortical activities, resulting in an improved headache experience
[37,38]. Neurofeedback-assisted meditation regimes are seen
as promising approaches to address neurofeedback delivery
heterogeneity [39]. However, research in this area is limited.
Although a meta-analysis by Darling et a [40] provided
moderate support for the use of neurofeedback-assisted
relaxation training in treating migraine conditions in pediatric
patients, the included studies were limited, in that few studies
were  migraine-specific  and were dated [40].
Neurofeedback-assisted meditation training for migraine in
adults remains largely unexplored.

Theuse of neurofeedback for migrainetreatment isalso limited
by various pragmatic challenges, including the availability of
trained service providers and specialized equipment and notable
time demands. Effective sessions take up to an hour at atime,
and treatment protocols include numerous weekly visits over
the course of several months [19,41]. Thus, it can be a costly
and time-consuming treatment option. Further, high treatment
heterogeneity and patient training protocols and objectives that
are arguably even more intangible than those associated with
mindful ness-based practices (focusing on the breath is slightly
more concrete than modulating one’s brain activity) represent
additional barriersto effectively implementing this therapeutic
approach [30,31,36].

In short, mindfulness meditation and neurofeedback are both
thought to benefit people with migraine and may have additive
value when used together as an alternative or complement to
medication. However, the success of these treatments depends
on regular practice, access to trained instructors, and
evidence-based information, and in the case of biofeedback,
regular use of specialized equipment [15,42,43]. Financia costs,
time constraints, and accessissues represent significant barriers
to the widespread use of behavioral migraine interventions.
Despite widespread recommendations for combining their use
and optimism over the efficacy of combined protocols, no
studies to date have investigated the use of mindfulness
meditation with neurofeedback in treating adults with migraine.
Further, thereislittle consensusregarding best practicesin using
neurofeedback, mindful ness meditation, or acombined protocol
to treat migraine or which patients might benefit most from
these interventions. Although rapidly evolving portable
technologies are making behavioral interventions more
accessible to people with migraine, additional research on user
expectations, experiences, and preferences, clinical outcomes,
and best practices is needed to better appreciate whether these
technol ogies are meeting the needs and health objectives of the
diverse migraine experience.

This Study

Thisstudy ispart of abroader program of research on theimpact
of at-home neurofeedback-assisted mindfulness meditation on
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the migraine experience. At-home neurofeedback-assisted
mindfulness meditation facilitates learning through guided
ons and feedback on brain states and encourages treatment
adherence through records of session history and progress in
attaining meditative states over time [44]. In doing so, this
at-home intervention has the potential to address access issues
and overcome some of the limitations of standalone
consumer-grade neurofeedback or mindfulness meditation
[19,30,31,36]. In this retrospective qualitative study, we
interviewed individuals with migraine who had completed an
8-week  neurofeedback-based  mindfulness  meditation
intervention using a portable system for neurofeedback
mindfulness training as part of a randomized controlled trial
[45]. Qualitative investigations are increasingly being used to
complement RCTs and provide a deeper understanding of
i ntervention experiences, acceptability, meanings, and processes
[46,47]. Inline with this, the aim of this study was to ascertain
how adults with migraine experienced an at-home
neurofeedback-assisted mindfulness meditation practice, its
perceived impact on migraine symptoms, and how it affected
their daily lives and coping. We also explored how this
intervention impacted participants’ quality of life and ability to
complete activities of daily living. Participants were queried
about the benefits and limitations of theintervention and whether
they had continued engaging in mindfulness meditation with
neurofeedback after the intervention period. In what follows,
we delineate the process of making sense of the experiences of
individual swith migrainewith an at-home neurofeedback-based
mindful ness intervention.

Methods

Ethical Considerations

This study was approved by the Human Ethics Research Board
at the University of Saskatchewan (REB 1987). All participants
provided informed written consent prior to data collection.
Participants were informed of their right to withdraw from the
study at any time throughout the trial. To protect participant
privacy, all data were deidentified, stored on secure,
password-protected servers, and accessible only to authorized
research personnel. After data collection, participants received
a debriefing summary outlining the study’'s purpose and
procedures. As compensation for their time and participation,
individuals were alowed to keep the portable neurofeedback
devices used during the study.

Participants

Participants were recruited from alarger group of 64 individuals
with migraine who had participated in a study of the effects of
a neurofeedback-based mindfulness meditation intervention
with Muse on migraine severity, migraine disability, headache
management self-efficacy, and comorbid psychiatric disorders.
This group consisted of adults with either a migraine diagnosis
or headache symptoms that met the International Classification
of Headache Disorders [1] criteria for migraine disorder who
had smartphone and internet access. Of these, 33 completed a
neurofeedback-based mindfulness meditation task, and 31
completed an attention control task. Exclusion criteriaincluded
having started a new preventive medication within the last 6
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months [48], comorbidity of Raynaud syndrome or diabetes,
and previous engagement in meditation practices (ie, regular
meditation sessions exceeding 60 minutes per month).

Those in the meditation condition underwent a 56-day
intervention that involved using the Muse system once a day.
Daily sessions started with the syncing of the headband to the
Muse app and the calibration of the headband technology. Next,
participants undertook 1 of 10 guided introductory, instructional
mindfulness meditation recordings available in the Muse app,
each lasting 2 - 3 minutes (consumed in order for the first 10
days and then based on participant preference thereafter). These
recordings provided instructions for how to sit for meditation
and how to monitor, accept, or influence bodily sensations,
breath, emotions, or thoughts. Next, participants used the
immersive soundscape function for a 10-minute unguided
meditation session with neurofeedback. In this neurofeedback
session, different auditory cues within the Muse app indicated
active, neutral, or calm brain states. Based on this auditory
feedback, participants used the specific mindfulness meditation
skillsthey learned in the instructional recording to pursue more
cam brain states (indicated by the auditory feedback). At the
end of these sessions, participants were provided with a report
of the percentage of time spent in different brain states (active,
neutral, or calm) according to the EEG data. All activitieswere
undertaken within the free version of the Muse app, and all
participants reported having completed all daily sessions.

Additionally, participants completed detailed questionnaire-style
migraine headache diaries on the web each time they
experienced migraine symptoms throughout the intervention
period. These diaries queried information related to the onset
(such as the time they noticed indicators of an oncoming
migraine and migraine expectation—if they could predict the
onset of migraine based on symptoms or triggers), nature (such
as peak intensity, average intensity, and disability for the day),
duration of pain (such as the time attack started and finished),
participants’ emotiona state during these symptoms (such as
stress, anxiety, irritability, happiness, sadness, anger, boredom,
relaxation, and poor concentration), possible triggers (such as
dietary, deep, hormonal, environmental, physical, stress, and
stress letdown), and any treatment techniques used to manage
symptoms (such as resting in a quiet dark place, taking
over-the-counter medi cine, massaging the scalp, applying acold
compress, and drinking herbal tea).

For this study, participants who had completed the
neurofeedback-based mindful ness meditation intervention with
the Muse system were invited to undergo additiona
semistructured interviews regarding their experiences of this
intervention. Interview data served as the basis of an
interpretative phenomenological investigation [49] into how
adults  with  migraine  experienced an  at-home
neurofeedback-assisted mindfulness meditation practice.
Potential participantswere contacted by email, and no additional
inclusion or exclusion criteria were applied. The first 10
individuals who agreed to participate were interviewed by the
first author (TL). All current participants identified as White,
and the majority were female participants (n=7). Ages ranged
from 23 to 55 years, with amean age of 32.6 (SD 9.59) years.
With regard to employment status, 7 participants indicated that
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they were students, homemakers, or volunteers, 1 noted they
were unemployed or retired, and 2 chose not to answer. Though
small, this sample sizeis consistent with the goal s and purposes
of interpretative phenomenological analysis[49].

Data Collection

Semistructured interviews were conducted with participantsin
December 2022. All interviews were conducted over Zoom
(Zoom Video Communications), lasted between 20 and 70
minutes, and explored experiences of neurofeedback and
mindfulness meditation with Muse. Participants were asked
about the intervention’s effects on their migraine symptoms,
migraine frequency, coping mechanisms, quality of life, and
activities of daily living. Participants were also asked about the
influence of Muse on their meditation experience, their
perceptions of the strengths and limitations of the system, and
their intentionsfor future use of the Muse system and meditation
techniques learned during the study. Interviews were audio
recorded and subsequently transcribed by thefirst author (TL).
Information on migraine and headache frequency was collected
from participants before the intervention, with migraine
frequency (monthly) ranging from 0.00 to 9.33, with an average
of 3.09 (SD 2.89), and headache frequency (monthly) ranging
from0.33t0 11.67, with an average of 4.42 (SD 5.22). Thetime
(months) between the end of the officia intervention period
and the interview ranged from 8.00 to 13.57 (mean 9.4, SD
4.54).

Data Analysis

Per the 6 steps of reflexive thematic analysis outlined by Braun
and Clarke [50,51], the authors first familiarized themselves
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with the data. Data were then assessed for patterns (codes) of
manifest and latent meanings using an inductive or bottom-up
approach (though researchers’ interpretations of the data were
invariably influenced and nourished by their familiarity with
existing literature). Codes were then assessed for recurring
patterns and developed into a preliminary map of codes and
themes, with themes representing a higher level of abstraction
and codesfitting within one or more themes. Thismap wasthen
refined in an iterative process of returning to the data and the
literature and generating clear and precise theme descriptions
aswell asmore abstract categories and more specific subthemes.
The final step involved integrating these experiences into a
cohesive structure that conveyed the relationship between
categories, themes, and subthemes and the essence of the data
asawhole.

Results

Overview

In sharing their experiences of neurofeedback-based mindfulness
meditation using the Muse system, participants broadly spoke
to 3 categories. the positive impact of mindfulness meditation
with Muse on migraine experiences, enhanced well-being and
improved quality of liferesulting from the intervention, and the
benefits and drawbacks of incorporating Muse technology into
mindfulness meditation practices in the context of migraine
treatment. In what follows, we elaborate on participants
experiences according to these 3 categories of information.
Table 1 summarizes the key findings of the study, detailing
categories, themes, and subthemes.
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Table. A summary of key findings.

Levinton et d

Category and theme

Subtheme Values, n (%)

Positive impacts on migraine experience

Improved migraine management and
prevention

Improved migraine management and
prevention

Improved migraine management and
prevention

Transforming the experience of mi-
graine
Transforming the experience of mi-
graine

Transforming the experience of mi-
graine

Enhanced well-being and improved quality of life

Improved psychoemotiona well-
being

Enhanced social relationships

Establishment of healthier daily
routines

Enhanced appreciation for halistic
health

Fewer migraine-related disruptions
to daily life

Perceived benefits and drawbacks of the portable EEGP device

Benefits of meditation with a
portable EEG device

Benefits of meditation with a
portable EEG device

Drawbacks of the portable EEG de-
vice

Drawbacks of the portable EEG de-
vice

Drawbacks of the portable EEG de-
vice

Drawbacks of the portable EEG de-
vice

Reduced frequency of migraine 6 (60)
episodes

Improved ability to prevent severe 9 (90)
intensity migraine pain

Better able to cope with acute mi- 9 (90)
graine symptoms

Reduced fear of migraine pain 5 (50)
Feeling more empowered 7 (70)
Developing amore constructiveun- 9 (90)
derstanding of migraines

_a 8(80)
— 7 (70)
— 6 (60)
— 9(90)
— 4 (40)
Session-tracking promoted adher- 9 (90)
ence

Live EEG datawere helpful indevel- 10 (100)
oping a meditation practice and

tracking personal progress

Technological and instrumental 10 (200)
challenges

Live auditory neurofeedback alerts 8 (80)
were distracting

Perceived incongruencies between 8 (80)
meditation experiences and EEG

records were frustrating

The headband was uncomfortable 5 (50)

during active migraine symptoms

3ot available.
bEEG: @ ectroencephal ogram.

The Positive Impact of Mindfulness M editation With
Muse on Migraine Experiences

Intotal, 9 of 10 participants reported significant improvements
intheir migraine experiences related to the neurof eedback-based
mindfulness meditation intervention. These improvements
included enhanced migraine management and prevention
capacitiesaswell as positive shiftsin the experience of migraine.

https://neuro.jmir.org/2025/1/e68369

Improved Migraine Management and Prevention

In total, 9 participants reported that neurofeedback-based
mindfulness meditation with Muse improved migraine
management and prevention by reducing the frequency of
migraine episodes (6/10), enhancing their ability to prevent
severe-intensity migraine pain (9/10), and providing effective
strategiesfor coping with acute migraine pain (9/10). Speaking
broadly to decreases in episode frequency and intensity,
Participant 4 noted: “since |’ve done that practice [ mindfulness
meditation], 1I've had less frequent migraines ... [and] my
migraines—they’re not as bad as they used to be.”
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Participants largely attributed reduced migraine frequency and
intensity to reductionsin psychological stressand accompanying
bodily tension through mindfulness meditation with Muse
(9/10). Speaking of the relationship between stressand migraine
attacks, Participant 9 explained that learning to calm the mind
and relax the body on an ongoing basis served to reduce
migraine frequency: “[The intervention] helped me, like, deal
with outside stress.... like [ | experienced] lessstressin general ”
Many (7/10) also noted that the increased interoception
(awareness of internal body signals) they developed as aresult
of this practice increased their awareness of early signs of an
impending attack and improved their ability to identify possible
triggers (including poor posture, certain repetitive motions,
muscletension in certain areas, prolonged immobility, stressful
experiences, inadequate seep, and dietary behaviors). In the
words of Participant 3:

You can go by without even realizing where your pain
is or what’'s going on in your body. So that was an
opportunity for meto do that at least once a day, and
just get that centering. And | think that helped me
become more aware of my body in general, of some
of the triggers that brought out a migraine.

By avoiding such triggers or taking preventative action at the
earliest signs of migraine, participants felt that they were able
to effectively reduce the frequency of “full-blown” migraine
attacks (characterized by moderate to severe intensity pain;
7/10). For example, Participant 8 described how becoming
attuned to early warning signs of an impending migraine and
prophylactically redirecting their attention while engaging in
mindful breathing allowed them to prevent several migraine
episodes. “I could ... stop my migraine without painkillerswith
diverting my attention ... | was like, take a deep breath, think
about something else, and it was gone, and it never started that
day.” Participant 7 similarly explained how mindfulness
meditation, in combination with the headache diary, allowed
them to better identify and avoid migrainetriggers, thusreducing
the frequency of their occurrence: “1 started to kind of notice
thetriggers more. Especially when | was doing those [migraine
diaries] ... | would notice ‘okay, this could be stressful, or this
could give me aheadache’, and | would just stop.”

These same factors (global reductions in psychological stress
or bodily tension, increased awareness of specific triggers, and
becoming more attuned to bodily signs of impending migraines)
were also considered central to participants' sense of being
better equipped to recognize early warning signs and initiate
early behavioral responses that either prevented or reduced the
intensity of the migraine attack. For example, by removing
themselvesfrom sources of agitation and initiating prophylactic
pharmaceutical treatment, Participant 4 felt that they were able
to prevent high-pain episodes and return to a state of wellness
more quickly: “Before [theintervention] migrainewould [mean
| was] done the whole day ... | would just shut off from the
world until it stopped. [Now], | take that break, and | focus on
myself and ... then the pain reduces.” Participant 9 similarly
noted experiencing fewer high-intensity migraines since
developing these skills: “the severity has been less.”
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In addition to reflecting on enhanced prevention efficacy, 9
participants al so described using mindful ness meditation (with
or without the Muse system) as a means of coping with acute
migraine pain. Coping refersto voluntary thoughts and behaviors
mobilized to manage internal and external stressful situations
[4]. For example, Participant 7 described using mindfulness
meditation with the Muse system outside of scheduled
intervention sessions to cope with acute migraine pain: “it
help[ed] with decreasing the pain ... when | meditated ... it sort
of overtook that [migraine] pain.” Participants proposed various
theories about how mindfulness meditation was ableto diminish
migraine pain. Intotal, 7 participants attributed thisameliorative
effect to enhanced attentional control and the ability to divert
one's atention away from physica pain. For example,
Participant 10 noted: “[For pain management], | would try to
refocusjust on my breath. So, | wasn’t thinking about anything
except for the breath.” Participant 4 similarly described how
the intervention taught them to divert their attention away from
migraine pain to achieve relief: “I ... interrupt the pain or focus
on something else [mantra and breath] and divert that pain ...
[to] have some temporary relief.”

Additionally, 5 participants noted developing the ability to
separate themsel ves from embodied experiences of pain, known
as psychological decoupling (mechanism of disengaging the
physical aspects of pain from the emotional aspects of pain,
leading to a reduced experience of distress through
nonattachment [4]). Psychological decoupling leadsto the ability
to refocus attention, allowing individuals to experience lower
pain through replaced focus, as Participant 1 noted: “letting go
of ... [tensions] that are causing you pain ... removing yourself
from, like, the experience of having pain ... aform of relaxing
... distancing myself from the stimulus of the pain.”

Finally, 8 participants felt that the pain-reducing capacity of
mindful ness meditation wastied to its ability to promote a state
of profound psychological and physical relaxation. Participant
4 noted that the practice helped to “relax the brain” and reduce
muscle tension in ways that diminished migraine pain.
Participant 1 similarly explained that mindfulness meditation
was about “letting go” of the many tensions “that are causing
you pain.”

As the participants developed and refined migraine prevention
and pain management techniques throughout the intervention
period, 6 participants reported reducing their use of
pharmaceutical painkillers. Participant 5 noted that since the
intervention, their “first jumpisn’t to the medication” anymore,
further explaining that “1 didn’t take any medication because it
didn’'t even occur to meto takeit ... [during amigraine] | laid
back down and ... | did my breathing [mindfulness meditation
technique].” In addition, Participant 2 stated: “Once | got used
to the meditation and kind of knew how I liketo do it, and what
kind of environment | like to be in, | would kind of reach for
almost that instead of going to a medication.”

Emboldened by alternative coping and pain management
strategies, 3 participants spoke about delaying medication intake
to seeif they could manage the episode without pharmaceuticals.
Participant 7 described: “if it's not as severe or | didn’t think it

JMIR Neurotech 2025 | vol. 4 | e68369 | p.131
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR NEUROTECHNOLOGY

would be as severe, | would take less. Or | would try first [to
manage the pain] without it.”

Overall, the participants perceived the intervention as helpful
for reducing migraine frequency and pain intensity through
enhanced stress management, interoception, awareness of
triggers, and earlier intervention. They aso noted that
neurofeedback-based mindfulness meditation benefited acute
coping through enhanced attentional control and psychological
decoupling. Thus, most participants felt that the intervention
had improved their migraine symptoms and coping efficacy.
AsParticipant 3 noted, learning new prevention and pain control
strategies* helped me be ableto copewithit [migraine], beable
to understand it, and navigateit alittle bit better than | used to.”

Transforming the Experience of Migraine

In total, 9 participants described qualitative changes to their
experiences and understandings of migrainethat they associated
with mindfulness meditation with Muse. As they learned to
better predict, prevent, and cope with migraines throughout the
intervention, theseindividuals described a reduced fear of pain
(5/10), an increased sense of personal empowerment in living
with migraines (7/10), and developing more constructive
understandings of migraines (9/10). Living with an
unpredictable, treatment-resistant, and debilitating chronic
illness can be very stressful. As Estave et a [9] explained, part
of the distress implicit in living with migraine and headache
conditions is the anticipatory anxiety (AA) that comes with
wondering when a migraine will occur, how painful and
debilitating it might be, and whether it will respond to
interventions.

Although none of the participants described meditation with
Muse as having prevented all migraine attacks or fully
eliminated migraine pain, many noted that developing even
limited efficacy in preventing and treating migraines using
mindfulness meditation reduced AA and increased feelings of
self-efficacy in managing these conditions. In total, 5
participants described worrying less about the possibility of
developing a migraine. For example, Participant 4 described
how being better able to manage migraine pain through
meditation practices helped dissipate alot of the anxiety around
possible episodes: “ That dread went away ... | knew that | could
try something different to divert it ... like ‘oh, I’'m going to get
it [migraine pain] but it's not going to be that bad or | can do
different thingsto mitigate it.””

Participant 2 similarly described how feeling more capable of
managing this condition reduced the sense of living with a
wholly unpredictable and uncontrollable body: “[It is a] mind
over body kind of thing, like | have the power to control my
brain and so now that | am more attuned to it [the state of mind
and body], | feel like | could kind of control how | was feeling
... | now had something [mindfulness meditation] that would
help me feel better, that | knew helped me feel better.”

Though al participants acknowledged that migraine symptoms
would be an ongoing part of life, 7 participants noted that the
sense of being able to effectively engage in some level of pain
control and management reduced the fear around impending
episodes. Thissense of having even amodest degree of influence
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over the body and its symptoms not only reduced AA but also
transformed individual s with migraine from passive survivors
into active agents of their own well-being. Speaking about this
developing sense of personal agency, Participant 7 stated, “it
felt empowering—that | was somehow in control [of my
migraines).”

In total, 9 participants described how becoming more attuned
to embodied distress and environmental migrainetriggersaltered
their perspective on migraine pain. As they grew more aware
of the connections between migraine pain and a host of
environmental, relational, and lifestyle stressors, these
individuals came to understand migraine pain as an embodied
signthat lifewas not in balance. Participant 3 noted, “[1 started]
seeing [migraine pain] lessasan intrusion in my life, and more
so0 as part of my life, or at least an expression of something
going on in my life” In doing so, these individuals recast the
body and its pain asinformants and alies, capable of providing
important insight into personal well-being and warning the
individual about the need to slow down or re-establish balance.
Continuing, Participant 3 explained: “I didn't feel that the
meditations directly reduced my pain, but it affected how |
related to that pain.”

Enhanced Well-Being and I mproved Quality of Life
From the Intervention

In speaking about how mindfulness meditation with the Muse
system influenced their daily lives, al participants described
benefits beyond migraine prevention and pain management.
Participants reported that mindfulness meditation with Muse
benefited their psychological well-being, interpersonal
relationships, work performance, and daily habits. In total, 8
participants noted general improvementsin their psychological
and emotional well-being asaresult of mindfulness meditation,
including reduced stress, a decrease in intrusive thoughts, an
enhanced ability to achieve physical and mental relaxation,
global improvements in mood, and greater energy, focus, and
motivation throughout the day.

In total, 7 participants also reported that engaging in
neurofeedback-based mindfulness meditation using the Muse
system benefited their relationships and support systems.
Participant 7 reported that participating in the intervention
increased the visibility of prevention and coping efforts and
occasioned more family conversations about migraine: “the
kids became more aware of that [living with migraine] ... [that
I] sometimes ... get sick.” Participant 2 noted that the practice
aided in emotional regulation, leading to fewer relationship
difficulties: “1 think definitely on the dayswhere | did meditate
... thoughts are clearer ... [| could] get my, like, point acrossin
discussions ... if | forgot to meditate ... | did fedl like | would
get more confrontational.”

Intotal, 6 participants also felt that theintervention hel ped them
establish healthier routines and s eep-wake cycles. For example,
Participant 1 noted how getting up each day to complete the
meditation exercise: “I would do the meditations every day ...
first thing in the morning and so that ... helped build a better
structure in my day that otherwise wouldn’t have been there.”
Alternatively, participants who added mindfulness meditations
to their evening routines felt that it helped them to relax and
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prepare for sleep in ways that benefited sleep hygiene and
quality. Participant 2 noted that it “helped me go to sleep ...
brings my brain down to like the normal speed ... [makes] the
end of the day ... feel like the end of the day ... and then Sleep
would come, like, in amore natural sense.” Regardless of when
participants meditated, the practice of taking 10 minutes each
day to check in with the body, experience aquiet moment alone,
and engage in a process of relaxation was deemed beneficial
by all but 1 participant. Aside from any specific benefits to the
migraine experience or one's cognitive, emotional, or social
well-being, the mindfulness meditation i ntervention encouraged
participants to spend a few moments engaging in “self-care”
each day. As Participant 7 noted, the mindfulness meditation
“provided a bit more different routine ... something to look
forward to ... sometimesthat’s all you need to just kind of, like,
relax.”

Often, discussions of the intervention’s benefits incorporated
interrelated aspects of mind, body, and wellness. Participant
10, for instance, noted that the practice benefited his migraine
symptoms, stress levels, and chronic muscle tension:
“[Mindfulness meditation] would give me some relief overall,
not just with migraines, but also with stress ... | have alot of
tension in my upper shoulders and neck area as well as my
glutes, and ... everything relaxed more.” Importantly, these
diverse benefits were often said to have an interactive, additive
effect, given theinterconnectedness of mind, body, environment,
and circumstances. In discussing such interactions, 9 participants
spoketo a“ positive domino effect,” wherein proximal outcomes
of checking in with and becoming more attuned to mind and
body stateslead to distal outcomes of positive lifestyle changes
to improve mind and body states [4]. For example, 9 described
how attending to the state of their minds and bodies during
mindfulness meditation with live biofeedback led to sobering
realizations about routine stress experiences and the inability
to separate mind and body. Participant 9 expressed how they
noticed “how stressed | was when | would approach the
meditation ... | think, like, just being more cognizant of like
how my body wasfeeling [during the meditation] ... in response
to my mind was realy huge” Such realizations prompted
numerous lifestyle changes intended to eliminate or reduce
chronic stressors, including reducing media consumption,
stepping back from stressful activities, and seeking out restful
activities in the evenings. Participant 7 noted, “I think
[mindfulness meditation] really helped with kind of controlling
the environment that might actually contribute to [migraine].”
Here, meditation draws awareness to stress states and spurs
practical life changes that subsequently benefit migraine
symptoms by reducing daily stress and exposure to triggers. In
such cases, mindfulness meditation with the Muse system hel ped
individuals with migraine to appreciate the interpenetration of
mind, body, and experience and spurred the pursuit of ahealthier
lifestyle.

Participants also described how an increased ability to prevent
and manage migraine pain reduced disruptionsto everyday life,
allowing them to perform better at work and fulfill commitments
in their personal lives. For instance, 4 participants noted that
increased awareness of migraine triggers enabled them to
optimize their work schedules and avoid taxing experiences
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throughout the day, thereby reducing absences and increasing
performance. Participant 7, for example, described undertaking
more strenuous work tasks at the beginning of the week and
reducing responsibilities asthe week wore on to avoid triggering
weekend migraines. Fewer disruptions to activities of daily
living meant that participants not only felt more in control of
daily life but also experienced less worry, frustration, and guilt
and thus reduced their ongoing exposure to stress-related
migraines. As Participant 5 noted, areduction in the frequency
of migraine episodes led to fewer missed days at work:
“Normally | would probably have ... two to three pretty bad
ones that | would actually have to miss work for ... and I've
only missed one day of work for migraine [since beginning the
intervention].”

In this sense, mindfulness meditation helped to disrupt a
negative loop, wherein the activity limitations of chronic pain
increased everyday stress, which subsequently increased
migraine frequency. Speaking about how enhanced pain
management allowed them to complete activities of daily living
and avoid the psychoemotional strain of unfinished projectsand
unmet obligations, Participant 7 noted: “ meditating helped with
decreasing the headache, then, of course, automatically, | would
be better at concentrating and fulfilling that [work and life
tasks].” Participant 5 similarly noted how mindfulness
meditation left them feeling more driven and optimistic, which,
in turn, allowed them to access socia supports and leisure
activities that increased their quality of life: “my motivation
levels have increased significantly ... [I have] the energy to ...
get through some stuff [after-work activities] ... that isavisible
change from before [the intervention].” Here, we see how
enhanced pain prevention and management benefited daily
quality of life in ways that reduced global stress and daily
disruptions, reducing exposure to migraine triggers. In short,
throughout the course of the intervention, pragmatic coping
skills, personal insights, and lifestyle changes interacted in
dynamic ways to enhance the quality of life of participants.

In addition, neurofeedback-based mindfulness meditation not
only improved migraine experiences for the majority of
participants but also benefited the quality of lifefor individuals
with migraine. These dual benefits were not independent but
rather interacted in complex waysto benefit participants. Where
meditation helped with pain contral, it facilitated activities that
increased the quality of life. Where quality of life improved,
reduced stressors and experiences of migraine-related guilt and
shame were thought to help prevent the onset of agitation-related
migraines. A notable exception here was Participant 6, who
reported no benefits from the intervention. In discussing this
outcome with the interviewer, Participant 6 attributed the lack
of therapeutic benefit to the“random” nature of their migraines,
noting that dailly hassles, psychological overwhelm, and
embodied agitation were not related to the onset, severity, or
duration of their migraines. They were convinced that
mindfulness-based interventions would only be effective for
stress-based migraines and described entering into the study
without any expectation of positive benefit. We return to the
significance of this casein the discussion. In what follows, we
consider how participants understood the role of Muse
technology in these positive outcomes.
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Per ceived Benefits and Drawbacks of I1ncorporating
Muse Technology in Mindfulness M editation in the
Context of Migraine Treatment

Partici pants reported the benefits and drawbacks of incorporating
live EEG feedback via Muse into their mindfulness meditation
sessions. Participants largely spoke to the benefits of 2 Muse
features. First, al except Participant 6 found the session-tracking
feature beneficial for motivating adherence. Participant 1 noted,

“the thing | really liked about [Muse™] was that ... you got an
objective recording that you did the thing.” Participants found
seeing the record of completed exercises within the Muse app
to be rewarding, sort of like a“a place to put the check mark”
or an “objective recording that you did the thing” (Participant
1). Second, all participants found the live EEG data helpful for
developing their meditation practice and tracking progress over
time, such as how often and how long they meditated. For
example, Participant 3 explained how the data on their mental
activity provided objective documentation of apracticethat can
be difficult to monitor:

| think it's easier to deny ... or pretend that I’'m not
in a moment of frenetic [ mental] activity or thinking
[without neurofeedback]. | can just tell my mind to
be quiet and then think that I’m quiet whereas the

Muse™ neurofeedback—it’ s tracking something very
different, not what I’ m saying to myself, but my actual
brain waves ... it provided a different perspective on
my being while | was meditating. | thought that was
really helpful.

The EEG data offered valuable insights into their capacity to
attain a meditative state, insights that could not necessarily be
obtained through interoception alone. Participant 4 echoed this
sentiment, finding the live EEG data helpful for making
meditation practice more tangible and in so doing, easier and

more enjoyable to learn: “[The Muse™ EEG data] helped
improve the experience because you could understand what
happened at those certain times [when the mind was more
active], and you could work to correct it, make it better, or do
what you need to do to maybe limit that issue” Without this
neurofeedback, participants felt they would struggle to notice
fluctuationsin brain activity and track their progress over time.

Participants also reported negative aspects of meditation with
the Muse device. Theseincluded technological and connectivity
issues (eg, intermittent interruptionsto the Bluetooth connection
or inability to successfully pair the Muse device with the
smartphone app), distraction and frustration related to EEG
outputs, and headband discomfort. Technological and
instrumental challenges were reported by all participants. Such
issues were noted to be distracting and frustrating. Participant
5, who received a replacement band, explained, “when
technology doesn’'t work it does hinder your ability to fully
focus and enjoy the process” Connectivity issues not only
detracted from the mindfulness meditation sessions but aso
threatened to dissuade consumer engagement altogether. As
Participant 2 noted, it “takestime out of ... the meditation.”

Interestingly, while all participants reported that the summative
EEG feedback was helpful for monitoring their progress across

https://neuro.jmir.org/2025/1/e68369

Levinton et d

sessions, 8 participants found the live auditory neurofeedback
alerts distracting, specificaly, the bird chirping sounds
indicating calmness and the storm sounds signaling heightened
mental activity. These auditory cues, provided by the Muse
device, were reported to be counterproductive to the users
ability to maintain focus during meditation. They described
negative feedback as particularly problematic, prompting
frustration with one’s practice and further unsettling the mind.
The emphasis on auditory rewards and punishments was also
broadly criticized by 6 participants for contributing to the
“gamification” of meditation in a way that negatively altered
the practice experience. Participant 1 noted, “ often the feedback
was negative towards the experience ... when it was positive it
was more so positive for the wrong reason ... aimost like a
gamification process and not so much, like, adding to the quality
of the meditation.” For these reasons, 8 of the 10 participants
described learning to tune out auditory feedback. Participant 2
explained:

| would try to almost chase the birds, which in turn
caused more storms to come ... it was kind of like a
negative feedback loop where | wanted the birds, but
| was getting the storms, so I'd try hard to get the
birds, but I’d get more storms ... [intime] | was able
to...letall that go ... if | heard birds, that was great.
If I heard storms, cool.

Participant 3 similarly noted, “I know that part of the practice
isnot to judge where your mind isbut just to accept and witness
whereitis... sometimes | can accept where I’'m at, sometimes
I'm like, ‘No, | want to be calmer!’”

Intotal, 8 participants a so reported that incongruencies between
their perception of sessionsand theinformation reflected in the
EEG data bred feelings of frustration or disappointment.
Participant 3 explained, “| was getting lots of storm noises, and
not very many birds, and | was like, ‘what is going on here?
... the feedback was irritating in the sense that what | thought,
or ... was expecting wasn't actually happening.” Here again,
participants reported learning to let go of negative emaotions
associated with this discrepancy and began to accept that their
minds might be more active than they thought.

Finaly, 5 participants found the Muse headband to be
uncomfortabl e during active migraine symptoms. As Participant
4 noted, the added pressure of the band was a barrier to using
the band during migraines. “that was difficult, because | know
you need this, the data from the monitoring device, but when
you have a migraine, that's difficult to put something on your
head. You don’t want to.”

Despite these critiques, all participants reported the ongoing
use of mindfulness meditation techniques acquired during the
intervention to manage their migraine disorders. Of the 10
participants, 7 expressed intentions to persist with mindfulness
meditation using the Muse device. For these individuals, the
benefits of neurofeedback outweighed any frustrations related
to connectivity issues or other device limitations. They found
the Muse device instrumental in assessing their progress over
time. Moreover, each of these 7 participants expressed adesire
to continue learning new meditation techniques and incorporate
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the mindful ness meditation practices acquired in the study into
their daily routines.

Discussion

Principal Findings

In this study, we explored participants experiences of an 8-week
neurof eedback-based mindful ness meditation intervention using
the Muse device to manage migraine. The intervention aimed
to understand whether neurofeedback-based mindfulness
meditation could aleviate migraine symptoms and improve
quality of life. Our findings indicate that the intervention was
perceived as beneficia to most participants, leading to
improvements in migraine experiences, including decreased
migraine severity and frequency, improved coping and
prevention skills, and overall improved quality of life. This
included cognitive and emotional benefits, enhanced
relationships, increased work performance, and the formation
of healthier daily habits. At times, migraine and quality of life
benefits were interconnected in complex, mutually supportive
ways. For example, where reduced migraine severity led to
fewer work absences, professiona stress and guilt diminished.
This net reduction in stress and other negative emotions was
seen to help prevent intense migraine symptoms, compounding
the benefits of the intervention.

Intotal, 9 of 10 participants also felt that neurofeedback-based
mindfulness meditation with Muse improved their ability to
manage migraine symptoms and prevent high-intensity attacks
through (1) enhanced attentional control; (2) improved
awareness of thoughts, bodily sensations, and migrainetriggers;
(3) developing the ability to engagein psychologica decoupling
(mechanism of disengaging the physical aspects of pain from
the emotional aspects of pain, leading to a reduced experience
of distress through nonattachment [4]); and (4) an enhanced
ability to achieve physical and mental relaxation. Such changes
point to perceptions of reduced migraine-related disability asa
result of the neurofeedback-based mindfulness meditation
intervention.

While our study was the first to use at-home
neurofeedback-based mindfulness meditation training, our
findings support previous research regarding the use of
mindfulness meditation to treat migraine and other chronic pain
conditions, revealing that aternative treatments for migraine
can be beneficial for migraine pain and overall quality of life.
Previous studies on mindfulness meditation note similar
improvements to overall well-being as the current research,
including improved management of pain [24], better sleep [52],
enhanced cognitive function, including attention and motivation
[53], and improved emotional well-being, lowering stress and
tension [22]. The processes by which mindfulness meditation
was believed to improve migraine experienceswere a so aligned
with past research, with participants noting the importance of
learning to disengage and view pain differently [54], increasing
body awareness [5], enhancing personal agency [24], and
reducing stress [55].

The study highlights the importance of fostering enhanced
self-efficacy for individuals with migraine. For those living
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with chronic, unpredictable, and debilitating health conditions,
the sense of one's body being “out of control” often creates
immense stress and tribulation [56-58]. As participants in our
study noted, the sense of hopelessness and hel plessnessthat can
result from feeling powerless to predict, prevent, or manage
physical pain and incapacity diminishes the quality of life and
contributesto pain-related fear and migraine dread. Wherethose
living with chronic illness can develop some sense of
self-efficacy in understanding, predicting, or influencing
extraordinary bodies, they foster a more constructive and
optimistic relationship to migraines and a more empowered
sense of self [57]. As past researchers have noted, mindfulness
meditation interventions allow individuals with migraine to
recognize warning signs of migraine and make decisionsin their
own treatment [5,6].

In addition to concrete shifts in pain severity, symptom
frequency, mood, cognitive performance, and disability,
participants al so spoke to amore qualitative shift in the meaning
and experience of migraine resulting from the intervention. By
reframing migraine pain from a meaningless source of distress
to a sign of overwhelm and the need for self-care and an
indication that the person might need to make changes to
everyday life, the illness experience is imbued with meaning
and saved from radical antagonism and senselessness.
Participants were able to construe painful bodies as attentive,
caring bodiesthat bear witnessto challenging life circumstances
and provide clues about personal well-being. What emergesin
these stories is the figure of the “able (hu)man” (sic)—who
takesinitiative, recognizestheir own power, and actualizestheir
ability to intervene and persevere in their own life [59]. Such
processes of narrative reconstruction and identity work to
symbolically rescue those living with chronic pain and illness
from tragedy and meaningless distress, reinfusing the migraine
experience with hope and significance [59-63].

Current findings suggest that the Muse device had an overall
positiveimpact on participants experiences of the mindfulness
meditation intervention. The primary benefits of this device
were that it provided structure and accountability to the
mindful ness meditation practices, keeping participants on track
by providing daily data on the number of days they had
meditated. Another benefit was the objective recording of their
EEG data, showing the quality of their mindfulness meditation
sessions. This was approached with positive attitudes, as it
provided the reality rather than personal impressions of their
sessions. This motivated participants to persist in the
intervention, leading to participants striving for a less active
mind during future mindfulness meditations. In addition,
participants perceived drawbacks from the Muse technology,
including connectivity issues, frustration with the feedback
system, and concerns of the accuracy of the EEG data. There
are improvements that could be made with this technology in
order for participants to feel confident about using the Muse
during their meditation sessions. However, the majority of
participantslisted the desire to continue mindful ness meditation
with Muse in the future.

The study participants noted multiple benefits and drawbacks
of the Muse technology, where the positive outcomes reported
suggest that neurof eedback-based mindfulness meditation with
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Muse technology could be a beneficial treatment tool for some
individuals with migraine. The 1 divergent experience
(Participant 6, who reported no benefits from the intervention
and attributed their lack of successto thefact that their migraines
were not stressrelated) suggests the importance of
understanding the causal ontologies affirmed by specific
individuals with migraine to support the identification of best
candidates. For example, those who do not consider particular
triggers (such as stress) to be relevant to their migraine
experiences are less likely to adhere to behavioral treatment
modalities that target such triggers [64,65]. At the same time,
it is well-established that beliefs about treatment effectiveness
affect treatment outcomes [66]. Given these findings, greater
attention to how endorsement of the “stress” hypothesis and
beliefs  about intervention  effectiveness  impact
neurofeedback-based mindfulness meditation use, adherence,
and outcomes among individuals with migraine is warranted.

The burden of living with migraine often resultsin individuals
with migraine receiving pharmaceutical treatments, which are
limited in a number of ways. Pharmaceutical treatments can
lead to a reliance on medications and medication-overuse
headaches [2]. In addition, pharmaceutical treatments should
not be used by individuals living with stomach problems and
who are pregnant or breastfeeding [2]. These limitations exhibit
why alternative treatments, such as neurofeedback-based
mindfulness meditations, should be available for individuals
with migraine. Our study supportsthe growing body of research
demonstrating the benefits of mindfulness meditation, such as
improved management of chronic pain, emotional well-being,
cognitive functioning, and overall perception [20,22,53,67,68].
These improvements have been found in quantitative research
on aternative treatments of migraine, resulting in decreased
migraine pain and disability and helping individuals recognize
early warning signs of migraine [4,69]. This study expands on
these findings from a qualitative perspective, revealing the
importance of the lived experiences of individualswith migraine.
This study reveals the importance of agency for individuals
with migraine, as having a sense of control over their chronic
disease all owed them to separate themselves from their migraine.

Limitations and Future Research

Several methodological limitations are worth noting. First, the
original efficacy study excluded participantswho regularly used
preventative medication and who already practiced meditation
(prior to the study). It is unclear if participants used other
evidence-based migraine treatments (eg, botulinum toxin), and
if so, to what extent. Second, a migraine diary was used to
collect data on migraine frequency and symptoms. There is
some evidence that amigraine diary alone canimprove migraine
symptoms and coping by making individuals with migraine
more aware of their triggers[60]. Thus, reported improvements
in migraine within this study cannot be attributed solely to the
combined neurofeedback and mindfulness meditation
intervention. Third, our sample size was limited and notably
lacking in ethnic diversity. Finally, participantswereinterviewed
at different times, ranging from amonth to over ayear after the
original efficacy study. Results may be impacted by memory
bias or the propensity to recall memoriesthat are more congruent
with current emotional states[70]. Interim factorslike continued
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or discontinued use of the intervention, changes in migraine
condition, and external influences (eg, lifestyle changes and
medication use) may have also biased participants’ perceptions
of theintervention.

To our knowledge, this is the first study to examine a
self-administered neurofeedback and mindfulness meditation
intervention for migraine. Future research is needed to validate
the effectiveness of thistreatment protocol, control for potential
confounds, and optimize the intervention. Follow-up studies
with larger and more diverse participant groups would be
beneficial for commenting on the generalizability of our findings
and investigating how individual differences (symptoms, daily
activities, and personal characteristics) might impact experiences
of neurofeedback-based mindfulness meditation interventions
for individualswith migraines. Longitudinal studiesare needed
to explore the effects of thisintervention over time. Finally, the
limitations of the Muse system noted by participants highlight
the value of considering user input and perspectives. Future
studies should explore how different user settings might benefit
experiences and adherence rates and how to best reduce
technological difficulties and related user frustrations. For
example, future studies might consider whether the ability to
omit (mute) distracting auditory cues enhances user experiences
or increases intervention adherence. Biofeedback output could
also be improved to make it more suitable for individuals with
sensory disorders (eg, vibration instead of auditory cues).
Moreover, the Muse system could address technical issues that
cause difficulties in calibrating the device for participants and
enhance the electrodes to ensure that they function more
effectively. Continued exploration of user expectations and
experiencesiscrucial to better understand the acceptability and
feasibility of these mobile health tools and design quality
consumer-grade migraine products that meet the needs and
health objectives of diverse migraine experiences.

Conclusions

Notably, as the first study to evaluate the experiences of
individuals with migraine in an at-home, neurof eedback-based
mindfulness meditation intervention, this investigation adds to
our understanding of nonpharmaceutical migraine treatment.
The skillslearned by participantsin thisintervention led to the
perception of improved migraine symptoms and improvements
inquality of life. This perception was brought on by anincreased
sense of agency, leading to a narrative shift toward a body that
provides useful early warning signs and valuable insights into
daily life and a self that is able to interpret and influence
embodied distress. While changesin the severity and frequency
of migraine pain as a result of the intervention are evident to
greater or lesser degrees, this increased sense of agency also
led to a higher sense of control over one's migraine, which can
result in positive outcomes for coping with this disease. Asthe
individual was transformed from a state of helplessness and
hopel essness to one of increased agency and optimism, these
experiences led to a profound shift in their global experience
of migraine disorder. In addition, this type of treatment for
migraine is safe and effective with few to no negative side
effects, as the Muse device and mindfulness meditation have
minimal negative implications. Consequently, this treatment
should be considered on its own for individualswho are unable
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to take pharmaceutical treatments for migraine. Additionally,
this treatment should be considered alongside medication in
order to learn the valuable coping and prevention techniques
acquired in this neurofeedback-based mindfulness meditation
intervention. Ideally, this would lead to individuals with

Levinton et d

the treatment of migraine and reduce their medication intake.
Ultimately, this study revealed that neurofeedback-based
mindfulness meditation can be a valuable intervention for
migraine, providing possibilities beyond pharmaceutical
treatments.

migraine putting more reliance on mindfulness meditation for
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