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Introduction

Stroke remains one of the leading causes of long-term disability worldwide and continues to
impose an enormous clinical, social, and economic burden. According to the World Stroke
Organization Global Stroke Fact Sheet 2025, nearly 12 million individuals experience a new
stroke each year, approximately 94 million people are currently living with the consequences of
stroke, and one in four adults over the age of 25 will experience a stroke during their lifetime.
Despite substantial advances in acute stroke management, stroke remains the third leading cause
of death and disability worldwide and is responsible for approximately 7.3 million deaths
annually (Feigin et al., 2025). Consequently, there is an urgent need for rehabilitation strategies
capable of enhancing neuroplasticity, promoting functional recovery, and extending meaningful
recovery, even among individuals with chronic stroke who are traditionally considered to have
plateaued.

Task-Oriented Therapy (TOT) remains the cornerstone of contemporary neurological
rehabilitation; it focuses on basic motor skills and capitalizes on the principles of experience-
dependent neuroplasticity. Effective TOT emphasizes repetitive, intensive, and meaningful
practice directed toward functional activities that are relevant to everyday life (Kleim & Jones,
2008; Winstein et al., 2016). Repeated motor practice promotes neural reorganization through
continuous cycles of motor execution, sensory feedback, error detection, and motor adaptation.
These cycles of motor activity require high repetition, adequate intensity, and sustained
engagement to achieve functional recovery. Unfortunately, conventional rehabilitation
frequently becomes repetitive and monotonous, which reduces patient motivation, exercise
intensity, and the total number of therapeutic repetitions performed. These limitations may
diminish neuroplastic adaptation and ultimately constrain functional recovery. Robotic
rehabilitation systems and virtual reality (VR) have emerged as promising approaches to address
these limitations by increasing patient engagement, treatment intensity, adaptive progression, and
motivation.

Robot-assisted rehabilitation enables high-intensity, repetitive, task-oriented practice while
reducing physical fatigue and therapist burden. Robotic rehabilitation systems typically provide
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passive limb movement, graded assistance, body-weight support, or adaptive resistance during
gait or cycling activities. By contrast, responsive robotics involve whole-body movement (rather
than focusing on body parts or regions), multisensory feedback, and real-time physical
interaction to provide personalized, responsive, and safe support (Mashud, et al., 2025). The
importance of this distinction will become apparent as this paper unfolds.

Virtual reality has been defined as the computer-generated creation of interactive three-
dimensional environments that permit users to explore and manipulate virtual objects through
real-time sensory interaction (Greenleaf & Tovar, 1994). Within neurorehabilitation, VR
integrates physical activity with cognitive challenges in enriched multisensory environments that
promote motor learning, attention, and task-specific practice (Rizzo & Koenig, 2017; Wade &
Winstein, 2011). However, the term virtual reality encompasses a broad spectrum of
technologies. At one end are non-immersive systems that present “virtual environments” on
conventional flat computer displays while allowing interaction through keyboards, touchscreens,
or handheld controllers (Laver et al., 2025). These systems primarily enhance motivation by
increasing the quantity and variety of typical therapeutic tasks but leave the user's normal
sensory experience largely intact. Nevertheless, these non-immersive approaches are still called,
by some, virtual reality, i.e. non-immersive virtual reality. More advanced systems employ
head-mounted displays together with motion tracking and varying degrees of auditory,
proprioceptive, vestibular, and tactile feedback to create immersive virtual reality, or “iVR”
(Riva et al., 2019), which some call “fully immersive virtual reality” (Demeco et al., 2023). A
defining characteristic of iVR is the continuous bidirectional interaction between the user and the
virtual environment, producing a closed-loop experience in which the environment continuously
responds to the user's actions.

When iVR is integrated with responsive robotics the resulting experience extends beyond
conventional iVR and results in what may be more appropriately conceptualized as Immersive
Simulation. Unlike iVR, Immersive Simulation creates continuous interaction between the
patient, the robotic platform, and the virtual world, generating a highly embodied therapeutic
experience. This experience involves visual, vestibular, proprioceptive, cognitive, emotional,
and motor systems that are engaged simultaneously. The bidirectional interaction allows both
bottom-up activation arising from movement and sensory feedback and top-down activation
involving cognitive, attentional, and executive processes to occur concurrently; potentially
creating conditions that should enhance experience-dependent neuroplasticity.

To our knowledge, no published studies have specifically evaluated rehabilitation systems that
combine responsive robotics, whole-body iVR, adaptive multisensory feedback, and continuous
real-time interaction in the manner employed by the Outbounder Advanced Rehabilitation
System; the “OutbounderARS”, or simply the “Outbounder”. Consequently, the VR literature
reviewed in this paper focuses on iVR, while recognizing that Immersive Simulation represents
an emerging extension of those technologies.



The OutbounderARS

The Outbounder is a robotic-assisted Immersive Simulator designed to simultaneously engage
motor, sensory, cognitive, vestibular, emotional, autonomic, and reward-processing systems
during neurological rehabilitation (Figure 1). The system integrates iVR, responsive robotics,
motion simulation, adaptive control systems, and real-time performance analytics into a single
therapeutic environment. This environment is intended to maximize experience-dependent
neuroplasticity while providing individualized assistance for patients with hemiparesis and other
neurological impairments.

The robotic platform consists of a recumbent cycling system mounted on a computer-controlled
motion simulator. Steering “blades” enable users to actively navigate complex virtual
environments, while an integrated network of sensors continuously measures cadence, force
production, steering, symmetry, movement quality, and overall task performance. These data are
used to dynamically regulate robotic assistance and resistance, balance the contributions of the
impaired and unimpaired limbs, and maintain each individual within an optimal challenge zone.
Working within this challenge zone promotes active participation while minimizing
compensatory movement strategies.

Unlike conventional robotic rehabilitation devices that provide passive limb movement or fixed
levels of assistance, the Outbounder continuously adapts both the physical and cognitive
demands of therapy in response to patient performance. The virtual environment provides
synchronized visual, auditory, proprioceptive, vestibular, and somatosensory feedback that is
coordinated with the robotic motion. Patients continuously respond to changes within the virtual
environment, by pedaling and using the steering blades, thus creating a closed-loop interaction
between the patient, the robotic system, and the immersive environment. Controlled
acceleration, deceleration, turning forces, terrain irregularities, and surface characteristics
generate a strong sense of presence and embodiment, allowing patients to experience the
perception of operating a recumbent quad cycle in a risk-filled environment while remaining
physically secured in the simulator.

Within this environment, patients participate in continually novel, goal-directed therapeutic
activities that require bilateral coordination, motor adaptation, cognitive engagement, and
decision making. In this context, controlled environmental obstacles, balance perturbations, and
time-dependent challenges are designed to evoke a perception of risk without exposing the
patient to actual danger. We propose that the combination of embodiment, adaptive challenge,
and perceived risk increases the behavioral salience of therapeutic tasks, thereby enhancing
attention, motivation, autonomic arousal, and sustained engagement. Thus, as a patient navigates
through the virtual environment, they experience repeated cycles of motor prediction, sensory
feedback, error detection, and error correction.

By integrating iVR, responsive robotics, multisensory stimulation, bilateral movement, adaptive
task progression, and continuous sensory feedback within a single therapeutic platform, the



Outbounder represents a multisystem approach to neurological rehabilitation. Rather than
targeting isolated motor function, the platform is designed to simultaneously recruit distributed
cortical and subcortical networks involved in movement, sensation, cognition, attention,
emotion, vestibular processing, and reward. We propose that this integrated therapeutic
framework creates conditions favorable for experience-dependent neuroplasticity by a number of
mechanisms and experiences. These include the requirement for sustained attention, spatial
processing, high-intensity repetitive practice, multi-sensorimotor integration, error detection and
correction, motor learning, adaptive task progression, embodiment, and perceived risk.
Collectively, these interacting mechanisms provide a biologically plausible framework for
facilitating neural reorganization, improving motor recovery, and enhancing functional
independence following stroke and other neurological disorders.

The purpose of this paper is to briefly review the current evidence supporting immersive Virtual
Reality and neuroplasticity, and to present the theoretical, neurobiological framework underlying
the design of the Outbounder Advanced Rehabilitation System. Although many of these
mechanisms remain theoretical and require empirical validation, together they provide
scientifically grounded support for future investigation and clinical translation.

Figure 1. The Outbounder Advanced Rehabilitation System



Literature Review and Discussion

1. Distributed Neural Networks and Multimodal Brain Organization

The brain continuously monitors an immense stream of sensory information from the
environment, and from within the body, and responds in ways that are meaningful. Every
millisecond, millions of sensory signals are integrated to construct a coherent representation of
the external world and the body's relationship to it. Most sensory information is relayed from
peripheral receptors through the thalamus, the principal sensory gateway to the cerebral cortex,
before reaching the primary sensory cortices where fundamental perceptual features are first
processed.

Information from each primary sensory cortex is subsequently transmitted to unimodal
association cortices, where information is analyzed and integrated with previously stored
representations from within the same sensory modality. From there, information converges
within multimodal association cortices, where visual, auditory, somatosensory, vestibular, and
other sensory inputs are integrated into unified perceptual representations. Thus, information
that is initially singular in its sensory experience, is distributed throughout the cortex where it is
integrated with sensory information from other sensory modalities. These distributed cortical
networks compare incoming sensory information with prior experience, contextual knowledge,
and current behavioral goals to guide adaptive decision-making and behavior. Therefore, during
rehabilitation using Immersive Simulation, current sensorimotor activity of injured regions is
constantly being integrated with personal contextual sensory information stored in multimodal
regions. We contend that this increases the sense of embodiment we will discuss in later
sections.

Importantly, multimodal association cortices are not isolated processing centers. Rather, they
are extensively interconnected with widespread cortical as well as subcortical networks that
collectively evaluate the biological significance of ongoing experiences. These include, but are
not limited to:

e frontal cortical systems, which are responsible for executive functions, attention, motor
planning, decision-making, and anticipation

e amygdala, which continuously evaluates environmental stimuli for potential threat,
challenge, novelty, and perceived risk

e dorsal striatum, which contributes to motor planning, action selection, and skill
acquisition

o ventral striatum, including the nucleus accumbens, which mediates reward processing,
motivation, reinforcement learning, and the sense of accomplishment associated with
successful task completion

e [imbic system, which integrates emotion, motivation, and memory into ongoing
experience



e cerebellum, which coordinates movement, predicts sensory consequences of action,
detects performance errors, and contributes to cognitive processing

e brainstem neuromodulator systems, which regulate arousal, attention, and autonomic
responses

Collectively, these distributed neural systems continuously exchange information through
reciprocal cortico-cortical, cortico-subcortical, and cerebello-cortical loops that enable
perception, cognition, emotion, and movement to function as an integrated whole rather than as
isolated processes (Allman & Meredith, 2007; Fuster, 2002; Hooks, 2017; Mesulam, 1990, 2000,
2002; Picton, Alain, & MclIntosh, 2002; Rossi-Pool et al., 2020; Rumelhart & McClelland, 1986;
Stein & Meredith, 1993). These reciprocal integrated interactions allow sensory experiences to

be continuously evaluated for their behavioral relevance and assigned emotional, motivational,
and reward value while simultaneously shaping motor planning and behavioral adaptation
(Figure 2). This will become increasingly relevant when we explore how sensory input from

motor activity is constantly responding to iVR and vice versa.
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Figure 2. Distributed Neural Networks and Multimodal Brain Organization.

Although specific cortical regions exhibit functional specialization, they rarely operate
independently. Focal injury to localized brain regions may produce characteristic neurological
deficits because specialized functions are anatomically localized. However, these specialized




regions are embedded within highly interconnected multimodal networks that support cross-
modal integration and distributed information processing. Consequently, disruption of a single
component within these networks may impair the coordinated function of multiple systems,
producing deficits that extend well beyond the site of injury. Brain function is therefore best
conceptualized as simultaneously localized and distributed.

The integrated activation of distributed multimodal neural networks is hypothesized to enhance
experience-dependent neuroplasticity by simultaneously engaging multiple cortical and
subcortical systems involved in perception, cognition, emotion, motor control, learning, reward
processing, and behavioral adaptation. These continuously interacting systems enable the
nervous system to modify synaptic strength, reorganize functional connectivity, refine motor
programs, and change behavior in response to experience. The Outbounder is designed around
this systems-level view of brain organization by simultaneously engaging these distributed
neural networks through integrated motor activity, immersive multisensory stimulation,
cognitive challenge, emotional engagement, and adaptive robotic interaction. The simultaneous
engagement leads to motor actions that are generated and refined in real-time. Every movement
reflects the integration of sensory perception, cognitive processing, emotional significance,
motivational state, and ongoing motor planning. The nervous system continually adapts these
processes via neuroplasticity - the capacity of the brain to modify its structure and function in
response to experience, learning, and environmental demands.

2. Neuroplasticity

Neuroplasticity refers to the nervous system’s capacity to structurally and functionally
reorganize in response to experience, learning, and injury (Kleim & Jones, 2008). It is the
foundation of brain organization and the integration of modality specific sensory experience (e.g.
bodily sensations, sight, hearing) with motor responses. Following stroke or traumatic brain
injury, recovery depends largely on the brain’s ability to recruit undamaged neural pathways and
use them to build compensatory functional networks (Aderinto, 2023). Neuroplasticity can
involve changes in large-scale cortical reorganization as well much smaller-scale processes.
Initial homeostatic plasticity mechanisms restore neuronal functioning near the injury and begin
almost immediately after the damage occurs. After this, activity-dependent Hebbian
mechanisms strengthen and refine useful circuits through experience and training (Hebb, 1949;
Murphy & Corbett, 2009). Neuroplastic changes involve molecular processes, synaptic
plasticity, structural plasticity, and structural and functional reorganization as depicted in Figure
3 (Straudi & Basaglia, 2017). The neural changes made via these processes are, to a large-
extent, responsive to sensory and motor experience. That is, they are experience dependent.



NEUROPLASTICITY MECHANISMS

The brain changes through dynamic interactions between cellular, molecular, and systems-level processes.
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Figure 3. Selected Mechanisms of Neuroplasticity

3. Immersive Virtual Reality Engages Distributed Neural Systems

The Outbounder requires participants to navigate through complex spatial environments
propelled by lower limb activity (i.e. pedaling) and steered using upper limb activity via the
previously described “blades”; thus, it effectively engages visual (what one sees in iVR) and
physical spaces (the pedaling and steering) in 360 degree horizontal and vertical spaces thereby
requiring extensive processing in both hemispheres. The side of the brain where the injury
occurs is the ipsilesional side and the opposite side is the contralesional side. We propose that
the bilateral spatial attention required within our system demands the engagement of both the
ipsilesional hemisphere and contralesional hemisphere, thereby inducing greater cross-
hemisphere neuron recruitment and integration. The platform is designed to engage all brain
regions that play a role in visuospatial perception and attention, motor planning and initiation,
threat detection, enjoyment, emotional experience, reward, and satisfaction. The requirement to
navigate through the immersive simulated world also increases the sense of presence (more on
that later) while simultaneously recruiting activity of distributed brain regions (Ward et al.,
2012). We propose that this activity maximizes neuroplasticity and improves functionality
across multiple domains.

Recent reviews indicate that iVR-based rehabilitation enhances multisensory integration and
improves both motor and cognitive recovery in stroke populations (Hao et al., 2024). Such



multisystem integration activates higher-order association cortices and promotes large-scale
neural network engagement. If bilateral motor engagement is added to the iVR experience, it
promotes interhemispheric connectivity and compensatory reorganization (Cauraugh &
Summers, 2005). Simultaneous activation of ipsilesional and contralesional motor pathways
leads to numerous changes. Among them are the reduction in maladaptive cortical inhibition;
the suppression of neuronal activity of the ipsilesional motor networks by the contralesional
cortical motor networks following injury that can impair experience-dependent neuroplasticity.
Furthermore, symmetrical bilateral movements activate similar neural networks in both
hemispheres when homologous muscle groups are simultaneously activated (Cauraugh &
Summers, 2005). Taken together, the bilateral demands of the Outbounder experience minimize
inappropriate inhibition and maximize adaptive activation. Based on these data we propose that
the Outbounder’s bilateral sensorimotor tasks and synchronized movement patterns facilitate
cross-hemispheric recruitment while reinforcing adaptive motor circuitry.

Data indicate that immersive environments synchronize visual, vestibular, auditory,
proprioceptive, emotional, and tactile stimuli; thereby activating distributed neural systems
involved in motor control, spatial awareness, and sensorimotor integration (Levin et al., 2015;
Riva et al., 2019). This synchronization enhances Hebbian neuroplasticity (Takeuchi & Izumi,
2015). Hebbian neuroplasticity is widely considered the mechanism by which information can
be coded and retained in neurons (Hebb 1949; Murphy & Corbett, 2009). As concisely stated by
Krueger (2024) “The Hebbian learning principle “neurons that fire together wire together”
provides the classical theoretical framework for activity-dependent plasticity: when motor intent
signals (cortical discharge) and sensory afferent feedback (proprioception, tactile, and visual
inputs) are precisely synchronized in time, synaptic efficacy undergoes sustained
enhancement...” (Krueger et al., 2024, Chen et al. 2026).

Functional neuroimaging studies demonstrate that iVR engages the sensorimotor cortex,
posterior parietal cortex, hippocampus, cerebellum, and associative cortical regions involved in
motor planning and environmental navigation. Not only are these regions engaged, but iV'R
environments themselves induce profound neurobiological transformation, affecting neuronal
connectivity, sensory feedback mechanisms, motor learning processes, and cognitive functions
(Wankhede et al., 2025). However, unlike the conventional iVR rehabilitation paradigms
mentioned above, the Outbounder’s Immersive Simulation requires patient-initiated whole-body
movement, creating more intensively embodied experiences that require continuous bilateral
coordination, postural adaptation, and dynamic motor planning. Such multisensory engagement
enhances neural integration and strengthens sensorimotor coupling through repeated experience-
dependent activation (Kenea, 2025).

4. Avatar Embodiment, Self-Observation, and Mirror Neurons

A unique characteristic of iVR rehabilitation is the ability to generate a compelling illusion that a
virtual body or avatar represents the user’s own body. This phenomenon, commonly referred to
as the sense of embodiment (SoE), occurs when visual, vestibular, proprioceptive, and motor



signals are synchronized such that the brain temporarily incorporates the avatar into its internal
representation of self (Riva et al., 2019; Mottleson et al., 2023). The SoE is characterized by
three sub-components. “The sense of agency (SoA) is the feeling of being the cause of our
actions. The sense of body ownership (SoBO) is the feeling that the virtual body is the source of
our sensations (like our real body). Finally, the sense of self location (SoSL) is the “spatial
experience of being inside a
body” (Kilteni et al., 2012; Guy
et al., 2023). Research
demonstrates that a strong sense
of embodiment activates neural
systems involved in body
awareness, motor planning, and
sensorimotor integration that
require the integration of several
corresponding regions including
the premotor cortex,
supplementary motor area,
posterior parietal cortex, insula,
and temporoparietal junction.

Figure 4. Avatar appearance in the OutbounderARS world.

As users increasingly perceive the avatar as an extension of themselves, movements performed
by the avatar become neurologically meaningful and are processed similarly to self-generated
actions (Guy et al., 2023; Mottelson et al., 2023). The stronger the presence, the more powerful
the impact (Rizzo et al., 2004). The Outbounder maximizes each of these qualities.

In the Outbounder, the user observes parts of their own body as represented by the avatar (Sense
of Body Ownership and Self Location) as they orient themselves within and navigate through
environments that consist of outdoor trail systems with obstacles, challenges, and cognitive-
motor tasks (Sense of Agency). Videos of the Outbounder experience can be viewed at
https://outbounderars.com/pages/trails.html. Figure 5 shows examples of the types of settings
available for riders to choose from.

Figure 5. Examples Immersive Environment in the OutbounderARS
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Avatar observation is a form of action-observation that activates mirror neuron systems.
Functional neuroimaging has revealed that avatar action-observation in an iVR scene can
promote the functional integration of key cortical components of the mirror neuron system and
the sensorimotor cortex thereby improving the restoration of motor functioning (Fan and Luo,
2022). Consequently, when users simultaneously perform movements while observing their
avatar perform those same movements, they activate motor neuron recruitment, motor planning,
motor execution, and motor observation networks. Outbounder sessions require decision-
making, attention shifting, problem solving, spatial orientation, and adaptive motor planning and
action; all while activating mirror neuron systems. These processes recruit the dorsolateral
prefrontal cortex, anterior cingulate cortex, and frontoparietal executive networks that are all
involved in cognitive flexibility and behavioral adaptation (Botvinick et al., 2004). This
convergence of processes strengthens sensorimotor representations and accelerates cortical
reorganization following neurological injury.

Unlike traditional Task-Oriented Therapy, in which patients observe their own isolated limb or
body movements and receive verbal encouragement and feedback, users of the Outbounder
observe a virtual representation of themselves actively performing meaningful actions within
dynamic environments receiving continual feedback from within the system itself. That is, verbal
encouragement is replaced by holistic environmental feedback in which the environment
responds to the avatar activity, and the avatar responds to the environment. This continuous self-
observation and response enhances motor learning, improves body awareness, strengthens the
sense of personal agency, and increases engagement with therapeutic tasks (Connelly et al.,
2024; Shen et al., 2023, Shin et al., 2022; Hao et al., 2022; Chen & Krch, 2022).

5. Immersive Virtual Reality as a Primary Change Factor

Accumulating evidence suggests that iVR directly influences neuroplasticity through
mechanisms extending beyond repetitive task practice. A systematic review of
neurophysiological changes identified consistent evidence of cortical reorganization, increased
frontal and motor cortex activation, enhanced functional connectivity, mirror system
involvement, and improved interhemispheric balance following iVR interventions (Hao et al.,
2022).

Immersive VR enables the creation of meaningful, goal-directed, and progressively challenging
tasks that promote active engagement and sustained motivation (Riva et al., 2019). These
adaptive experiences facilitate repeated cycles of motor prediction, multisensory feedback, error
detection, and behavioral adjustment, which are core mechanisms underlying experience-
dependent neuroplasticity (Kleim & Jones, 2008; Krakauer et al., 2019). Engaging distributed
cortical and subcortical networks under conditions of heightened attention, motivation, and
embodiment is thought to create neurophysiological conditions that facilitate experience-
dependent synaptic plasticity, thereby promoting functional reorganization and supporting motor
recovery following stroke and acquired brain injury (Kleim & Jones, 2008; Murphy & Corbett,
2009).
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Studies using functional MRI, Electroencephalography, and Transcranial Magnetic Stimulation
have shown that simply being deeply immersed in a virtual environment can alter activity in
visual association cortex, posterior parietal cortex, hippocampus, vestibular networks, premotor
cortex and prefrontal attention networks (Jancke et al., 2009; Georgiev et al., 2021). These
neural changes have frequently been associated with measurable improvements in motor
function, gait performance, balance, and activities of daily living (Hao et al, 2024). Meta-
analyses further suggest that iVR may be particularly effective compared to non-immersive VR.
Immersive VR simultaneously increases treatment intensity, patient engagement, attentional
focus, and multisensory integration (Hao et al., 2024). It produces a strong sense of presence,
which increases attention and multisensory integration compared to viewing the same content on
a flat screen (Riva et al., 2019). Riva et al. (2019) argued that i VR functions as an embodied
experience generator activating neural systems involved in self-representation, spatial
orientation, and sensorimotor prediction even before therapeutic exercises are added.

Immersive VR is capable of inducing measurable neuroplastic changes through multisensory
integration, embodiment, presence, and attentional engagement, which collectively increase
activation of sensorimotor, associative, and limbic neural networks while promoting adaptive
cortical reorganization (Riva et al., 2019; Hao et al., 2022). We propose that the Outbounder
Immersive Simulations deepen the magnitude of neuroplastic adaptation, which is amplified
when immersive virtual reality is combined with the following qualities; patient-initiated
movement, avatar embodiment, task-specific motor learning, cognitive challenge, emotionally
salient experiences, and reward-based feedback. By simultaneously engaging the corresponding
networks, immersive simulation provides an integrated multisystem neurorehabilitation
environment in which multiple mechanisms of experience-dependent plasticity operate
concurrently. The interaction among these complementary mechanisms is hypothesized to
increase synaptic plasticity, learning, and functional recovery beyond what might be achieved
through isolated interventions alone (Kleim & Jones, 2018; Krakauer et al., 2019; Perez-Marcos,
2018).

6. Responsive Robotics, Asymmetrical Compensation, and Motor Cortex Recruitment
Robot-assisted rehabilitation has become an established component of modern
neurorehabilitation by enabling high-intensity, repetitive, task-oriented practice while reducing
physical fatigue and therapist burden. Most commercially available robotic rehabilitation
systems provide passive limb movement, graded assistance, body-weight support, or adaptive
resistance during gait or cycling activities (e.g., Lokomat, RoboGait, Walkbot). These systems
have demonstrated improvements in gait speed, walking distance, and motor performance
following stroke and other neurological disorders (Lim et al., 2026). By repeatedly activating
motor pathways, robot-assisted training engages the primary motor cortex, supplementary motor
area, premotor cortex, corticospinal tracts, cerebellum, and spinal locomotor circuits, thereby
promoting experience-dependent neuroplasticity and motor relearning (Lo et al., 2010; Kenea,
2025).
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Beyond their effects on cortical motor systems, robotic rehabilitation also provides repetitive
proprioceptive, mechanoreceptive, and vestibular feedback that influences spinal reflex circuits
and sensorimotor integration. These repeated sensorimotor interactions enhance corticospinal
excitability, interlimb coordination, movement timing, and adaptive locomotor control while
reinforcing functional movement patterns through repetitive practice (Tseng et al., 2007).
Collectively, these findings demonstrate that conventional robotic rehabilitation promotes
recovery primarily through repeated motor execution supported by adaptive mechanical
assistance. Additionally, there are various systems that have combined VR (to varying degrees)
with robotics. A recent meta-analysis by Lim, et al. (2026) found that combining robot-assisted
gait therapy with VR interventions effectively enhances gait distance and balance in stroke
patients, with effects varying by intervention intensity and stage of recovery.

The Outbounder extends these established principles through a concept we describe as
responsive robotics, in which robotic assistance, immersive virtual reality, and continuous
patient interaction function as a single adaptive therapeutic system. The platform consists of a
recumbent robotic cycling system mounted on a computer-controlled motion simulator. Steering
blades enable participants to actively navigate complex virtual environments while an integrated
network of sensors continuously measures cadence, force production, steering accuracy, bilateral
symmetry, movement quality, and overall task performance. These measurements are processed
in real time to regulate robotic assistance and resistance, balance contributions from the impaired
and unimpaired limbs, and maintain the participant within an individualized optimal challenge
zone that encourages active participation while minimizing maladaptive compensatory
movement strategies.

Unlike conventional robotic devices that primarily assist movement using predetermined
algorithms or fixed levels of support, the Outbounder continuously adapts both the physical and
cognitive demands of therapy according to ongoing patient performance. Simultaneously, the
patient must continuously respond to changing environmental conditions presented within the
immersive virtual environment. This reciprocal interaction creates a closed-loop system
involving the patient, the robotic platform, and the virtual environment, allowing motor behavior,
sensory feedback, and cognitive decision-making to continuously influence one another
throughout therapy.

From a neurophysiological perspective, responsive robotics extends conventional robotic
rehabilitation by engaging multiple interacting neural systems simultaneously. Adaptive task
difficulty, continuous performance monitoring, and immediate error correction repeatedly
activate cerebellar-cortical learning circuits that refine motor planning, movement accuracy, and
motor execution (Ito, 2008; Tseng et al., 2007). Because robotic assistance is continually
adjusted according to performance, patients repeatedly experience cycles of motor prediction,
sensory feedback, error detection, and movement correction. Rather than functioning solely as a
motor training device, the Outbounder robotic system continuously interacts with cognitive,
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perceptual, and sensorimotor processes that collectively support motor learning and functional
recovery.

A distinguishing feature of the Outbounder is its ability to provide dynamic asymmetrical
compensation for unilateral weakness associated with hemiparesis. Using proprietary algorithms
and continuous bilateral force measurements, the system independently monitors the force
generated by each lower extremity throughout every pedal cycle. Robotic resistance is then
adjusted independently for each limb in real time; reducing resistance applied to the weaker
extremity while proportionally increasing its contribution to the movement. The degree of
assistance is recalculated continuously, allowing the system to adapt automatically as motor
performance changes during each therapy session.

This adaptive bilateral control addresses one of the major challenges of post-stroke
rehabilitation; learned non-use and compensatory reliance on the stronger limb (Taub et al.,
1999). During conventional bilateral exercise, patients frequently shift effort toward the
unimpaired extremity, thereby limiting activation of weakened neural pathways. By
continuously balancing mechanical demands between the two limbs, the Outbounder promotes
sustained recruitment of the affected extremity while minimizing maladaptive compensation. As
strength and motor control improve, robotic assistance is gradually and imperceptibly reduced,
progressively increasing the workload performed by the impaired limb while maintaining
successful task performance (Figure 6).

Responsive Robotics, Asymmetrical Compensation, and Motor Cortex Recruitment

A closed-loop system that integrates adaptive robotics, immersive environments, and multisystem feedback
to promote neuroplasticity and functional recovery after stroke.
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Figure 6. Mechanisms of Responsive Robotics
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The Outbounder is designed to create a bidirectional therapeutic process that simultaneously
engages complementary top-down and bottom-up mechanisms of neurorehabilitation. Top-down
processes are driven primarily by immersive virtual reality and include spatial attention,
heightened anticipation of future twists/turns/obstacles, multimodal sensory integration,
executive control, perceived risk, mirror neuron system activation, motor planning and
execution, continuous performance monitoring, and ongoing error detection and correction.
Bottom-up processes arise from repetitive task-oriented muscular activity, proprioceptive
feedback, bilateral coordination, robotic interactions, and the reduction of pathological
movement asymmetries through responsive robotic assistance. Rather than operating
independently, these ascending and descending processes interact continuously throughout
therapy (Figure 7). We hypothesize that this bidirectional interaction promotes distributed
activation across cortical, subcortical, cerebellar, and brainstem networks, creating
neurophysiological conditions that facilitate experience-dependent neuroplasticity and functional
reorganization beyond those achieved through conventional robotic-assisted motor training
focused primarily on repetitive movement alone.

OutbounderARS Bidirectional Process

Activation rises up
through neural pathways

BOTTOM-UP PROCESS
Muscular Exercise

TOP-DOWN PROCESS
Brain Activity

Begins with muscular exercise
Task-oriented movement generates afferent feedback
that drives neural activation.

* Somatosensory & Proprioceptive Input:

muscle activity and movement provide sensory feedback

to the nervous system

Subcortical Structures: brai (arousal,

vital functions), limbic system (emotion, motivation,

memory, attachment), basal ganglia and cerebellum

(habits, reward processing, motor patterns, coordination)

¢ Ascending Activation: signals propagate upward through
neural pathways to engage higher brain regions

Begins with brain activity
Intentional, cognitive, and motor planning signals
drive neural modulation.
* Cortical Regions: prefrontal, parietal, temporal, and occipital
cortices process information, set goals, and allocate attention

* Motor Cortical Areas: plan, initiate, and modulate movements

¢ Cognitive Control Networks: attention, planning,
decision making, executive function

¢ Descending Modulation: top-down signals regulate
subcortical systems and spinal pathways to optimize
performance and physiological state

S

),

~—

Activation flows down

to influence and optimize

lower systems

Continuous bottom-up and top-down interactions create a dynamic loop

that coordinates and amplifies neural activity across systems.

‘ INTEGRATED, BIDIRECTIONAL ENGAGEMENT ’

L 2

SIMULTANEOUS ENGAGEMENT OF MULTIPLE SYSTEMS

Motor Sensory Cognitive Vestibular Emotional
Movement, strength, Touch, proprioception, Attention, memory, Balance, spatial Mood regulation,
coordination, visual, auditory, executive function, orientation, postural ‘ stress reduction,
motor learning interoception problem solving control emotional resilience
ENGAGEMENT OF NETWORKS INVOLVED WITH
SATISFACTION REWARD ACHIEVEMENT FUN
Well-being, Dopamine pathways, Goal pursuit, progress, Play, joy, engagement,
contentment positive reinforcement self-efficacy flow

Figure 7. OutbounderARS Bidirectional Process

7. Perception of Risk

A prominent feature of the Outbounder is the incorporation of perceived risk within immersive
simulation. Simulated slopes, collisions, balance threats, and time-sensitive challenges activate
the norepinephrine system, increasing attentional focus, arousal, and synaptic plasticity (Sara,
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2009). Importantly, the risks, or what we consider “desirable difficulties”, are perceived
cognitively and emotionally as risk without exposing the patient to actual physical danger
because they are securely enveloped within and strapped to the robotic apparatus. One might
also think of perceived risk as the illusion of risk.

The neurophysiological impact of perceived risk is amplified when the threat is experienced
through an embodied avatar. Because patients perceive the avatar as an extension of themselves
(i.e. embodiment), simulated collisions, loss of balance, vestibular sensory input, environmental
hazards, or time-sensitive challenges may evoke emotional and attentional responses similar to
those generated during real-world experiences. This results in a sense of urgency to avoid each
risk and solve each navigational problem. The combination of embodiment and perceived risk
increases activation of attentional networks, autonomic arousal systems, and neuromodulator
pathways that support sensorimotor learning via implicit and explicit memory processes.
Emotionally salient immersive experiences also enhance activation of such widely located
structures as the anterior cingulate cortex, ventromedial prefrontal cortex, cerebellum, basal
ganglia, and limbic systems, all of which, to one degree or another, are involved in error
detection, reward anticipation, and adaptive learning (Botvinick et al., 2004; Wankhede, 2025).
We suggest that the Outbounder creates highly salient, urgent, and meaningful sensorimotor
learning experiences capable of enhancing both motor adaptation and neuroplastic change while
maintaining physical safety (Figure 8).

Perceived Risk in Immersive Simulation Enhances Neuroplasticity
3. BRAIN REGIONS ENGAGED

1. EMBODIED PERCEIVED RISK 2. NEUROPHYSIOLOGICAL RESPONSE
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Enhanced learning Cerebellum
o Simulated collisions and memory formation Motor adaptation, timing,
o Loss of balance (implicit and explicit) efroficoryection
N
. . | . s
® Vestibular sensory input C I 3 Basal ganglia (Striatum)
; Jatory Systems A seArousl Memory and Learning Action selection, habit formation,
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. (Maintaining physical safety) Support adaptive learning and
Enhance motor adaptation | Promote neuroplastic change ‘ functional recovery

Embodiment amplifies the neurophysiological impact of perceived risk in immersive simulation, engaging attentional, autonomic,
and neuromodulatory systems to drive activation of key cortical, subcortical, and limbic regions that support learning, memory,
and neuroplasticity. The OutbounderARS creates highly salient learning experiences that enhance motor adaptation and
neuroplastic change while maintaining physical safety.

Figure 8. Immersive Simulation and Perceived Risk
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One notable aspect of this virtual risk-taking experience is that it is enjoyable and fun.
Experiences perceived as enjoyable engage multiple interacting neural systems involved in
reward, motivation, attention, novelty detection, challenge, and learning. Within immersive
virtual environments, enjoyable, goal-directed activities increase engagement, intrinsic
motivation, and sustained task participation (Riva et al., 2019; Slater & Sanchez-Vives, 2016;
Bohil et al., 2011). This combination of perceived risk, embodiment, and positive affect
frequently induces the psychological state of “flow” (Panksepp, 1998; Wise, 2004;
Csikszentmihalyi, 1990), which arises when perceived challenges are optimally matched to an
individual’s current skill level, clear goals are present, and immediate feedback is available.

Flow is associated with elevated dopaminergic signaling in corticolimbic pathways, heightened
noradrenergic arousal, and efficient frontoparietal attentional control. These increases are often
accompanied by transient decreases in frontal lobe activity that can reduce the self-referential
processing. Any sort of self-referential processing can decrease the sense of presence and
thereby “pull one out” of immersion (Dietrich, 2004; Ulrich et al., 2014). Thus, flow increases
immersion, which activates various neurotransmitter and distributed systems. These same
neuromodulator systems are known to facilitate long-term potentiation, motor-map
reorganization, and memory consolidation, the core processes of experience-dependent
neuroplasticity (Kleim & Jones, 2008; Hosp & Luft, 2013). Because the Outbounder can sustain
flow across repeated high-intensity sessions, it is hypothesized to convert what would otherwise
be effortful, fatiguing exercise into an intrinsically motivating and fun experience.

Activation of the networks involved with the processes described above include dopaminergic
reward pathways, the norepinephrine system, executive attentional networks, and limbic
systems; all of which facilitate motor learning, memory consolidation, and experience-dependent
neuroplasticity (Schultz, 2016; Sara, 2009; McGaugh, 2004; Kleim & Jones, 2008). Within
immersive virtual environments, enjoyable, goal-directed activities increase engagement,
intrinsic motivation, and sustained task participation; creating neurophysiological conditions that
support skill acquisition and functional recovery (Riva et al., 2019; Slater & Sanchez-Vives,
2016; Bohil et al., 2011). These effects are thought to arise through the coordinated action of
dopamine, norepinephrine, and distributed cortical and subcortical networks involved in
reinforcement learning, error-based adaptation, and synaptic plasticity (Molina-Luna et al., 2009;
Krakauer et al., 2019).

8. Neurotransmitter System Engagement

Neuroplasticity is mediated by a complex interplay of neurotransmitter and neurotrophic systems
that regulate learning, memory, motor adaptation, and neural reorganization. Several
neurochemicals have been identified as key contributors to experience-dependent plasticity,
including dopamine, norepinephrine, acetylcholine, serotonin, glutamate, and brain-derived
neurotrophic factor (BDNF) (Kleim & Jones, 2008; Citri & Malenka, 2008). Together, these
systems influence synaptic strengthening, cortical reorganization, neuronal growth, and the
consolidation of newly acquired motor and cognitive skills. Their coordinated activation is
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particularly relevant to neurorehabilitation, where recovery depends on the brain’s capacity to
form and reinforce functional neural networks following injury (Kleim & Jones, 2008; Hosp &
Luft, 2013).

We propose that the Outbounder enhances neuroplasticity, not only through simultaneous
engagement of large-scale cortical and subcortical networks, but also by influencing multiple
neurotransmitter systems known to support learning and experience-dependent plasticity. This
theoretical framework suggests that the platform's combination of novelty, progressive
challenge, focused attention, repetitive task-oriented movement, physical exertion, positive
emotional engagement, and enjoyable experiences may recruit complementary neuromodulator
systems, including dopaminergic, noradrenergic, and cholinergic pathways as described below
(Figure 9). The coordinated activation of these systems is thought to create a neurophysiological
environment that facilitates motor learning, memory formation, and functional recovery.

Dopamine, norepinephrine, and acetylcholine play especially important roles in modulating
attention, motivation, and learning; all key components of the Outbounder. For example,
dopamine facilitates motor learning and reward reinforcement by enhancing long-term
potentiation and strengthening newly formed neural connections (Molina-Luna et al., 2009; Hosp
& Luft, 2013). Norepinephrine promotes arousal, vigilance, and memory consolidation,
increasing the efficiency of learning during challenging or novel experiences (Sara, 2009; Aston-
Jones & Cohen, 2005). Whereas, acetylcholine contributes to focused attention and cortical map
reorganization, serving as a critical mediator of rehabilitation-induced plasticity and motor cortex
remodeling (Hulsey et al., 2016). Together, these neurotransmitters create neurophysiological
conditions that optimize the acquisition and retention of motor skills.

Additional mechanisms are related to the activity of serotonin, glutamate, and BDNF. Serotonin
supports emotional adaptation, synaptogenesis, and neuronal growth while facilitating learning
flexibility and recovery following neurological injury (Castrén, 2005). Glutamate serves as the
primary excitatory neurotransmitter underlying long-term potentiation and experience-dependent
learning through activation of NMDA receptor-dependent pathways (Bliss & Collingridge, 1993;
Citri & Malenka, 2008). Brain-derived neurotrophic factor (BDNF), although technically a
neurotrophic factor rather than a neurotransmitter, is widely regarded as a key regulator of
neuroplasticity because of its role in neuronal survival, dendritic branching, synaptic
strengthening, and activity-dependent neural remodeling (Kleim & Jones, 2008; Vaynman &
Gomez-Pinilla, 2005). Levels of BDNF have been shown to be increased in response to physical
exercise, enriched environments, novel learning experiences, and intensive rehabilitation
interventions, all of which are associated with improved functional outcomes (Vaynman &
Gomez-Pinilla, 2005) are present in the Outbounder.
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Figure 9. Neuroplasticity as Impacted by Neurotransmitters in the OutbounderARS

9. Aerobic Exercise and Growth Factors

The Outbounder requires the user to engage in infensive aerobic exercise. Aerobic exercise
increases cerebral blood flow and promotes angiogenesis of cerebral arteries through
upregulation of vascular endothelial growth factor (VEGF). Subsequently, enhanced vascular
perfusion supports oxygen delivery and metabolic recovery within ischemic neural tissue (Swain
et al., 2003). Furthermore, exercise-induced increases in brain-derived neurotrophic factor
(BDNF), insulin-like growth factor-1 (/GF-1), and nerve growth factor (VGF) enhance neuronal
survival, synaptic plasticity, and functional recovery following stroke (Cotman & Berchtold,
2002). Rhythmic lower-extremity activity of the kind found in OutbounderARS activates spinal
locomotor networks and central pattern generators (centers that activate reflexive automatic
movement without the need for cortical activation), reinforcing automatic gait patterns and
improving dynamic balance and coordination. Combining aerobic movement with cognitive and
sensorimotor tasks enhances frontoparietal network reorganization and improves dual-task
performance, executive functioning, and motor planning (Winstein et al., 2016).

10. Conclusion

Based on the available evidence, we propose that the Outbounder functions as a multisystem
neurorehabilitation platform that simultaneously engages numerous established mechanisms of
experience-dependent neuroplasticity. Rather than relying on a single therapeutic modality, the
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system integrates a number of discrete mechanisms including: immersive virtual reality, avatar
embodiment, responsive robotics, multisensory stimulation, bilateral motor coordination, error-
based motor learning, emotionally salient experiences, perceived risk, reward-based feedback,
and aerobic exercise within a unified therapeutic environment. Collectively, these components
recruit complementary sensorimotor, cognitive, emotional, autonomic, and neuromodulator
processes that support neural adaptation and functional recovery.

Unlike conventional rehabilitation approaches, which often target isolated impairments or
individual motor functions, the Outbounder is designed to engage multiple interacting neural
systems concurrently. Localized damage from stroke often results in multisystem impairment,
and the Outbounder is a multisystem rehabilitation system. The platform is designed to promote
coordinated activation of cortical and subcortical motor networks, executive and attentional
systems, vestibular and proprioceptive pathways, limbic circuits involved in motivation and
emotional salience, and neuromodulator systems that regulate reinforcement learning, arousal,
attention, and synaptic plasticity. By integrating these complementary mechanisms into
meaningful, task-oriented experiences, the Outbounder seeks to create conditions that are
favorable for experience-dependent cortical reorganization.

Central to this theoretical framework is the premise that immersive embodiment, self-observation
through an avatar, adaptive challenge, perceived risk, focused attention, repetitive motor
practice, and intrinsically rewarding task engagement interact to amplify motor learning and
motor memory formation. We propose that these mechanisms operate synergistically to enhance
the neurophysiological conditions that support long-term potentiation, synaptic remodeling, and
functional reorganization following neurological injury or stroke. Although each of these
mechanisms has been independently supported within the neuroscience and neurorehabilitation
literature, their simultaneous integration within a single immersive robotic-enabled
rehabilitation platform represents the central innovation of the Outbounder.

Accordingly, the Outbounder is not simply a combination of virtual reality and robotics, but is an
integrated neuroplasticity platform designed to coordinate multiple biologically plausible
mechanisms of recovery. We hypothesize that the convergence of these mechanisms produces a
therapeutic environment capable of enhancing motor learning, promoting adaptive
neuroplasticity, and improving functional outcomes beyond those expected from interventions
that engage these mechanisms in isolation (Figure 10). This proposition is strongly supported by
the available scientific evidence. Confirmation awaits controlled clinical trials and
neuroscientific studies.

20



1. MULTISENSORY

ENGAGEMENT

¢ Visual Input

¢ Emotional Salience

2. NEUROMODULATOR

RELEASE

* Dopamine

Neurotrophic Factors

3. ACTIVITY-DEPENDENT

PLASTICITY TRIGGERS

e Repetition, intensity,

in neural circuits

OutbounderARS: Integrated Mechanisms of Neuroplasticity

Experience-driven, multisensory rehabilitation engages the brain and drives lasting recovery.

4. ENHANCED

LEARNING &
MOTIVATION

¢ Attention, motivation,

e Vestibular Input ¢ Norepinephrine challenge and relevance
»\ » £ » arousal and task
e Somatosensory Input i
ry Inp ® Acetylcholine o Aerobic exercise relevance strengthen
® Motor Activity e Serotonin neural change.
® Drive adaptive changes
e Cognitive Challenge o BDNF & Other

5. MECHANISMS OF NEUROPLASTICITY

® Long-Term Potentiation (LTP)
® Long-Term Depression (LTP)

® Stronger, more efficient
synapses

® Hebbian learning:
“cells that fire together,
wire together”

Motor
Recovery

Spatial
Awareness

SYNAPTIC PLASTICITY STRUCTURAL PLASTICITY FUNCTIONAL PLASTICITY

© Synaptogenesis
(new synapses)

|
\
® Dendritic growth ‘
and branching )

?

® Axonal sprouting
® Neurogenesis

® Rewiring of neural circuits

® Cortical remapping

Recruitment of adjacent
and alternate regions

® Compensation for
lost function

® Changes in excitability
and inhibition

A

6. IMPROVED BRAIN FUNCTION & REAL-WORLD OUTCOMES

Executive ‘
Function

Attention

Balance
& Gait

Activities of
Daily Living

® Formation of new
neural pathways

¢ Distributed network
engagement

¢ Improved connectivity
and integration

o Greater resilience
and adaptability

Wellbeing &
Quality of Life

HOW OUTBOUNDERARS® DRIVES NEUROPLASTICITY

NETWORK REORGANIZATION

!

Immersive Multisensory WY - Emboded WY IMtivs:id A‘;““'ﬂ I Neuocherical W Enhanced WY Better

. . . jotivation, Arousal ) o

Simulation Integration Presence ¥, ; Activation Neuroplastic Outcomes

egr and the Perception of Risk Rl

Engaging, Visual, vestibular, Sense of “being there” Meaningful, challenging Dopami Structural, synaptic, Improved motor,
game-based haptic, propriocepti h tasks drive deeper norepinephrine, functional and network cognitive and
environments & cognitive input and perceived risk engagement BDNF and other factors changes daily life function

promote plasticity
This comprehensive, multisensory, task-oriented approach leverages immersive experiences
to activate the brain’s natural ability to heal, adapt and recover.

Figure 10. Summary of Neuroplasticity in the Outbounder

21



References

Aderinto, N., AbdulBasit, M. O., Olatunji, G., & Adejumo, T. (2023). Exploring the
transformative influence of neuroplasticity on stroke rehabilitation: a narrative review of
current evidence. Annals of Medicine and Surgery, 85(9), 4425-4432.
https://doi.org/10.1097/MS9.0000000000001137

Allman BL, Meredith MA (2007). Multisensory processing in "unimodal" neurons: cross-modal
subthreshold auditory effects in cat extrastriate visual cortex. J Neurophysiol, 98(1):545-
9. https//doi.org/10.1152/jn.00173.2007 Epub 2007 May 2.

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus coeruleus—norepinephrine
function: Adaptive gain and optimal performance. Annual Review of Neuroscience, 28,
403-450. https://doi.org/10.1146/annurev.neuro.28.061604.135709

Bliss, T. V. P., & Collingridge, G. L. (1993). A synaptic model of memory: Long-term
potentiation in the hippocampus. Nature, 361(6407), 31-39.
https://doi.org/10.1038/361031a0

Bohil, C. J., Alicea, B., & Biocca, F. A. (2011). Virtual reality in neuroscience research and
therapy. Nature Reviews Neuroscience, 12(12), 752—762. https://doi.org/10.1038/nrn3122

Botvinick, M. M., Cohen, J. D., & Carter, C. S. (2004). Conflict monitoring and anterior
cingulate cortex: An update. Trends in Cognitive Sciences, 8(12), 539-546.
https://doi.org/10.1016/].tics.2004.10.003

Castrén, E. (2005). Is mood chemistry? Nature Reviews Neuroscience, 6(3), 241-246.
https://doi.org/10.1038/nrn1629

Cauraugh, J. H., & Summers, J. J. (2005). Neural plasticity and bilateral movements: A
rehabilitation approach for chronic stroke. Progress in Neurobiology, 75(5), 309-320.
https://doi.org/10.1016/j.pneurobio.2005.04.001

Chen Y, Jiang Y, Wang X, Zeng M and Cui J (2026) Advances in mechanisms of neuroplasticity
induced by multimodal closed-loop brain—computer interfaces after stroke. Front. Hum.
Neurosci. 20:1828191. doi: 10.3389/fnhum.2026.1828191

Chen, P., & Krch, D. (2022). Immersive virtual reality treatment for spatial neglect: An agile,
user-centered development process. Annals of Physical and Rehabilitation Medicine,
65(3), 101592. https://doi.org/10.1016/j.rehab.2021.101592

Citri, A., & Malenka, R. C. (2008). Synaptic plasticity: Multiple forms, functions, and
mechanisms. Neuropsychopharmacology, 33(1), 18-41.
https://doi.org/10.1038/sj.npp.1301559

22


https://doi.org/10.1097/MS9.0000000000001137
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1038/361031a0
https://doi.org/10.1038/nrn3122
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1038/nrn1629
https://doi.org/10.1016/j.pneurobio.2005.04.001
https://doi.org/10.1016/j.rehab.2021.101592
https://doi.org/10.1038/sj.npp.1301559

Connelly, N., Welsby, E., Lange, B., & Hordacre, B. (2024). Virtual reality action observation
and motor imagery to enhance neuroplastic capacity in the human motor cortex: A pilot
double-blind, randomized cross-over trial. Neuroscience, 549, 92—100.
https://doi.org/10.1016/j.neuroscience.2024.04.011

Cotman, C. W., & Berchtold, N. C. (2002). Exercise: A behavioral intervention to enhance brain
health and plasticity. Trends in Neurosciences, 25(6), 295-301.
https://doi.org/10.1016/S0166-2236(02)02143-4

Csikszentmihalyi, M. (1990). Flow: The psychology of optimal experience. Harper & Row.

Dayan, P., & Balleine, B. W. (2002). Reward, motivation, and reinforcement learning. Neuron,
36(2), 285-298. https://doi.org/10.1016/S0896-6273(02)00963-7

Dietrich, A. (2004). Neurocognitive mechanisms underlying the experience of flow.
Consciousness and Cognition, 13(4), 746-761.
https://doi.org/10.1016/j.concog.2004.07.002

Demeco, A., Zola, L., Frizziero, A., Martini, C., Palumbo, A., Foresti, R., Buccino, G., &
Costantino, C. (2023). Immersive virtual reality in post-stroke rehabilitation: A
systematic review. Sensors, 23(3), 1712. https://doi.org/10.3390/s23031712

El-Kafy, E. M. A., Alshehri, M. A., El-Fiky, A. A.-R., & Guermazi, M. A. (2021). The effect of
virtual reality-based therapy on improving upper limb functions in individuals with
stroke: A randomized control trial. Frontiers in Aging Neuroscience, 13, 731343.
https://doi.org/10.3389/fnagi.2021.731343

Fan, H., & Luo, Z. (2022). Functional integration of mirror neuron system and sensorimotor
cortex under virtual self-actions visual perception. Behavioural Brain Research, 423,
113784. https://doi.org/10.1016/].bbr.2022.113784

Feigin, V. L., Stark, B. A., Johnson, C. O., Roth, G. A., Bisignano, C., Abady, G. G., ... &
Global Burden of Disease Stroke Collaborators. (2025). World Stroke Organization
(WSO) Global Stroke Fact Sheet 2025. International Journal of Stroke, 20(1), 5-19.
https://doi.org/10.1177/17474930241308142

Fox K, Stryker M. (2017). Integrating Hebbian and homeostatic plasticity: introduction. Phil.
Trans. R. Soc. B 372:20160413. http://dx.doi.org/10.1098/rstb.2016.0413

Fuster, J. M. (2002). Physiology of executive functions: The perception-action cycle. In D. T.
Stuss & R. T. Knight (Eds.), Principles of frontal lobe function (pp. 96—108). Oxford
University Press. https://doi.org/10.1093/acprof:0s0/9780195134971.003.0006

Georgiev, D. D., Georgieva, 1., Gong, Z., Nanjappan, V., & Georgiev, G. V. (2021). Virtual
reality for neurorehabilitation and cognitive enhancement. Brain Sciences, 11(2), 221.
https://doi.org/10.3390/brainscil 1020221

23


https://doi.org/10.1016/j.neuroscience.2024.04.011
https://doi.org/10.1016/S0166-2236(02)02143-4
https://doi.org/10.1016/S0896-6273(02)00963-7
https://doi.org/10.1016/j.concog.2004.07.002
https://doi.org/10.3390/s23031712
https://doi.org/10.3389/fnagi.2021.731343
https://doi.org/10.1016/j.bbr.2022.113784
https://doi.org/10.1177/17474930241308142
http://dx.doi.org/10.1098/rstb.2016.0413
https://doi.org/10.1093/acprof:oso/9780195134971.003.0006
https://doi.org/10.3390/brainsci11020221

Greenleaf, W. J., & Tovar, M. A. (1994). Augmenting reality in rehabilitation medicine.
Artificial Intelligence in Medicine, 6(4), 289-299. https://doi.org/10.1016/0933-
3657(94)90034-5

Guy, M., Normand, J.-M., Jeunet-Kelway, C., & Moreau, G. (2023). The sense of embodiment
in virtual reality and its assessment methods. Frontiers in Virtual Reality, 4, 1141683.
https://doi.org/10.3389/frvir.2023.1141683

Hao, J., Crum, G., & Siu, K.-C. (2022). Effects of virtual reality intervention on neural plasticity
in stroke rehabilitation: A systematic review. Archives of Physical Medicine and
Rehabilitation, 103(3), 523-541. https://doi.org/10.1002/hsr2.70082

Hao, J., Crum, G., & Siu, K.-C. (2024). Effects of virtual reality on stroke rehabilitation: An
umbrella review of systematic reviews. Health Science Reports, 7, ¢70082.
https://doi.org/10.1002/hsr2.70082

Hebb DO. (1949). The organization of behaviour. New York, NY: John Wiley and Sons.

Hooks, B. M. (2017). Sensorimotor convergence in circuitry of the motor cortex. The
Neuroscientist, 23(3), 251-263. https://doi.org/10.1177/1073858416645088

Hosp, J. A., & Luft, A. R. (2013). Dopaminergic meso-cortical projections to M1: Role in motor
learning and motor cortex plasticity. Frontiers in Neurology, 4, 145.
https://doi.org/10.3389/fneur.2013.00145

Hulsey, D. R., Hays, S. A., Khodaparast, N., Ruiz, A., Das, P., Rennaker, R. L., II, & Kilgard,
M. P. (2016). Reorganization of motor cortex by vagus nerve stimulation requires
cholinergic innervation. Brain Stimulation, 9(2), 174—181.
https://doi.org/10.1016/j.brs.2015.12.007

Ito, M. (2008). Control of mental activities by internal models in the cerebellum. Nature Reviews
Neuroscience, 9(4), 304-313. https://doi.org/10.1038/nrn2332

Jancke, L., Cheetham, M., & Baumgartner, T. (2009). Virtual reality and the role of the
prefrontal cortex in adults and children. Frontiers in Neuroscience, 3(1), 52-59.
https://doi.org/10.3389/neuro.01.006.2009

Kenea, C. D. (2025). Immersive virtual reality in stroke rehabilitation: A systematic review and
meta-analysis. Journal of Clinical Medicine, 14(6), 1783.
https://doi.org/10.3390/jcm14061783

Kenea, C. D., Abessa, T. G., Lamba, D., & Bonnechere, B. (2024). Technological features of
immersive virtual reality systems for upper limb stroke rehabilitation: A systematic
review. Sensors, 24(11), 3546. https://doi.org/10.3390/s24113546

Khan, A., Imam, Y. Z., Muneer, M., Al Jerdi, S., & Gill, S. K. (2024). Virtual reality in stroke
recovery: A meta-review of systematic reviews. Bioelectronic Medicine, 10(1), 23.
https://doi.org/10.1186/s42234-024-00142-4

24


https://doi.org/10.1016/0933-3657(94)90034-5
https://doi.org/10.1016/0933-3657(94)90034-5
https://doi.org/10.3389/frvir.2023.1141683
https://doi.org/10.1002/hsr2.70082
https://doi.org/10.1002/hsr2.70082
https://doi.org/10.1177/1073858416645088
https://doi.org/10.3389/fneur.2013.00145
https://doi.org/10.1016/j.brs.2015.12.007
https://doi.org/10.1038/nrn2332
https://doi.org/10.3389/neuro.01.006.2009
https://doi.org/10.3390/jcm14061783
https://doi.org/10.3390/s24113546
https://doi.org/10.1186/s42234-024-00142-4

Kilteni, K., Groten, R., & Slater, M. (2012). The sense of embodiment in virtual reality.
Presence: Teleoperators and Virtual Environments, 21(4), 373-387.
https://doi.org/10.1162/PRES _a 00124

Kiper, P., Godart, N., Cavalier, M., Berard, C., Cieslik, B., Federico, S., Kiper, A., Pellicciari, L.,
& Meroni, R. (2024). Effects of immersive virtual reality on upper-extremity stroke
rehabilitation: A systematic review with meta-analysis. Journal of Clinical Medicine,
13(1), 146. https://doi.org/10.3390/jcm13010146

Kleim, J. A., & Jones, T. A. (2008). Principles of experience-dependent neural plasticity:
Implications for rehabilitation after brain damage. Journal of Speech, Language, and
Hearing Research, 51(1), S225-S239. https://doi.org/10.1044/1092-4388(2008/018)

Krakauer JW, Carmichael ST, Corbett D, Wittenberg GF (2012). Getting neurorehabilitation
right: what can be learned from animal models? Neurorehabil Neural Repair, 26(8):923-
31. doi: 10.1177/1545968312440745. Epub 2012 Mar 30.

Krueger, J., Krauth, R., Reichert, C., Perdikis, S., Vogt, S., Huchtemann, T., Diirschmid, S.,
Sickert, A., Lamprecht, J., Huremovic, A., Gortler, M., Nasuto, S. J., Tsai, [.-C., Knight,
R. T., Hinrichs, H., Heinze, H.-J., Lindquist, S., Sailer, M., del Millan, J. R., & Sweeney-
Reed, C. M. (2024). Hebbian plasticity induced by temporally coincident BCI enhances
post-stroke motor recovery. Scientific Reports, 14(1), Article 18700.
https://doi.org/10.1038/s41598-024-69037-8

Laver, K. E., Lange, B., George, S., Deutsch, J. E., Saposnik, G., & Crotty, M. (2025). Virtual
reality for stroke rehabilitation. Cochrane Database of Systematic Reviews.
https://doi.org/10.1002/14651858.CD008349.pub5

Levin, M. F., Weiss, P. L., & Keshner, E. A. (2015). Emergence of virtual reality as a tool for
upper limb rehabilitation. Physical Therapy, 95(3), 415-425.
https://doi.org/10.2522/ptj.20130579

Lo, A. C,, et al. (2010). Robot-assisted therapy for long-term upper-limb impairment after stroke.
New England Journal of Medicine, 362(19), 1772—1783.
https://doi.org/10.1056/NEJMoa0911341

Lim, H., Jeon, Y., Wang, Y., Lee, N., Jeong, J., Lee, E., ... Kim, H. (2026). Combined robot-
assisted gait training and virtual reality in stroke rehabilitation: a meta-analysis.
Academia Neuroscience and Brain Research, 2(1).
https://doi.org/10.20935/AcadNeurosci8215

Manuli, A., Maggio, M. G., Latella, D., Cannavo, A., Balletta, T., De Luca, R., Naro, A., &
Calabro, R. S. (2020). Can robotic gait rehabilitation plus Virtual Reality affect cognitive
and behavioural outcomes in patients with chronic stroke? A randomized controlled trial
involving three different protocols. Journal of stroke and cerebrovascular diseases: The

25


https://doi.org/10.1162/PRES_a_00124
https://doi.org/10.3390/jcm13010146
https://doi.org/10.1044/1092-4388(2008/018)
https://doi.org/10.1038/s41598-024-69037-8
https://doi.org/10.1002/14651858.CD008349.pub5
https://doi.org/10.2522/ptj.20130579
https://doi.org/10.1056/NEJMoa0911341
https://doi.org/10.20935/AcadNeurosci8215

Official Journal of National Stroke Association, 29(8), 104994,
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104994

Mashud, G.; Hasan, S.; Alam, N. (2025). Advances in Control Techniques for Rehabilitation
Exoskeleton Robots: A Systematic Review. Actuators, 14, 108.
https://doi.org/10.3390/act14030108

McGaugh, J. L. (2004). The amygdala modulates the consolidation of memories of emotionally
arousing experiences. Annual Review of Neuroscience, 27, 1-28.
https://doi.org/10.1146/annurev.neuro.27.070203.144157

Mesulam, M.-M. (1990). Large-scale neurocognitive networks and distributed processing for
attention, language, and memory. Ann Neurol, 28, 597-613

Mesulam, M.-M. (Ed.). (2000). Principles of behavioral and cognitive neurology (2nd ed.)
Oxford University Press.

Mesulam, M.-M. (2002). The human frontal lobes: Transcending the default mode through
contingent coding. In D. T. Stuss & R. T. Knight (Eds.), Principles of frontal lobe
function (pp. 8-30). Oxford University Press.

Molina-Luna, K., Pekanovic, A., Rohrich, S., Hertler, B., Schubring-Giese, M., Rioult-Pedotti,
M. S., & Luft, A. R. (2009). Dopamine in motor cortex is necessary for skill learning and
synaptic plasticity. PLoS ONE, 4(9), €7082. https://doi.org/10.1371/journal.pone.0007082

Murphy, T. H., & Corbett, D. (2009). Plasticity during stroke recovery: From synapse to
behaviour. Nature Reviews Neuroscience, 10(12), 861-872.
https://doi.org/10.1038/nrn2735

Panksepp, J. (1998). Affective neuroscience: The foundations of human and animal emotions.
Oxford University Press.

Perez-Marcos, D. (2018). Virtual reality experiences, embodiment, videogames and their
dimensions in neurorehabilitation. Journal of NeuroEngineering and Rehabilitation,
15(1), Article 113. https://doi.org/10.1186/s12984-018-0461-0

Picton, T. W., Alain, C., & MclIntosh, A. R. (2002). The theatre of the mind: Physiological
studies of the human frontal lobes. In D. T. Stuss & R. T. Knight (Eds.), Principles of
frontal lobe function (pp. 109—126). Oxford University Press.

Riva, G., Mantovani, F., & Gaggioli, A. (2004). Presence and rehabilitation: toward second-
generation virtual reality applications in neuropsychology. Journal of Neuroengineering
and Rehabilitation, 1(1), 9. https://doi.org/10.1186/1743-0003-1-9

Riva, G., Wiederhold, B. K., & Mantovani, F. (2019). Neuroscience of virtual reality: From
virtual exposure to embodied medicine. Cyberpsychology, Behavior, and Social
Networking, 22(1), 82—96. https://doi.org/10.1089/cyber.2017.29099.gri

26


https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104994
https://doi.org/10.3390/act14030108
https://doi.org/10.1146/annurev.neuro.27.070203.144157
https://doi.org/10.1371/journal.pone.0007082
https://doi.org/10.1038/nrn2735
https://doi.org/10.1186/s12984-018-0461-0
https://doi.org/10.1186/1743-0003-1-9
https://doi.org/10.1089/cyber.2017.29099.gri

Rizzo, A. A., Schultheis, M. T., Kerns, K. A., & Mateer, C. (2004). Analysis of assets for virtual
reality applications in neuropsychology. Neuropsychological Rehabilitation, 14(1-2),
207-239. https://doi.org/10.1080/09602010343000183

Rossi-Pool, R., Vergara, J., Romo, R. (2020). Constructing perceptual decision-making across
cortex. In D. Poeppel, G.R. Mangun, M.S. Gazzaniga (Eds). The Cognitive
Neurosciences (pp. 411-425). The MIT Press.

Rumelhart, D. E., McClelland, J. L., & the PDP Research Group. (1986). Parallel distributed
processing: Explorations in the microstructure of cognition. Volume 1: Foundations.
MIT Press. https://doi.org/10.7551/mitpress/5236.001.0001

Sara, S. J. (2009). The locus coeruleus and noradrenergic modulation of cognition. Nature
Reviews Neuroscience, 10(3), 211-223. https://doi.org/10.1038/nrn2573

Schultz, W. (2016). Dopamine reward prediction-error signaling: A two-component response.
Nature Reviews Neuroscience, 17(3), 183—195. https://doi.org/10.1038/nrn.2015.26

Slater, M., & Sanchez-Vives, M. V. (2016). Enhancing our lives with immersive virtual reality.
Frontiers in Robotics and Al 3, 74. https://doi.org/10.3389/frobt.2016.00074

Stein, B. E., & Meredith, M. A. (1993). The merging of the senses. MIT Press.

Swain, R. A., Harris, A. B., Wiener, E. C., et al. (2003). Prolonged exercise induces angiogenesis
and increases cerebral blood volume in primary motor cortex of the rat. Neuroscience,
117(4), 1037-1046. https://doi.org/10.1016/S0306-4522(02)00664-4

Takeuchi N & Izumi S-I (2015) Combinations of stroke neurorehabilitation to facilitate motor
recovery: perspectives on Hebbian plasticity and homeostatic metaplasticity. Front.
Hum. Neurosci. 9:349. doi: 10.3389/fnhum.2015.00349

Taub, E., Uswatte, G., & Pidikiti, R. (1999). Constraint-induced movement therapy: A new
family of techniques with broad application to physical rehabilitation. Journal of
Rehabilitation Research and Development, 36(3), 237-251.

Tseng, Y. W., Diedrichsen, J., Krakauer, J. W., Shadmehr, R., & Bastian, A. J. (2007). Sensory
prediction errors drive cerebellum-dependent adaptation of reaching. Journal of
Neurophysiology, 98(1), 54—62. https://doi.org/10.1152/jn.00266.2007

Ulrich, M., Keller, J., Hoenig, K., Waller, C., & Gron, G. (2014). Neural correlates of
experimentally induced flow experiences. Neurolmage, 86, 194-202.
https://doi.org/10.1016/j.neuroimage.2013.08.019

Vaynman, S., & Gomez-Pinilla, F. (2005). License to run: Exercise impacts functional plasticity
in the intact and injured central nervous system by using neurotrophins.
Neurorehabilitation and Neural Repair, 19(4), 283-295.
https://doi.org/10.1177/1545968305280753

27


https://doi.org/10.1080/09602010343000183
https://doi.org/10.7551/mitpress/5236.001.0001
https://doi.org/10.1038/nrn2573
https://doi.org/10.1038/nrn.2015.26
https://doi.org/10.3389/frobt.2016.00074
https://doi.org/10.1016/S0306-4522(02)00664-4
https://doi.org/10.1152/jn.00266.2007
https://doi.org/10.1016/j.neuroimage.2013.08.019
https://doi.org/10.1177/1545968305280753

Wade, E., & Winstein, C. J. (2011). Virtual reality and robotics for stroke rehabilitation: Where
do we go from here? Topics in Stroke Rehabilitation, 18(6), 685—700.

Wankhede, N. L., Koppula, S., Ballal, S., Doshi, H., Kumawat, R., Raju, S., Arora, ., Sammeta,
S. S., Khalid, M., Zafar, A., Taksande, B. G., Upaganlawar, A. B., Gulati, M., Umekar,
M. J., Kopalli, S. R., & Kale, M. B. (2025). Virtual reality modulating dynamics of
neuroplasticity: Innovations in neuro-motor rehabilitation. Neuroscience, 566, 97-111.
https://doi.org/10.1016/].neuroscience.2024.12.040

Ward, N., Paul, E., Watson, P. et al. Enhanced Learning through Multimodal Training: Evidence
from a Comprehensive Cognitive, Physical Fitness, and Neuroscience Intervention. Sci
Rep 7, 5808 (2017). https://doi.org/10.1038/s41598-017-06237-5

Winstein, C. J., Stein, J., Arena, R., et al. (2016). Guidelines for adult stroke rehabilitation and
recovery. Stroke, 47(6), €98—e169. https://doi.org/10.1161/STR.0000000000000098

Wise, R. A. (2004). Dopamine, learning and motivation. Nature Reviews Neuroscience, 5(6),
483—494. https://doi.org/10.1038/nrn1406

28


https://doi.org/10.1016/j.neuroscience.2024.12.040
https://doi.org/10.1038/s41598-017-06237-5
https://doi.org/10.1161/STR.0000000000000098
https://doi.org/10.1038/nrn1406

