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INTRODUCTION

Stroke constitutes the second leading cause of death globally and the third leading cause of combined

death and disability-adjusted life years (DALYs).! Between 1990 and 2019, global stroke incidence increased by
70% with stroke-related mortality rising by 43%, with over 86% of deaths occurring in low- and lower-middle-
income countries that frequently lack specialized rehabilitation resources.? The substantial burden of stroke-related
disability necessitates effective rehabilitation strategies to optimize functional recovery and minimize long-term
impairment.

Traditional stroke rehabilitation has predominantly employed compensatory strategies that circumvent neural
damage rather than promoting neural repair.®* However, advances in neuroscience have revealed the brain's
remarkable capacity for neuroplasticity—the ability to reorganize structure and function following injury—enabling
restoration or rerouting of neural connections for more enduring recovery.* Neuroplasticity encompasses molecular,
synaptic, and structural changes, including dendritic sprouting, axonal rewiring, and adult neurogenesis, which
collectively facilitate functional reorganization.’
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Contemporary neuroimaging studies utilizing functional magnetic resonance imaging (fMRI) and diffusion
tensor imaging (DTI) have demonstrated that post-stroke recovery involves recruitment of perilesional and
contralesional brain regions, functional remapping, and restoration of interhemispheric connectivity.® These findings
have catalyzed a paradigmatic shift toward rehabilitation approaches that actively promote neuroplasticity through
interventions such as constraint-induced movement therapy, intensive task-oriented training, virtual reality, and non-
invasive brain stimulation.”,?

The present narrative review synthesizes current evidence on neuroplasticity mechanisms underlying stroke
recovery, outlines therapeutic strategies targeting these processes, examines factors influencing treatment outcomes,
and identifies future directions for personalized rehabilitation approaches aimed at optimizing functional recovery
and quality of life.

MATERIALS AND METHODS
Search Strategy

This narrative review was conducted following established guidelines for literature synthesis. A
comprehensive search was performed using PubMed, Embase, and the Cochrane Library for English-language
studies published between January 2000 and April 2023. The search strategy employed Medical Subject Headings
(MeSH) terms and keywords including: "stroke rehabilitation," "neuroplasticity," "motor recovery," "brain
reorganization,”" "constraint-induced movement therapy,”" "transcranial direct current stimulation," "virtual reality,"
and "brain-computer interface."
Inclusion and Exclusion Criteria

Eligible sources included original research studies (both animal and human), randomized controlled trials,
systematic reviews, meta-analyses, and comprehensive reviews addressing neuroplasticity mechanisms or

rehabilitation interventions in stroke recovery. Studies were excluded if they were case reports, editorials,
conference abstracts, non-English publications, or lacked relevant outcome data.
Data Extraction and Analysis

Data were systematically extracted and thematically organized into four primary categories: (1)
neuroplasticity mechanisms following stroke, (2) therapeutic interventions for motor and cognitive recovery, (3)
factors influencing rehabilitation outcomes, and (4) challenges and future research directions. Evidence from both
animal models and human studies was integrated to provide a comprehensive understanding of neuroplasticity-based
recovery mechanisms. Due to substantial heterogeneity among studies, a narrative synthesis approach was employed
rather than quantitative meta-analysis.
Ethical Considerations
This review utilized only published literature and did not involve collection of new clinical data; therefore, ethical
approval was not required.

RESULTS AND DISCUSSION
Mechanisms of Neuroplasticity Following Stroke

Neuroplasticity represents the brain's fundamental capacity to reorganize structure and function in response
to injury, experience, or environmental demands.® Following stroke, multiple neuroplastic processes are activated to
restore functional neural networks and compensate for damaged brain regions. Synaptic Plasticity. Synaptic
plasticity constitutes the cellular basis of learning and memory, involving activity-dependent strengthening or
weakening of synaptic connections.'® Post-stroke, surviving neurons demonstrate enhanced synaptic plasticity
characterized by long-term potentiation (LTP) and long-term depression (LTD) mechanisms. These changes
facilitate the formation of new functional circuits that can compensate for lost neural pathways.!' Molecular
mechanisms underlying synaptic plasticity include modification of neurotransmitter receptor density, particularly
AMPA and NMDA glutamate receptors, and alterations in calcium signaling cascades that regulate synaptic
strength.'?
Dendritic Remodeling

Dendritic remodeling involves structural modifications to dendritic trees, including sprouting of new
dendritic spines, expansion of dendritic arborization, and pruning of ineffective synapses.'* These morphological

|Page2



JPBS VOL.1.2025. PP: 1-11

changes occur in both perilesional areas adjacent to the infarct and in remote brain regions, facilitating the
establishment of alternative neural circuits. Dendritic spine density and morphology serve as indicators of synaptic
connectivity and functional recovery potential.'#

Cortical Reorganization

Cortical reorganization represents a fundamental mechanism whereby intact brain regions assume functions
previously performed by damaged areas.'® This process involves remapping of motor and sensory representations
within existing cortical areas and recruitment of novel brain regions for functional recovery. Neuroimaging studies
have documented expansion of motor cortex representations corresponding to recovering limbs and increased
activation in premotor and parietal regions during motor tasks.!¢,!

Early post-stroke, functional connectivity between affected and unaffected brain regions typically
decreases, but successful recovery is associated with restoration of interhemispheric connections, increased bilateral
cortical activation, and gradual normalization of activation patterns.'®,' The contralesional hemisphere initially
demonstrates increased activation that may facilitate early recovery but can become maladaptive if excessive,
highlighting the importance of balanced interhemispheric function.?®

Neurogenesis

Adult neurogenesis, the generation of new neurons from neural stem cells, occurs primarily in the
hippocampus and subventricular zone.?! Following stroke, neurogenesis is enhanced in these neurogenic niches,
contributing to circuit repair and functional recovery. Newly generated neurons migrate to damaged brain regions
and integrate into existing neural networks, potentially replacing lost neurons and supporting plasticity
mechanisms.?? However, the functional significance of adult neurogenesis in human stroke recovery remains under
investigation.

Axonal Sprouting

Axonal sprouting involves the growth of new axonal collaterals from surviving neurons to form novel
connections that bypass damaged neural pathways.?® This process is particularly important for corticospinal tract
reorganization, where intact descending fibers can establish new connections with spinal interneurons and motor
neurons. Molecular guidance cues, including attractive and repulsive factors, regulate axonal growth direction and
target specificity.>*
Table 1. Key Neuroplastic Mechanisms in Stroke Recovery

Mechanism Description Neural Structures Time
Course
Synaptic Plasticity Activity-dependent Cortical and subcortical Hours to
strengthening/weakening of synapses circuits weeks
Dendritic Structural changes in dendritic spines and Perilesional and remote Days to
Remodeling arborization cortex months
Cortical Functional remapping and recruitment of Motor, sensory, and Weeks to
Reorganization intact regions associative cortices years
Neurogenesis Generation of new neurons from stem cells ~ Hippocampus, subventricular Weeks to
zone months
Axonal Sprouting Growth of new axonal collaterals Corticospinal tract, Weeks to
interneuronal circuits months

Therapeutic Interventions Leveraging Neuroplasticity
Modern stroke rehabilitation incorporates evidence-based interventions designed to stimulate neuroplastic
mechanisms and enhance functional recovery.
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Constraint-Induced Movement Therapy (CIMT)

CIMT involves constraining the unaffected limb to promote intensive use of the paretic limb, thereby
stimulating use-dependent neuroplasticity.?® Neuroimaging studies demonstrate that CIMT induces structural and
functional changes in motor cortex, including increased gray matter volume, enhanced cortical activation, and
improved interhemispheric connectivity.?® A systematic review of 15 randomized controlled trials found that CIMT
produced a mean improvement of 4.6 points on the Fugl-Meyer Assessment compared to conventional therapy
(p<0.001).7

The underlying mechanisms of CIMT include overcoming learned non-use of the affected limb, promoting
motor cortex reorganization through repetitive practice, and enhancing synaptic strengthening via increased neural
activity. Optimal CIMT protocols typically involve 6 hours of structured practice daily for 2-3 weeks, combined
with constraint of the unaffected limb for 90% of waking hours.?

Physical Exercise and Aerobic Training

Physical exercise constitutes a cornerstone of neuroplasticity-based rehabilitation, promoting structural and
functional brain changes that support recovery.?® Aerobic exercise increases production of neurotrophic factors,
particularly brain-derived neurotrophic factor (BDNF), which supports neuronal survival, synaptic plasticity, and
neurogenesis.*® Exercise also enhances cerebral blood flow, white matter integrity, and functional connectivity
between brain regions.?!

Task-specific training that incorporates repetitive, goal-oriented movements promotes motor learning
through use-dependent plasticity mechanisms.*> Meta-analyses indicate that structured exercise programs produce
significant improvements in motor function, with effect sizes ranging from 0.4 to 0.8 across different outcome
measures.*

Non-Invasive Brain Stimulation

Transcranial direct current stimulation (tDCS) modulates cortical excitability through application of low-
intensity electrical current, thereby influencing neuroplastic processes.>* Anodal stimulation can enhance excitability
in the lesioned hemisphere, while cathodal stimulation can reduce excessive activity in the contralesional
hemisphere, potentially restoring interhemispheric balance.

Clinical trials demonstrate that tDCS combined with conventional rehabilitation produces superior
outcomes compared to rehabilitation alone. A recent meta-analysis of 32 studies found that active tDCS resulted in a
mean improvement of 6.3 points on motor function scales compared to 3.1 points with sham stimulation (p=0.02).3¢
Optimal stimulation parameters typically involve 1-2 mA intensity for 20 minutes per session, administered 5 days
per week for 2-3 weeks.*

Repetitive transcranial magnetic stimulation (rTMS) offers another approach to neuromodulation, with
high-frequency stimulation increasing cortical excitability and low-frequency stimulation producing inhibitory
effects.®® The choice between facilitatory and inhibitory protocols depends on individual stroke characteristics and
hemispheric activation patterns.*

Virtual Reality Training

Virtual reality (VR) provides immersive, interactive environments that enable intensive, repetitive practice
with real-time feedback.* VR training engages multiple sensory modalities simultaneously, promoting multisensory
integration and cortical reorganization. The gamified nature of VR can enhance motivation and therapy adherence
compared to conventional approaches.*' Systematic reviews indicate that VR training produces significant
improvements in motor function, with effect sizes ranging from 0.4 to 0.7 for upper limb recovery and 0.2 to 0.5 for
balance and gait outcomes.** Neuroimaging studies demonstrate that VR training induces changes in motor cortex
activation patterns, increased connectivity between sensorimotor regions, and enhanced cerebellar activation during
motor tasks.*?
Brain-Computer Interfaces

Brain-computer interfaces (BCls) enable direct communication between brain signals and external devices,
providing a mechanism to reinforce motor intentions even in the absence of overt movement.** BCI systems
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typically utilize electroencephalography (EEG) to detect motor imagery or attempted movement, which then triggers
feedback through robotic devices, functional electrical stimulation, or visual displays.*® The theoretical basis for BCI
effectiveness lies in Hebbian plasticity principles, where neurons that fire together strengthen their connections. By
providing immediate feedback for motor intentions, BCIs may facilitate reorganization of motor networks and
enhance recovery of voluntary movement.*® Clinical trials indicate that BCI training produces modest but significant
improvements in motor function, with the greatest benefits observed when combined with conventional
rehabilitation.*’

Speech and Language Therapy

Neuroplasticity principles also apply to language recovery following stroke. Intensive, task-specific
language exercises promote reorganization within perilesional areas and recruitment of contralesional language
networks.*® Techniques such as melodic intonation therapy leverage intact musical processing circuits to facilitate
language recovery through alternative neural pathways.*

Emerging approaches include computer-based aphasia therapy programs that provide intensive practice
with immediate feedback, and combined speech therapy with non-invasive brain stimulation to enhance language
network reorganization.>

Pharmacological Enhancement

Pharmacological interventions may augment neuroplasticity and enhance rehabilitation outcomes. Selective
serotonin reuptake inhibitors (SSRIs) have shown promise in promoting motor recovery, potentially through
enhancement of BDNF expression and facilitation of synaptic plasticity.>' Dopaminergic medications may enhance
motor learning and skill acquisition through modulation of reward pathways and corticomotor excitability.*?
However, the evidence for pharmacological enhancement remains mixed, with benefits likely dependent on timing,
dosage, and combination with active rehabilitation. Future research should focus on identifying optimal drug-
rehabilitation combinations and developing precision medicine approaches based on individual patient
characteristics.
Table 2. Evidence-Based Neuroplasticity Interventions

Evidence

Intervention Mechanism Protocol Effect Size
Level
CIMT Use-dependent plasticity 6h/day x 2-3 weeks Level 1a +4.6 FMA points
Aerolflc BDNF upregulation 30-45 min, 3-5x/week Level 1a +5.1 FMA points
Exercise
. 1-2 mA, 20
tDCS Cortical modulation . . Level 1b +6.3 vs +3.1 sham
min/session
. . . . . . +5.3 vs +2.9
VR Training Multisensory integration 30-60 min/session Level 1b control
+ +7.2 vs +3.1
BCI Motor intention reinforcement EEG fe?edback Level 2b Vs
device control
L k 2-4 h /day x 3 .
Speech Therapy anguage networ ouaay Level la  +14.4 AAT points
reorganization weeks

Factors Influencing Neuroplasticity-Based Recovery
Recovery outcomes following neuroplasticity-based interventions demonstrate substantial inter-individual
variability, influenced by multiple patient, clinical, and environmental factors.
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Age-Related Factors

Age represents a critical determinant of neuroplastic capacity and rehabilitation outcomes. Younger patients
typically demonstrate greater structural and functional plasticity, with more extensive cortical reorganization and
superior recovery outcomes.’* Meta-analyses indicate that patients under 55 years achieve 25-30% greater
improvements in motor function compared to those over 75 years (p<0.01).>*Age-related changes that limit plasticity
include reduced neurogenesis, decreased synaptic density, altered neurotransmitter systems, and increased
inflammation.*® However, older adults retain significant plasticity potential, and intensive rehabilitation can produce
meaningful improvements even in advanced age.>’

Genetic Factors

Genetic polymorphisms significantly influence neuroplasticity and treatment responsiveness. The brain-
derived neurotrophic factor (BDNF) Val66Met polymorphism represents the most extensively studied genetic
variant, with Met carriers demonstrating 20-30% smaller improvements in motor function following rehabilitation
compared to Val/Val homozygotes.*® This difference is attributed to reduced activity-dependent BDNF release and
impaired synaptic plasticity in Met carriers.
Other genetic variants affecting dopamine metabolism, apolipoprotein E, and inflammatory responses may also
modulate recovery outcomes. Future developments in precision rehabilitation may incorporate genetic profiling to
optimize treatment selection and dosing.®°
Stroke Characteristics
Stroke location, size, and type significantly influence neuroplastic potential and recovery trajectories. Small
subcortical infarcts typically permit greater compensation compared to large cortical strokes, with odds ratios for
functional independence approximately 2.1 times higher (p<0.05).' Brainstem strokes may demonstrate unique
recovery patterns due to preserved cortical plasticity despite significant functional impairments.
Initial stroke severity, as measured by standardized scales, correlates strongly with recovery potential. Patients with
severe initial deficits demonstrate 35-50% lower recovery rates compared to those with mild to moderate
impairments.®> However, even severely affected patients can benefit from intensive rehabilitation, albeit with more
modest gains.
Timing and Intensity of Rehabilitation
The timing of rehabilitation initiation critically influences neuroplastic responses and functional outcomes. The early
post-stroke period represents a "critical window" of heightened plasticity, with intervention within 14 days
associated with approximately 15 points greater improvement in functional independence measures compared to
delayed initiation after 3 months.*
Rehabilitation intensity also demonstrates a dose-response relationship with recovery outcomes. High-intensity
programs (>3 hours/day) produce 5-8 points greater improvement in motor function compared to low-intensity
approaches (<1 hour/day) across multiple randomized controlled trials.®> However, optimal intensity must be
balanced against patient tolerance and risk of fatigue or discouragement.
Environmental and Social Factors
Environmental factors, including access to rehabilitation services, technology, and social support, significantly
influence treatment outcomes. Strong social support systems increase rehabilitation adherence by approximately
40% and enhance use-dependent plasticity through increased practice opportunities.®® Conversely, socioeconomic
barriers, transportation difficulties, and cultural stigma can limit therapy participation and reduce neuroplastic
stimulation.®’
Healthcare system factors, such as therapist availability, equipment access, and reimbursement policies, create
disparities in rehabilitation quality and intensity. Telerehabilitation and community-based programs represent
potential solutions to improve access and reduce barriers to intensive treatment.®
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Table 3. Factors Influencing Rehabilitation Outcomes

Factor Category Specific Variables Impact on Recovery Evidence Quality
Demographics Age, sex, education Younger: +25-30% improvement High
Genetics BDNF Val66Met, COMT Met carriers: -20-30% gains Moderate
Stroke Factors Location, size, severity Small subcortical: OR=2.1 High
Timing Intervention initiation Early (<14 days): +15 FIM points High
Intensity Hours per day High (>3h): +5-8 FMA points High
Environment Social support, access Strong support: +40% adherence Moderate

Challenges and Future Directions

Despite significant advances in neuroplasticity-based rehabilitation, several challenges limit optimal
implementation and outcomes.
Inter-Individual Variability

Substantial heterogeneity in treatment responses remains a major challenge, with some patients
demonstrating excellent recovery while others show minimal improvement despite similar interventions. This
variability reflects complex interactions between genetic, demographic, clinical, and environmental factors that are
incompletely understood.®®

Future research should focus on developing predictive biomarkers and stratification algorithms to identify
patients most likely to benefit from specific interventions. Neuroimaging markers, such as white matter integrity,
resting-state connectivity, and task-related activation patterns, show promise for predicting rehabilitation outcomes.”
Optimal Timing and Dosage

While early intervention generally produces superior outcomes, the precise timing and intensity of different
rehabilitation modalities remain unclear. Some interventions may be more effective during specific post-stroke
phases, and excessive early stimulation could potentially impair recovery through excitotoxic mechanisms.”
Long-term studies are needed to determine optimal intervention schedules and "booster" protocols to maintain gains
over time. Adaptive algorithms that adjust treatment parameters based on individual response patterns may optimize
dosing and minimize adverse effects.”
Technology Integration and Accessibility

Advanced rehabilitation technologies, including robotics, virtual reality, and brain-computer interfaces,
show considerable promise but face barriers to widespread implementation. Cost, technical complexity, training
requirements, and limited evidence for superiority over conventional approaches restrict adoption in many clinical
settings.”
Future developments should prioritize cost-effective, user-friendly technologies that can be deployed in diverse
healthcare environments. Home-based systems and telerchabilitation platforms may improve access while reducing
costs and improving long-term engagement.”
Combination Therapies

Most rehabilitation research focuses on individual interventions, but optimal recovery likely requires
synergistic combinations of behavioral, neuromodulatory, and pharmacological approaches. The sequencing, timing,
and interaction effects of combined therapies require systematic investigation.”
Emerging concepts include "priming" strategies that use brain stimulation or pharmacological agents to enhance
subsequent behavioral training, and multimodal protocols that simultaneously target multiple plasticity
mechanisms.’®
Precision Rehabilitation

The future of stroke rehabilitation lies in personalized approaches that match interventions to individual
patient characteristics, preferences, and goals. This requires integration of clinical, genetic, neuroimaging, and
functional data to guide treatment selection and optimization.”
Artificial intelligence and machine learning approaches may enable real-time adaptation of rehabilitation protocols
based on performance data and physiological responses. Such systems could maximize recovery while minimizing
burden and cost.”
CONCLUSIONS
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Neuroplasticity represents a fundamental mechanism underlying stroke recovery and provides the
theoretical foundation for modern rehabilitation approaches. The brain's capacity for structural and functional
reorganization can be harnessed through evidence-based interventions that promote synaptic plasticity, dendritic
remodeling, cortical reorganization, and network restoration. Current evidence supports the efficacy of multiple
neuroplasticity-based interventions, including constraint-induced movement therapy, physical exercise, non-invasive
brain stimulation, virtual reality training, and brain-computer interfaces. However, recovery outcomes remain highly
variable and depend on complex interactions between patient characteristics, stroke factors, and treatment
parameters. Future advances in stroke rehabilitation will likely emphasize early, intensive, personalized
interventions that combine multiple therapeutic modalities to optimize neuroplastic responses. Integration of
advanced technologies, precision medicine approaches, and novel therapeutic targets promises to further enhance
functional recovery and quality of life for stroke survivors. The continued collaboration between clinicians,
neuroscientists, engineers, and data scientists will be essential for translating neuroplasticity research into effective
rehabilitation strategies that can be implemented across diverse healthcare settings and patient populations.
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