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Abstract

Neuroplasticity, the brain's capacity to reorganize neural networks, plays a fundamental role in
stroke recovery through multiple mechanisms spanning cellular to network levels. This narrative
review synthesizes current understanding of neuroplastic processes in stroke rehabilitation,
examining both spontaneous and intervention-induced neural reorganization. We explore how
the brain adapts through synaptic modifications, dendritic sprouting, and cortical remapping,
particularly in perilesional areas and the contralesional hemisphere. The review evaluates evidence-
based therapeutic approaches that harness neuroplasticity, including physical rehabilitation,
neurostimulation techniques, and emerging technological interventions. We examine critical factors
influencing recovery outcomes, such as intervention timing, genetic variations, and environmental
conditions. The integration of advanced neuroimaging, pharmacological enhancement, and
personalized rehabilitation strategies emerges as a promising direction for optimizing stroke
recovery. While significant progress has been made, challenges remain in making these interventions
globally accessible, particularly in resource-limited settings.

Keywords: Neuroplasticity; Constraint-Induced Movement Therapy; Neurostimulation; Brain-
Computer Interfaces; Cortical Remapping; Synaptic Plasticity

Introduction

A stroke can devastate neural pathways in an instant, yet the human brain possesses a remarkable
capacity to recover. This recovery stems from neuroplasticity - the brain's fascinating ability to
rewire and reorganize its neural networks in response to injury and experience [1]. Much like a city's
transportation system can reroute traffic when main roads are damaged, the brain can forge new
neural pathways and strengthen existing ones to restore lost functions.

Our understanding of neuroplasticity has transformed stroke rehabilitation over the past
decades. This adaptive mechanism operates through multiple levels of brain organization, from
microscopic changes in individual neurons to large-scale reorganization of entire brain networks.
When stroke damages a region of the brain, neighboring areas can assume lost functions, and even
the opposite hemisphere can be recruited to support recovery. This process is not merely passive
repair, but rather an active, experience-dependent reorganization that can be enhanced through
targeted therapeutic interventions.

The clinical implications of neuroplasticity are profound. By understanding how the brain
rewires itself after injury, we can design more effective rehabilitation strategies that capitalize on
these natural recovery mechanisms. From constraint-induced movement therapy to brain-computer
interfaces, modern stroke rehabilitation increasingly focuses on harnessing and optimizing
neuroplastic changes. This shift has moved stroke recovery from a process of compensation to one
of actual neural repair and reorganization.

This narrative review examines the current understanding of neuroplasticity in stroke recovery,
exploring its biological foundations, manifestation in different recovery phases, and therapeutic
applications. We also discuss how various factors including timing, genetics, and environment
influence neuroplastic responses, and consider future directions that may further revolutionize
stroke rehabilitation. By deepening our understanding of these mechanisms, we can continue to
develop more effective, personalized approaches to stroke recovery that maximize each patient's
rehabilitation potential.
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Understanding Neuroplasticity

Biological Foundations

Neuroplasticity encompasses various cellular and molecular
mechanisms (Figure 1) that enable the brain to adapt and reorganize.
At the cellular level, this includes changes in synaptic connections,
dendritic sprouting, and axonal remodeling [2]. The neuronal
cytoskeleton plays a vital role in these processes, facilitating structural
modifications that underpin synaptic plasticity and regeneration.”
Additionally, neurogenesis, the formation of new neurons, contributes
to the brain's regenerative capacity especially the subgranular zone of
the dentate gyrus in the brain, where granule neurons are generated
throughout life from a population of progenitor/ stem cells, though
its role in stroke recovery continues to be an area of active research

(3].
Network Reorganization

Synaptic plasticity forms the basis for network-level changes in
brain connectivity. These modifications can occur through various
mechanisms, including the strengthening or weakening of existing
synapses and the formation of new connections [4]. Following a
stroke, the brain undergoes significant reorganization of its neural
networks, particularly in regions adjacent to the damaged area and in
corresponding regions of the unaffected hemisphere [5].

Neuroplastic Changes Following Stroke

Acute Phase Response

In the immediate aftermath of a stroke, the brain initiates a
cascade of neuroplastic changes. The ischemic event triggers various
molecular and cellular responses that can both help and hinder
recovery [6].On the beneficial side, the brain increases its production
of growth factors like BDNF (Brain Derived Neurotrophic Factor),
while activating anti-inflammatory pathways and enhancing
synaptic plasticity through NMDA receptor modulation [6]. Neural
stem cells also become activated to support recovery. However,
several processes can impede healing, including excitotoxicity from
excessive glutamate release, release of myelin components (Nogo-A,
myelin-associated glycoprotein) and guidance molecules (ephrins,

semaphorins), inflammatory cascades that cause secondary damage,
the formation of glial scars that block axonal regrowth, and oxidative
stress that damages cellular components [6]. Understanding these
early changes is crucial for developing interventions that promote
beneficial plasticity while minimizing maladaptive responses.

Cortical Reorganization

One of the most significant manifestations of post-stroke
neuroplasticity is the reorganization of cortical maps [7]. Functional
neuroimaging studies have revealed shifts in peak activation within
the sensorimotor cortex following stroke, indicating the brain's ability
to recruit alternative neural pathways to compensate for damaged
regions [7, 8]. This reorganization can occur both in perilesional areas
and in the contralesional hemisphere, though the optimal pattern
of reorganization may vary depending on factors such as lesion size
and location [5]. Small cortical lesions typically show promising
recovery through perilesional reorganization, where adjacent areas
take over lost functions. In contrast, large cortical lesions often
require recruitment of the contralesional hemisphere, though this
compensation may be less efficient. Subcortical lesions tend to result
in distributed reorganization patterns involving both hemispheres,
while recovery from white matter lesions largely depends on the
availability of alternate neural pathways.

Therapeutic
Neuroplasticity

Approaches Leveraging

Physical Rehabilitation

Exercise-Based Interventions: Physical exercise has emerged
as a powerful tool for promoting neuroplasticity after stroke [9,
10]. Exercise not only enhances cardiovascular health but also
stimulates the production of neurotrophic factors like Brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF),
and insulin-like growth factor (IGF-1) [10], and promotes synaptic
plasticity. Studies have shown that balance training and other forms
of physical exercise can increase cortical thickness in relevant brain
regions, suggesting structural neuroplastic changes [9]. Balance
training enhances visual and vestibular cortical regions, while aerobic
exercise strengthens prefrontal and temporal areas. Resistance
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Figure 1: Neuroplastic mechanisms in stroke recovery.
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Table 1: Comparison of rehabilitation modalities.

. . - . R Cost Session
Modality Effectiven-ess Timing (Phase) Neuroplastic Effects Limitations . '. Course Length
Effective-ness Duration
. Direct neural pathway . .
Brain-Computer Moderate Subac_ute to activation, enhanced motor Expen;lve, requires Low 30-45 minutes | 8-12 weeks
Interfaces Chronic L extensive setup
network connectivity
Constraint-Induced Enhanced motor cortex Reguues some
. Subacute to - X residual movement, . .
Movement Therapy High : reorganization, increased . Medium 2-6 hours daily |2-3 weeks
Chronic can be frustrating
(CIMT) gray matter volume R
for patients
. Activation of motor planning .
Mental Practice/Motor Moderate Acute to Chronic  areas, enhanced neural Req”.'fes QOOd. High 20-30 minutes  4-8 weeks
Imagery - cognitive function
network efficiency
Enhanced mirror neuron Limited to unilateral
Mirror Therapy Moderate Acute to Chronic  system activation, improved |. . Low 15-30 minutes  4-6 weeks
- impairments
motor network connectivity
. Enh i ’ .
Robot-Assisted Moderate to Subacute to X n anc_ed sgnsorlmotor . High cost, limited . .
) . integration, increased cortical S High 45-60 minutes  6-12 weeks
Therapy High Chronic I availability
activation
Transcranial Direct Early Subacute to Modulation of cortical :gi“il:se;n?;v'gil::;
Current Stimulation Moderate Y excitability, enhanced motor ponse, req Medium 20-30 minutes | 2-4 weeks
Chronic - specialized
(tbCs) learning .
equipment
Moderate to Increased sensorimotor Technology access,
Virtual Reality Training High Acute to Chronic | cortex activation, enhanced | may cause motion | Medium 30-60 minutes  4-8 weeks
9 neural network sickness

training particularly affects the motor cortex, and task-specific
training strengthens corresponding functional areas. The motor
system's adaptive plasticity involves several key regions, including the
primary motor cortex, premotor cortex, supplementary motor area,
and sensorimotor integration areas. This plasticity manifests through
various mechanisms: the unmasking of existing but previously
unused neural pathways, the formation of new synaptic connections,
and changes in the excitability of existing circuits [9].

Constraint-Induced Movement Therapy (CIMT): CIMT has
proven particularly effective in promoting neuroplastic changes and
functional recovery [11]. This approach, which involves constraining
the unaffected limb while intensively training the affected one,
forces the use of the impaired limb and promotes adaptive plasticity
in relevant motor areas. Comparison of different modalities for
rehabilitation has been in Table 1.

Speech therapy: Speech therapy involves targeted exercises
and techniques to improve speech and language deficits resulting
from stroke. Speech therapy has proven effective in stimulating the
formation of new neural connections, thereby improving overall
brain function [12].

Mental practice therapy: Mental practice techniques, when
combined with CIMT, have shown particularly promising results.
During rest periods between physical CIMT sessions, patients who
engage in guided imagery and mental rehearsal of movements show
enhanced motor recovery compared to CIMT alone. The neural
mechanisms behind this synergy likely involve the activation of
similar motor planning circuits, effectively extending the "training
time" without physical fatigue [13].

Virtual reality-based therapy: Virtual reality integration with
CIMT has emerged as another powerful combination. By creating
engaging, gamified environments that enforce the principles of
CIMT while providing real-time feedback, patients show improved
motivation and adherence to the therapy. The virtual environments
can be progressively adjusted in difficulty, allowing for precise
challenge calibration that maintains an optimal learning state. There's
evidence that this combination particularly enhances fine motor
control and spatial awareness [14].

Mirror therapy: Mirror therapy offers an interesting approach
for patients in the earlier stages of recovery. The visual feedback from
the mirror creates an illusion of normal movement in the affected
limb, which appears to prime motor networks. It improves post-
stroke recovery on the basis of enhancing the mirror neuron system,
which refers to the neurons that are involved in the performance of
the observed actions [15].

Neurostimulation Techniques

Transcranial Direct Current Stimulation (tDCS): tDCS has
shown considerable promise in enhancing neuroplasticity and
accelerating motor recovery after stroke [16]. Recent studies in both
animal models and human patients have demonstrated that tDCS
can enhance neuroplastic changes and improve functional outcomes
when combined with traditional rehabilitation approaches [16]. The
timing and parameters of stimulation appear crucial for optimizing
these effects. Transcranial direct current stimulation (tDCS) shows
optimal results when applied during the early subacute phase, using
1-2 mA current for 20-30 minute daily sessions over 2-4 weeks.

Rhythmic auditory stimulation: Music based Rhythmic
auditory stimulation (RAS) paired with conventional physiotherapy
has demonstrated significant benefits in balance, gait, fall risk, trunk
control, and functional independence. The rhythmic cues provide
an external timing framework that helps patients organize their
movements more effectively [17].

Electrical stimulation: Electrical stimulation, particularly
neuromuscular electrical stimulation (NMES) has demonstrated
enhanced recovery of motor function in many studies. The NMES
helps activate muscles that might be difficult for patients to engage
voluntarily. Electrostimulation might improve motor recovery after

stroke by providing neuromuscular re-training [18].

Brain-Computer Interfaces (BCIs): BCI technology represents
an innovative approach to promoting neuroplasticity in stroke
rehabilitation [19]. BCIs have evolved to incorporate EEG-based
motor imagery, real-time feedback systems, and closed-loop neural
interfaces that integrate with physical therapy. These systems, which
allow direct communication between the brain and external devices,
can facilitate motor imagery and movement execution, potentially
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enhancing motor recovery through neuroplastic mechanisms [19].

Robotic and Technological Interventions

Robot-Assisted Therapy: Robotic devices have become
increasingly important tools in stroke rehabilitation. Patients moving
their stroke-affected hand using robotic device had proportionally
more peak activations in the primary motor area and fewer peak
activations in the somatosensory cortex than the healthy controls on
fMRI [20]. Robotic systems can provide precise, repetitive training
that promotes neuroplastic changes in motor networks.

Exoskeleton-Based Training: Exoskeleton technology offers
promising opportunities for promoting neuroplasticity in non-
ambulatory stroke patients. These devices can facilitate intensive,
task-specific training that may be particularly effective in promoting
neural reorganization and functional recovery during the subacute
phase of stroke [21].

Factors Influencing Neuroplasticity and
Recovery

Timing of Interventions

The timing of rehabilitation interventions plays a crucial role
in optimizing neuroplastic changes and functional recovery [22].
Evidence suggests that early intervention may be particularly
important for maximizing recovery potential, though the optimal
window for different types of interventions may vary [22]. The timing
of rehabilitation is crucial, with different phases presenting distinct
opportunities and challenges (Figure 2). The hyperacute phase (0-24
hours) allows for limited intervention, while the acute phase (1-7 days)
focuses on careful mobilization. The early subacute phase (7 days-3
months) represents the maximum plasticity window, followed by the
late subacute phase (3-6 months) with continued recovery potential.
Even in the chronic phase (beyond 6 months), improvement remains
possible, albeit at a slower pace. Understanding these temporal
dynamics is essential for developing effective rehabilitation strategies.

Genetic Factors

Genetic variation can significantly influence neuroplastic
responses and rehabilitation outcomes after stroke [23]. Key genes
include BDNF (particularly its Val66Met polymorphism), ApoE and
various growth factor genes. Individual differences in genes related to
neural repair and plasticity may help explain the variability in recovery
patterns observed among stroke patients [23]. This understanding
may eventually lead to more personalized rehabilitation approaches
based on genetic profiles.

Environmental and Behavioral Factors

The environment and behavioral context in which rehabilitation
occurs can significantly impact changes [24].
Environmental factors significantly influence recovery, including
enriched environments, social interaction, stress levels, sleep quality,
cognitive engagement, and dietary factors. Factors such as motivation,
attention, and the intensity of training can also influence the
effectiveness of rehabilitation interventions in promoting beneficial
neuroplasticity [24].

neuroplastic

Challenges in Low- and Middle-Income Countries

The implementation of neuroplasticity-based rehabilitation
approaches faces particular challenges in low- and middle-income
countries [25]. Limited resources, insufficient infrastructure, and
lack of trained personnel can make it difficult to provide optimal

Confinued recovery
Maximum plasticity window

Slow improvement

Careful mobiiization

Recovery Potential

iled intervention

Oh 24h 7d 3m Gm+
Hyperacute Acute Early Subacute Late Subacute Chronic

Time Since Stroke

Figure 2: Stroke recovery timeline and intervention phases.

rehabilitation services [25]. Developing cost-effective and culturally
appropriate interventions that promotes neuroplasticity should
remain an important goal.

Future Directions

Pharmacological Enhancement

The development of pharmacological approaches to enhance
neuroplasticity represents a promising area for future research
[26]. Current pharmacological approaches target multiple
systems, including (especially  dopamine
and serotonin), growth factor pathways, anti-inflammatory
mechanisms, neurogenesis promotion, and synaptic plasticity
enhancement. Various compounds that modulate neural repair and
plasticity mechanisms like selective serotonin reuptake inhibitors,
amphetamines, growth factor mimetics, anti-inflammatory agents,

neurotransmitters

and stem cell activators are being investigated as potential adjuncts to
rehabilitation interventions [26].

Advanced Neuroimaging

Continued advances in neuroimaging techniques, particularly
in functional neuroplasticity imaging, like functional MRI for
activation patterns, DTI (Diffuse Tensor Imaging) for white matter
tract integrity, PET for metabolic changes, Magnetoencephalography
for temporal dynamics and advanced connectivity analyses will likely
provide new insights into the mechanisms of recovery and help
optimize rehabilitation strategies [27]. These tools may eventually
allow for more precise targeting of interventions based on individual
patterns of neural reorganization.

Personalized Rehabilitation Approaches

The future of stroke rehabilitation lies in developing more
personalized approaches that take into account individual factors
such as genetic profile, lesion characteristics, and patterns of neural
reorganization. This may involve combining multiple intervention
modalities and tailoring the timing and intensity of treatments to
individual patients.

Conclusion

The study of neuroplasticity has revolutionized our understanding
of stroke recovery, revealing the brain's remarkable capacity for
reorganization and repair. Modern rehabilitation approaches now
leverage this adaptability through diverse interventions, from
constraint-induced movement therapy to advanced brain-computer
interfaces. As we look ahead, personalized rehabilitation strategies
that consider individual genetic profiles, lesion characteristics, and
neural reorganization patterns hold particular promise. While
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significant challenges remain in making these interventions widely
accessible, continued advances in neuroimaging and therapeutic
technologies promise to enhance recovery outcomes further. The key
to future progress lies in both developing more effective treatments
and ensuring their availability to stroke survivors worldwide.
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