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Interventions for Neural Plasticity in Stroke Recovery

Jaylan Patel', Iris Shim', and Devendra K. Agrawal'*

Abstract

Stroke is a leading cause of long-term disability, and enhancing
neural plasticity is a central strategy in promoting functional recovery.
This review examines a range of interventions that target plasticity to
improve outcomes in stroke survivors. Neural plasticity is assessed using
neuroimaging tools, such as fMRI, EEG, and fNIRS, as well as clinical
scales, including the Fugl-Meyer Assessment (FMA) and the Modified
Rankin Scale (mRS). Biomarkers, like brain-derived neurotrophic
factor (BDNF), GABA, and nerve growth factor (NGF), are also useful
for predicting patient outcomes. These tools offer insight into recovery
potential and intervention effectiveness. The interventions discussed
include physical therapy, cognitive behavioral therapy (CBT), dietary
support, and emerging technologies such as virtual reality, video
games, and exoskeleton-assisted training. Pharmacological strategies,
including Levodopa, selective serotonin reuptake inhibitors (SSRIs),
and ginkgo diterpene lactone meglumine (GDLM), have shown mixed
results, while stem cell therapies remain under investigation. Physical
therapy remains the foundational treatment, but other interventions
may provide added benefit depending on patient characteristics.
This review highlights the need for a personalized, multidimensional
approach to stroke rehabilitation. Continued research is necessary to
refine these therapies and optimize recovery through tailored treatment
strategies.
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Introduction

Stroke is a leading cause of long-term disability and mortality
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acute focal injury to the central nervous system (CNS)—including the
brain, retina, or spinal cord—caused by a vascular event [2]. The vast
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symptoms, imaging studies reveal that many cases previously classified
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management, many survivors experience persistent deficits
due to irreversible neuronal loss and limited capacity for
spontaneous neural regeneration [4].

A key determinant of post-stroke recovery is the brain’s
ability to undergo neural plasticity—a dynamic process by
which the CNS reorganizes its structure and function in
response to injury [5]. These neuroplastic adaptations underlie
the potential for functional restoration and are targeted by
most therapeutic interventions aiming to improve outcomes
after stroke. However, the extent and pattern of post-
injury plasticity can vary widely, and optimizing adaptive
reorganization while mitigating maladaptive responses
remains a persistent challenge in stroke rehabilitation
research.

Plasticity manifests through diverse and interacting
mechanisms, including cortical remapping, axonal sprouting,
dendritic arborization, and synaptic reorganization [5-10].
These processes are modulated by both intrinsic biological
factors, such as the severity and location of injury, patient
age, molecular mediators, and extrinsic influences, such as
rehabilitative training and neuromodulatory interventions.
Notably, a temporally limited window of heightened plastic
potential following stroke has been identified, suggesting that
early and targeted intervention may be critical for optimizing
recovery [9]. Given the centrality of neuroplasticity in post-
stroke rehabilitation, there is growing interest in identifying
and optimizing interventions that enhance adaptive plasticity
while minimizing maladaptive changes [10].

In this review article, we critically discussed the following
points: (i) the mechanisms through which the brain attempts
to recover function via neural plasticity, (ii) evaluation
and comparison of current pharmacological, behavioral,
neuromodulatory, and technological strategies designed to
enhance post-stroke neuroplasticity, and (iii) synthesis of
clinical and experimental evidence to assess the efficacy,
limitations, and future potential of these interventions in
promoting long-term recovery.

Pathophysiology of Stroke and Neural Plasticity
Pathophysiology of Stroke

The pathophysiology of ischemic stroke involves a cascade
of deleterious events. Interruption of cerebral blood flow
initiates rapid energy failure, disrupting ionic gradients and
leading to calcium influx, glutamate-mediated excitotoxicity,
oxidative stress, mitochondrial dysfunction, and ultimately
necrosis and apoptosis [11-13]. These mechanisms cause
irreversible damage not only to neurons but also to glial and
vascular endothelial cells, amplifying neuroinflammation and
tissue injury [11-13]. This complexity renders spontaneous
functional recovery challenging, particularly in the absence
of targeted intervention [13].
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Mechanistic Distinctions Between Ischemic and
Hemorrhagic Strokes

Although ischemic and hemorrhagic strokes share
common clinical features, their pathophysiological
mechanisms diverge significantly, influencing the course
of recovery. Ischemic stroke results from impaired blood
flow, leading to hypoxia, metabolic failure, excitotoxicity,
and inflammatory cascades. Hemorrhagic stroke, in contrast,
causes direct mechanical damage from hematoma expansion
and neurotoxic effects of blood products, such as hemoglobin
breakdown and iron deposition [14]. A comparison between
the two types of strokes is illustrated in Figure 1. The scope
for neuroplastic recovery may differ between subtypes,
with ischemic stroke more extensively studied in relation to
post-injury reorganization and rehabilitative responsiveness
[11-13].
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Figure 1: Schematic diagram comparing ischemic and hemorrhagic
strokes and their mechanisms.
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Figure 2: Schematic diagram showing the major mechanisms of
neural plasticity, which allow the brain to recover after a stroke.
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Neural Damage

At the cellular level, ischemia-induced energy failure
disrupts ATP-dependent ion transport mechanisms, causing
depolarization and intracellular calcium overload [11].
This initiates a pathological cascade leading to intracellular
calcium accumulation, release of excitatory neurotransmitters
such as glutamate, generation of reactive oxygen species
(ROS), and activation of pro-apoptotic signaling pathways
[11-13]. Inflammatory mediators and blood-brain barrier
breakdown further exacerbate injury to neurons, astrocytes,
oligodendrocytes, and endothelial cells, contributing to a
dynamic and self-reinforcing cycle of cell death [12-13].
These combined effects contribute to long-term disability and
highlight the brain's limited ability to regenerate after stroke

[4].
Role of Neural Plasticity in Stroke Recovery

In the aftermath of a stroke, the brain engages
compensatory mechanisms that attempt to restore lost
function by reorganizing surviving neural networks [5].
These neuroplastic processes are most active during the
subacute phase post-injury, a critical window during which
rehabilitation has the greatest potential to improve outcomes
[9]. Multiple mechanisms underlie the brain's capacity to
reorganize following stroke, each contributing to functional
recovery through network remodeling. Cortical Remapping
is the shifting of the functional representations of motor and
sensory systems to perilesional or contralesional regions
following injury. This redistribution, particularly in the
primary motor and premotor cortices, has been demonstrated
in both animal models and human neuroimaging studies
[7]. Axonal Sprouting occurs when the surviving neurons
generate new axonal projections to replace connections lost
due to infarction. These sprouts often target denervated
areas, supporting the restoration of disrupted circuits and
contributing to regained motor and sensory functions [5-6].
Recovery is also facilitated by synaptogenesis, or increased
synapse formation, and dendritic remodeling, which enhance
synaptic density and signal propagation within reorganized
neural pathways [5-8]. These mechanisms are key components
to post-stroke recovery as illustrated in Figure 2. However,
not all forms of plasticity are beneficial. For instance, post-
stroke studies have shown that in some patients, excessive
interhemispheric inhibition from the contralesional motor
cortex suppresses activity in the ipsilesional hemisphere
during voluntary movement, correlating with poorer motor
outcomes [15]. Therefore, a major therapeutic goal is to
promote adaptive plasticity while minimizing processes that
interfere with recovery [10].

Assessment and Indicators of Neural Plasticity
Neuroimaging and Cognitive Assessment Tools

Understanding neural plasticity is crucial for improving
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stroke rehabilitation and optimizing recovery strategies.
Imaging plays a vital role in tracking and quantifying neural
plasticity (Table 1). Functional magnetic resonance imaging
(fMRI) is one of the most widely used techniques for
assessing brain function. It provides high spatial resolution,
enabling the detection of changes in blood supply and the
evaluation of neuronal networks [16-17]. fMRI can measure
functional adaptations in response to various conditions,
such as deafness [18]. In stroke, fMRI helps identify changes
in connectivity within specific brain regions, reflecting
plasticity [19], and can also assess cerebral blood flow
in the acute phase of stroke [20]. Another widely used
imaging modality is electroencephalography (EEG), which
records the brain’s electrical activity and offers an indirect
measure of neuronal function [21-22]. Unlike fMRI, EEG
provides excellent temporal resolution, allowing real-time
observation of neural events [23]. This temporal precision
gives EEG an advantage when evaluating the timing of
brain activity. EEG has been employed to assess changes
in brain plasticity following therapeutic interventions [24]
and brain injuries [25-26]. fMRI and EEG remain the most
used imaging techniques in clinical research for evaluating
the spatial and temporal aspects of neural plasticity following
stroke. A newer imaging modality, functional near-infrared
spectroscopy (fNIRS), provides a non-invasive method for
studying cognitive function in conjunction with brain activity
[27-28]. 1t does this by measuring changes in oxygenated
and deoxygenated hemoglobin concentrations during neural
activation [29]. fNIRS has been used to monitor neuroplastic
changes following stroke and to identify shifts in cortical
function associated with recovery [30]. Collectively, these
tools provide valuable insights into the brain's capacity
for reorganization and are essential for evaluating the
effectiveness of interventions aimed at enhancing neural
plasticity during stroke rehabilitation.

There are several clinical scales commonly used to assess
functional outcomes following a stroke (Table 1). The Fugl-
Meyer Assessment (FMA) is a widely utilized tool designed
to quantify motor impairment in stroke patients [31]. It
has been validated as a reliable and sensitive measure for
evaluating both upper and lower extremity function [32].
Therefore, it is particularly useful in rehabilitation research
focused on motor recovery. Another frequently used measure
is the modified Rankin Scale (mRS), which assesses the
degree of overall disability or dependence in daily activities
after a stroke. However, studies have shown that while the
mRS is useful for broad clinical assessments, its consistency
and interrater reliability are modest [33—34]. These scales are
frequently used as outcome measures in clinical trials and
therapeutic evaluations, so understanding their respective
strengths and limitations is essential when interpreting the
efficacy of post-stroke interventions.
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Table 1: Summary of the Imaging and Clinical Tools for Assessing Neural Plasticity.

Assessment Tool

Functional Magnetic Resonance

Imaging (MRI) » Blood flow changes

Clinical/Functional Parameter

Clinical Utility of the Findings

» Maps brain connectivity and activity
» Spatial resolution

» Detects real-time brain responses

Electroencephalography (EEG) + Electrical brain activity + Temporal resolution

Near-infrared spectroscopy (fNIRS) * Hemodynamic changes » Cognitive and brain function assessment
Fugl-Meyer Assessment » Motor impairment after a stroke » Useful for interventions targeting motor function
Modified Rankin Scale » Overall disability after a stroke * Broad functional outcomes

Genetic and Neurochemical Biomarkers

Recent research has shown that specific biomarkers are
associated with poorer outcomes after stroke and reduced
therapeutic efficacy. One such biomarker is brain-derived
neurotrophic factor (BDNF), a gene in which common
polymorphisms have been linked to differences in post-
stroke recovery [35]. Studies have demonstrated that this
polymorphism is associated with decreased aphasia severity
and greater responsiveness to aphasia treatment [36-37].
Furthermore, the effectiveness and variability of interventions
aimed at promoting neural plasticity appear to be influenced
by a patient’s BDNF genotype [38-39]. Identifying genetic
markers associated with differential treatment responses can
guide the selection of therapeutic strategies most likely to be
effective across diverse patient populations. Additionally,
screening for such polymorphisms may help clinicians
personalize rehabilitation plans, improving outcomes by
tailoring interventions to the patient’s genetic profile.

In addition to genetic factors, neurochemical modulators
such as y-aminobutyric acid (GABA) also influence stroke
recovery and neural plasticity. Changes in GABA receptor
availability have been linked to motor improvement following
ischemic stroke [40]. While GABA normally helps regulate
brain activity, elevated levels after stroke have been associated
with impaired memory and reduced synaptic plasticity [41].
One proposed mechanism is interhemispheric inhibition,
where GABA signaling from the unaffected hemisphere
suppresses activity in the affected one, limiting recovery.
Additionally, animal models that recovered from stroke
showed a loss of this GABA-mediated inhibition, suggesting
it may be necessary to reduce inhibition to support plasticity
and functional improvement [42]. A GABA antagonist has
been proposed as a potential therapeutic strategy to reduce
excessive inhibition and promote recovery. However,
clinical studies using a GABA a5 receptor antagonist have
not demonstrated significant improvements in functional
outcomes [43]. While targeting GABAergic signaling
remains a promising area of research, current evidence is
limited. More studies are needed to better understand the role
of tonic inhibition in post-stroke plasticity and to determine

* Modest reliability

whether modulating this pathway can yield meaningful
clinical benefits. Nerve growth factor (NGF) is another
biomarker associated with functional recovery following
stroke. NGF plays a critical role in the growth, maintenance,
and survival of afferent neurons [44], making it a key factor
in post-stroke neural repair. Elevated serum NGF levels after
acute ischemic stroke have been significantly correlated with
more favorable functional outcomes [45]. As such, promoting
NGF expression may not only enhance neural plasticity but
also serve as a predictive marker of recovery. While early
studies suggest potential therapeutic applications for NGF,
current research remains preliminary, and its clinical use is
not yet established [46-47]. Tracking biomarkers, like NGF
and GABA, is essential for quantifying intervention efficacy
as more become available.

Interventions and Management of Neural
Plasticity following Stroke

Rehabilitation, Psychotherapy, and Nutrition

Rehabilitation is a major component of post-stroke care,
not only for restoring motor function but also for promoting
neuroplasticity. Among rehabilitative strategies, physical
therapy has been extensively studied for its ability to drive
cortical reorganization and functional recovery. Aerobic and
task-specific exercises, such as treadmill training, have been
shown to enhance walking speed and endurance [48—49], with
some evidence suggesting overground walking may be even
more effective [50]. Upper extremity interventions, including
constraint-induced movement therapy, target learned non-
use and promote re-engagement of affected cortical areas.
However, suboptimal use often limits its efficacy [51]. When
appropriately administered, these therapies contribute to
activity-dependent plasticity, strengthening neural circuits
involved in motor control. Therefore, physical exercise aids
in motor recovery by promoting widespread neuroplastic
changes. This direct link between physical activity and neural
plasticity is evident as exercise has been shown to upregulate
neurotrophic factors, such as BDNF, and enhance hippocampal
neurogenesis [52—54]. Long-term running increases BDNF
expression, a key mediator of synaptic plasticity and neuronal
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survival, which may facilitate cognitive recovery after stroke
[52]. Additionally, early-life or post-stroke treadmill exercise
has been linked to improved hippocampal neuroplasticity and
structural remodeling [53-54], suggesting a lasting influence
on brain repair mechanisms. These findings underscore the
role of exercise as a potent, non-invasive intervention for
modulating neuroplasticity during stroke recovery.

Given the high prevalence of post-stroke depression and
anxiety, addressing emotional and cognitive outcomes is
essential for comprehensive recovery. Cognitive behavioral
therapy (CBT) has demonstrated clinical efficacy in improving
mood symptoms in stroke survivors [55]. Beyond symptom
management, CBT appears to facilitate neuroplastic changes
by modifying structural plasticity within the amygdala
[56] and altering functional connectivity across emotion-
regulation networks [57]. When combined with physical
therapy, CBT has also been shown to enhance cognitive
function through mechanisms of cortical reorganization.
In one study, patients receiving both CBT and physical
therapy exhibited significantly greater EEG-based markers
of cortical reorganization, compared to those undergoing
physical therapy alone [58]. These findings suggest that CBT
may augment neural recovery by promoting functional brain
remodeling, further supporting its role as a valuable tool in
post-stroke rehabilitation.

Dietary factors also influence neural plasticity and stroke
outcomes. Deficiencies in key micronutrients have been
associated with worse neurological recovery. For example,
vitamin B12 deficiency has been linked to decreased motor
function, greater infarct volume, and altered mitochondrial
metabolism in animal models of ischemic stroke [59-60].
Prenatal folate deficiency impairs neurodevelopment and
leads to worse stroke outcomes in offspring [61], while low
vitamin D levels are correlated with increased stroke severity
in humans [62]. Although the effects of post-stroke dietary
supplementation remain under investigation, these findings
highlight the role of diet in shaping the brain's capacity for
plastic change and recovery. Therefore, it can be assumed
that a sufficient diet is another key component for promoting
neural plasticity in stroke recovery.

Non-Invasive Brain Stimulation

Non-invasive brain stimulation is another promising
tool used to enhance neural plasticity following stroke.
Transcranial magnetic stimulation (TMS) applies targeted
magnetic pulses to modulate cortical excitability and has
been studied in both psychiatric and neurological conditions
[63]. Repetitive TMS protocols are designed to either inhibit
or excite targeted brain regions depending on the frequency
and location of stimulation. However, the effectiveness of
r'TMS in stroke recovery appears to depend heavily on the
stimulation site and patient characteristics. For example, one
study found that low-frequency inhibitory stimulation over
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the contralesional motor cortex did not result in significant
improvements in motor recovery compared to control in
patients with subacute ischemic stroke [64], highlighting the
importance of stimulation site selection. In another study,
both excitatory and inhibitory TMS protocols were evaluated
in acute stroke patients. High-frequency stimulation was
applied to the ipsilesional motor cortex, while low-frequency
inhibitory pulses were delivered to the contralesional side. The
treatment group showed significantly greater motor recovery
and decreased GABA levels in the ipsilesional cortex [65].
This further emphasizes the link between reduced GABA-
mediated inhibition and improved plasticity. Similarly,
inhibitory rTMS over the unaffected hemisphere led to better
upper limb recovery than facilitative protocols, specifically
in patients with high corticospinal tract integrity [66]. These
findings support the idea that targeting the GABAergic
inhibitory pathway may enhance the brain’s capacity for
reorganization. Further research has explored combining
TMS with other neuromodulatory techniques. Other studies
showed that pairing TMS with transcranial direct current
stimulation produced significantly greater improvements in
motor function than TMS alone [67-68]. These multimodal
approaches may work synergistically to promote plasticity
through multiple pathways. TMS represents a promising,
noninvasive strategy to modify brain networks involved in
recovery directly. While results are encouraging, further
research is needed to optimize stimulation protocols,
identify ideal patient populations, and fully understand
the neurobiological mechanisms that underlie post-stroke
recovery.

Pharmacology

Pharmacological interventions are another active area of
investigation aimed at enhancing neural plasticity after stroke.
Levodopa (L-Dopa), a dopamine precursor traditionally
used in the treatment of Parkinson’s disease, is one possible
intervention under investigation. Older studies suggested
that Levodopa administration significantly improves motor
performance, both as a standalone treatment [69] and when
combined with physical therapy [70]. More recent research
has begun to explore the underlying mechanisms by which
Levodopa may promote plasticity. For example, Levodopa
has been shown to upregulate oligodendrocyte precursor
cells, supporting myelination and repair [71], and to modulate
peripheral immune responses, potentially reducing secondary
damage and enhancing neuroprotection [72]. These findings
suggest that Levodopa may enhance neural recovery through
both central and peripheral mechanisms. However, its clinical
application in diverse stroke populations remains uncertain.
Much of the current evidence supporting Levodopa’s efficacy
comes from older or small-scale studies. More rigorous,
large-scale trials are needed to validate its therapeutic
potential, particularly when used in combination with other
interventions.
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Another pharmacologic approach under investigation
involves selective serotonin reuptake inhibitors (SSRIs).
Widely prescribed for depression, SSRIs have also been
linked to enhanced neural plasticity and improved learning
in non-stroke populations [73]. Despite this potential,
clinical trials assessing the role of SSRIs in post-stroke
recovery, particularly fluoxetine, have reported no significant
improvement in functional outcomes compared to placebo
[74-76]. As aresult, current evidence does not strongly support
SSRIs as an effective standalone intervention for enhancing
motor recovery after stroke. Further research may help clarify
whether specific patient subgroups or combination therapies
could benefit from SSRI use.

A unique pharmacological intervention more commonly
used in Chinais ginkgo diterpene lactone meglumine (GDLM).
GDLM is primarily administered after an acute ischemic stroke
and is thought to exert neuroprotective effects that support
functional recovery. Clinical studies have demonstrated
improvements in both cognitive function [77] and disability
scores, as measured by the modified Rankin Scale (mRS)
[78], following GDLM treatment. These findings suggest that
GDLM may help promote both cognitive and motor recovery
when compared to no intervention. Additionally, GDLM
has shown beneficial effects when used in combination with
other therapies. For example, when administered alongside
aspirin, GDLM’s antiplatelet properties were associated with
improved post-stroke prognosis compared to aspirin alone
[79]. It has also been studied in conjunction with repetitive
transcranial magnetic stimulation, where co-administration
resulted in enhanced cognitive and neurological recovery
[80]. However, as this study lacked a TMS-only control
group, the specific contribution of GDLM remains uncertain.
Nonetheless, GDLM appears to be a promising agent that
may facilitate neuroplasticity-driven recovery, supporting
both motor and cognitive outcomes after stroke.

Stem Cell Therapy

Given the high prevalence of stroke and the current lack
of standardized interventions to reliably enhance neural
plasticity, several novel therapies are under investigation.
Stem cell therapy is one such approach that aims to promote
brain repair and plasticity by introducing stem cells into
damaged neural tissue. Although this strategy has been
widely studied in preclinical and early clinical settings,
results have been mixed. Trials involving intra-arterial
delivery of bone marrow mononuclear cells and autologous
modified mesenchymal stem cells have demonstrated safety
in stroke patients but failed to show significant improvements
in modified Rankin Scale (mRS) scores at three months
post-treatment [81-82]. Another trial using a bone marrow-
derived, allogeneic multipotent adult progenitor cell product
administered within 18 to 36 hours of stroke onset similarly
reported no significant short-term benefit on functional
outcomes [83].
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In contrast, other studies have found that mesenchymal
stem cell therapy can enhance motor performance and
increase activity in the motor cortex compared to controls
[84-85]. These trials used the Fugl-Meyer Assessment
and reported significant improvements in treated patients.
Additionally, even in the study that observed gains in FMA
scores, mRS outcomes remained unchanged. This highlights
a potential disconnect between disability measures and
motor-specific functional recovery. These findings suggest
that while stem cell therapy shows promise in enhancing
motor function and neural reorganization, its clinical utility
may depend on patient selection, timing of administration,
and the outcome measures used. The FMA may offer greater
sensitivity in detecting motor recovery compared to the mRS,
which captures broader functional disability. Future research
should focus on refining protocols, identifying responsive
patient populations, and standardizing the most relevant
outcome to better evaluate the therapeutic potential of stem
cell-based interventions.

Technology-Based Interventions

Today, many emerging stroke interventions utilize
technology to enhance neural plasticity and functional
recovery in post-stroke care. One such approach is
exoskeleton-mediated physical therapy, which uses wearable
robotic devices to assist with repetitive, task-specific
training. Studies have demonstrated that this method can
improve motor independence and clinical outcomes in stroke
survivors [86-87]. While current evidence suggests that
exoskeleton-assisted therapy is comparable in effectiveness
to conventional physical therapy [88-89], the ability to deliver
high-repetition, consistent training may offer added benefits.
Repetitive movement is known to drive activity-dependent
plasticity, and more frequent engagement of motor circuits
could promote neuroplastic changes, especially when used in
home-based settings.

Similarly, virtual reality (VR) is being explored as a
means to promote cognitive recovery through immersive and
adaptive environments. VR-based rehabilitation has been
shown to improve depressive mood, attention, and spatial
awareness in post-stroke patients [90]. When compared
to traditional or adaptive pen-and-paper tasks, VR training
resulted in greater cognitive gains and better retention over
time [91]. These findings suggest that VR may facilitate
more effective plasticity in cognitive domains by engaging
users in dynamic, individualized training experiences that
support the brain’s natural capacity to rewire after injury.
Video game-based rehabilitation is a related intervention that
focuses primarily on motor recovery rather than cognitive
enhancement. Studies have demonstrated that video game-
based therapy can significantly improve motor function in
stroke patients [92-93], with outcomes comparable to those
of conventional in-clinic physical therapy [93]. This suggests
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that video game rehabilitation may serve as a more accessible
and cost-effective alternative for some patients, especially for
those pursuing home-based recovery. Furthermore, games
designed to integrate cognitive challenges alongside motor
tasks may offer dual benefits, potentially enhancing both
cognitive and physical recovery. However, further research is
needed to define optimal protocols and delivery platforms to
determine the most effective approach for both virtual reality
and video game-based interventions.

Long-term effects

Long-term recovery after stroke depends on sustaining
adaptive neuroplasticity beyond the subacute “sensitive
period,” when plasticity transitions to a lower-gain,
experience-dependent state that typically requires ongoing
behavioral dosing, neuromodulation “boosters,” or targeted
pharmacologic augmentation to retain gains[78-79, 94-
95]. Irreversible tissue loss, persistent network inhibition
(e.g., excess GABAergic tone, abnormal interhemispheric
inhibition), and limited intrinsic regenerative capacity
continue to constrain spontaneous recovery over time [22,
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77, 80, 95-96]. In practice, task-specific training is the most
consistently beneficial approach, but its effects attenuate
without maintenance; even where the biological rationale
is strong (e.g., exercise-induced BDNF upregulation),
high-quality >6—12-month data remain limited [48-49, 52-54,
97-100].

Across neuromodulation (rTMS/tDCS), pharmacology
(levodopa, SSRIs, GABAA AA o5 antagonists), GDLM,
stem cells, and exoskeletons/VR, the same pattern repeats:
short-term gains are common; durable effects are inconsistent,
moderator-dependent, and often measurement-sensitive [43,
64-68 74-76, 81-93, 96, 101-105, 106-120]. Fugl-Meyer
(FMA) often detects persistent motor improvements when
global disability scales (mRS) do not, creating the illusion
of “lost effects” [31-34]. Pragmatically, booster paradigms,
biomarker-guided personalization (e.g., BDNF genotype,
GABA PET/MRS), and scalable home-based digital dosing
(VR/robotics) are the most plausible strategies to convert
early gains into durable, clinically meaningful outcomes
[35-42,77,79, 86-93, 104, 113-120].

Table 2: Summary of the Therapeutic Interventions to Enhance Neural Plasticity After Stroke

Intervention Mechanism(s) Key Points Long Term Effects
» Foundational intervention » Benefits persist only with continued/
* 1 BDNF + Enhances neuroplasticity with consistent intensive or home-based dosing
Physical Therapy + Cortical reorganization application « Attenuation when intensity drops
» Task-specific repetition « Exoskeleton-assisted may improve » Biological plausibility is strong, but

Cognitive Behavioral ' Amygdala plasticity
Therapy + Emotion regulation

* Overall health and

Diet well-being

Transcranial Magnetic * Cortical excitability
Stimulation + | GABA inhibition

» Dopaminergic

Levodopa modulation
Ginkgo Diterpene Neuroprotection :
Lactone Meglumine  Antiplatelet .

patient access and consistency

Dual benefit for mood and cognition
Complements physical therapy

Prevents worsening of stroke outcomes
Indirectly supports plasticity

Modulates activity in affected networks
Effect depends on protocol
No standardized booster

May enhance motor recovery through
neuroplasticity and immune support

Shows promise in studies from China
May enhance the effect of other therapies

212-month data are limited

Sustained mood benefits are plausible
Durable motor effects are unproven

Deficiency correction helps, but
supplementation alone lacks evidence
for durable motor gains

Early gains common

Long-term durability is inconsistent
and protocol/phenotype dependent
paradigms

CST integrity and cortical inhibition state
moderate persistence

Short-term gains (often when paired
with PT); no convincing 26—12-month
superiority

Short-term cognitive and mRS gains

Insufficient long-term data and unclear
additive effect when combined with other
modalities (e.g., rTMS)
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» May aid motor recovery

» True durable, generalizable effects not

+ Cell replacement . idati i
Stem Cell Therapy . P . Further validation and scaling needed yet shown in phase 2/3 trials
* Brain repair » FMA gains can out persist, but mRS often (e.g., TREASURE)
unchanged

» Multisensory feedback < Engages attention and spatial networks

Virtual Reality

* Real-time adaptation « Enhances cortical activity

Video Game Therapy .
+ Dual-task learning

Conclusion

Enhancing neural plasticity remains a central goal in
optimizing stroke recovery. While no single intervention
benefits all patients equally, physical therapy remains the
cornerstone of rehabilitation. Despite this, each patient will
often benefit from alternative modalities or personalized
treatment plans that may offer additional benefits. As the field
progresses, future research should focus on refining these
interventions and clarifying how they influence recovery,
both independently and in combination, to improve patient
outcomes.

Key Points and OQutstanding Questions

* Physical therapy continues to be the most reliable
intervention for promoting neural plasticity and functional
recovery post-stroke.

e Biomarkers, such as BDNF, GABA, and NGF, could
help predict recovery potential and personalize treatment,
but their clinical utility remains limited by variability in
measurement and interpretation.

* Combining interventions may yield synergistic effects,
but optimal pairings are still unclear.

* TMS shows promise, but challenges remain in determining
ideal stimulation parameters, cortical targets, and timing
across stroke phases.

* There is inconsistency in outcome measures, such as mRS
vs. FMA, complicating the evaluation of motor-specific
recovery versus global disability.

» Pharmacologic agents, like Levodopa and GDLM, show
early promise but require larger, high-quality trials to
confirm efficacy and safety.

e Stem cell therapies are safe and may enhance motor
plasticity, but clinical benefits remain modest and
dependent on cell type, delivery method, and timing.

* Virtual reality and video game-based therapies are
accessible and engaging but lack standardization in
protocols, dosing, and target populations.

» Improves retention of cognitive
and motor skills, potentially better
engagement for prolonged training

» Long-term RCT evidence is still scarce

* Repetition + Combines motor and cognitive rehab in + Durable effects suggested but
an accessible format

underpowered long-term RCTs

*  What is the best way to combine neuroimaging, clinical
scales, and biomarkers to assess plasticity in a clinically
meaningful way?

* How do patient-specific factors (e.g., stroke subtype,
lesion location, comorbidities) influence responsiveness
to various interventions?

Funding

The research work of DKA is supported by the
R25AI1179582 award from the National Institutes of Health,
USA. The contents of this article are solely the responsibility
of the authors and do not necessarily represent the official
views of the National Institutes of Health.

Competing interests

All authors have read the manuscript and declare no
conflict of interest. No writing assistance was utilized in the
production of this manuscript.

Consent for publication

All authors have read the manuscript and consented for
publication.

References

1. Lindsay MP, Norrving B, Sacco RL, et al. World Stroke
Organization (WSO): Global Stroke Fact Sheet 2022. Int
J Stroke 17 (2022): 18-29.

2. Sacco RL, Kasner SE, Broderick JP, et al. An updated
definition of stroke for the 2l1st century. Stroke.
2013;44(7): 2064-2089.

3. Donnan GA, Fisher M, Macleod M, et al. Stroke. Lancet
371 (2008): 1612-1623.

4. Wang Z, Ma W, Zhang J, et al. Neuroregeneration and
functional recovery after stroke: a review. Neural Regen
Res. 2020; 15 (2020): 1150-1156.

5. Murphy TH, Corbett D. Plasticity during stroke recovery:
from synapse to behavior. Nat Rev Neurosci 10 (2009):
861-872.

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



Patel J, et al., Arch Intern Med Res 2025
Journals DOI:10.26502/aimr.0217

6. Nudo RJ. Recovery after brain injury: mechanisms and
principles. Front Hum Neurosci 7 (2013): 887.

7. Grefkes C, Ward NS. Cortical reorganization after stroke:
how much and how functional? Neuroscientist 20 (2014):
56-70.

8. Kim WS, Kwon BS, Seo HG, et al. Functional recovery
after ischemic stroke is associated with reduced
GABAergic inhibition in the cerebral cortex: a GABA
PET study. Neurorchabil Neural Repair 28 (2014):
576-583.

9. Zeiler SR, Krakauer JW. The interaction between training
and plasticity in the post-stroke brain. Curr Opin Neurol
26 (2013): 609-616.

10.Cramer SC, Sur M, Dobkin BH, et al. Harnessing
neuroplasticity for clinical applications. Brain. 134
(2011): 1591-1609.

11. Wang C, Yi X, LuY, etal. Advances in pathophysiological
mechanisms and targeted therapy of ischemic stroke. Int J
Mol Med 49 (2021): 50.

12.Liu F, McCullough LD. Interactions between age, sex,
and hormones in experimental ischemic stroke. Front Cell
Neurosci 11 (2017): 63.

13.Rodrigo R, Fernandez-Gajardo R, Gutiérrez R, et al.
Oxidative stress and pathophysiology of ischemic stroke:
novel therapeutic opportunities. CNS Neurol Disord Drug
Targets 12 (2013): 698-714.

14.Hu X, Wu Z, Zeng J, et al. Secondary injury mechanisms
following intracerebral — hemorrhage: =~ Hematoma
expansion, iron toxicity, and inflammation. Front Neurol
13 (2022): 103234

15. Murase N, Duque J, Mazzocchio R, Cohen LG. Influence
of interhemispheric interactions on motor function in
chronic stroke. Ann Neurol. 2004; 55 (2004): 400—409.

16. Labbé Atenas T, Ciampi Diaz E, Cruz Quiroga JP, et al.
Functional magnetic resonance imaging: basic principles

and application in the neurosciences. Radiologia (Engl
Ed). 60 (5): 368-377.

17.Kotoula V, Evans JW, Punturieri CE, et al. Review: The
use of functional magnetic resonance imaging (fMRI)
in clinical trials and experimental research studies for
depression. Front Neuroimaging 2 (2023): 1110258.

18. Kumar U, Dhanik K. Decoding auditory deprivation:
resting-state fMRI insights into deafness and brain
plasticity. Brain Struct Funct 229 (2024): 729-740.

19. Laura G, Silvia T, Nikolaos P, et al. The Role of fMRI in
the Assessment of Neuroplasticity in MS: A Systematic
Review. Neural Plast 31 (2018): 3419871.

Volume 8 ¢ Issue 3 254

20.Hu JY, Kirilina E, Nierhaus T, et al. A novel approach
for assessing hypoperfusion in stroke using spatial
independent component analysis of resting-state fMRI.
Hum Brain Mapp 42 (2021): 5204-5216.

21.Biasiucci A, Franceschiello B, Murray MM.
Electroencephalography. Curr Biol 29 (2019): R80-R85.

22. Britton JW, Frey LC, Hopp JLet al., authors; St. Louis
EK, Frey LC, editors. Electroencephalography (EEG):
An Introductory Text and Atlas of Normal and Abnormal
Findings in Adults, Children, and Infants [Internet].
Chicago: American Epilepsy Society; 2016.

23. Assenza G, DiLazzaro V. Auseful electroencephalography
(EEG) marker of brain plasticity: delta waves. Neural
Regen Res 10 (2015): 1216-1217.

24, Skosnik PD, Sloshower J, Safi-Aghdam H, et al. Sub-
acute effects of psilocybin on EEG correlates of neural
plasticity in major depression: Relationship to symptoms.
J Psychopharmacol 37 (2023): 687-697.

25.Wynn JK, Green MF. An EEG-Based Neuroplastic
Approach to Predictive Coding in People With
Schizophrenia or Traumatic Brain Injury. Clin EEG
Neurosci 55 (2024): 445-454.

26. Papoutsi M, Weiskopf N, Langbehn D, et al. Stimulating
neural plasticity with real-time fMRI neurofeedback in
Huntington's disease: A proof of concept study. Hum

Brain Mapp 39 (2018): 1339-1353.

27.Pinti P, Tachtsidis I, Hamilton A, et al. The present
and future use of functional near-infrared spectroscopy
(fNIRS) for cognitive neuroscience. Ann N Y Acad Sci.
1464 (2020): 5-29.

28. Arredondo MM. Shining a light on cultural neuroscience:
Recommendations on the use of fNIRS to study how
sociocultural contexts shape the brain. Cultur Divers
Ethnic Minor Psychol 29 (2023): 106-117.

29.Li R, Hosseini H, Saggar M, et al. Current opinions on
the present and future use of functional near-infrared
spectroscopy in psychiatry. Neurophotonics 10 (2023):
013505.

30.Song Y, Sun Z, Sun W, et al. Neuroplasticity Following
Stroke from a Functional Laterality Perspective: A fNIRS
Study. Brain Topogr 36 (3): 283-293.

31.Huynh BP, DiCarlo JA, Vora I, et al. Sensitivity to
Change and Responsiveness of the Upper Extremity
Fugl-Meyer Assessment in Individuals With Moderate
to Severe Acute Stroke. Neurorehabil Neural Repair 37
(2023): 545-553.

32. Hochleitner I, Pellicciari L, Castagnoli C, et al. Intra- and
inter-rater reliability of the Italian Fugl-Meyer assessment

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



Patel J, et al., Arch Intern Med Res 2025
Journals DOI:10.26502/aimr.0217

of upper and lower extremity. Disabil Rehabil 45 (2023):
2989-2999.

33. Pozarowszczyk N, Kurkowska-Jastrzgbska I, Sarzynska-
Dhugosz 1, et al. Reliability of the modified Rankin Scale
in clinical practice of stroke units and rehabilitation
wards. Front Neurol 14 (2023): 1064642.

34. Pozarowszczyk NA, Kurkowska-Jastrzgbska I, Sarzynska-
Dtugosz IM, et al. The real-life reliability of the modified
Rankin scale used in a stroke unit and a rehabilitation
ward. Postep Psychiatr Neurol. 34 (2025): 19-25.

35.Liu W, Wang X, O'Connor M, et al. Brain-Derived
Neurotrophic Factor and Its Potential Therapeutic Role in
Stroke Comorbidities. Neural Plast 27 (2020): 1969482.

36. Dresang HC, Harvey DY, Xie SX, et al. Genetic and
Neurophysiological Biomarkers of Neuroplasticity
Inform Post-Stroke Language Recovery. Neurorehabil
Neural Repair 36 (2022): 371-380.

37. Fridriksson J, Elm J, Stark BC, et al. BDNF genotype and
tDCS interaction in aphasia treatment. Brain Stimul 11
(2018): 1276-1281.

38. Parchure S, Harvey DY, Shah-Basak PP, et al. Brain-
Derived Neurotrophic Factor Gene Polymorphism
Predicts Response to Continuous Theta Burst Stimulation
in Chronic Stroke Patients. Neuromodulation 25 (2022):
569-5717.

39. Harvey DY, DeLoretta L, Shah-Basak PP, et al. Variability
in ¢cTBS Aftereffects Attributed to the Interaction of
Stimulus Intensity With BDNF Val66Met Polymorphism.
Front Hum Neurosci 15 (2021): 585533.

40.Kim YK, Yang EJ, Cho K, et al. Functional Recovery
After Ischemic Stroke Is Associated With Reduced
GABAergic Inhibition in the Cerebral Cortex: A GABA
PET Study. Neurorehabil Neural Repair 28 (2014): 576-
583.

41. Orfila JE, Grewal H, Dietz RM, et al. Delayed inhibition
of tonic inhibition enhances functional recovery following
experimental ischemic stroke. J Cereb Blood Flow 39
(2019): 1005-1014.

42.Kokinovic B, Medini P. Loss of GABA -mediated
interhemispheric synaptic inhibition in stroke periphery.
J Physiol 596 (2018): 1949-1964.

43.Chabriat H, Bassetti CL, Marx U, et al; RESTORE
BRAIN study investigators. Safety and efficacy of
GABAA o5 antagonist S44819 in patients with ischaemic

stroke: a multicentre, double-blind, randomised, placebo-
controlled trial. Lancet Neurol 19 (2020): 226-233.

44 Barker PA, Mantyh P, Arendt-Nielsen L, et al. Nerve

Volume 8 < Issue 3 | 255

Growth Factor Signaling and Its Contribution to Pain. J
Pain Res 13 (2020): 1223-1241.

45.Luan X, Qiu H, Hong X, et al. High serum nerve growth
factor concentrations are associated with good functional
outcome at 3 months following acute ischemic stroke.
Clin Chim Acta 488 (2019): 20-24.

46.Yang J, Wu S, Hou L, et al. Therapeutic Effects of
Simultaneous Delivery of Nerve Growth Factor mRNA
and Protein via Exosomes on Cerebral Ischemia. Mol
Ther Nucleic Acids 21 (2020): 512-522.

47.Colitti N, Desmoulin F, Le Friec A, et al. Long-Term
Intranasal Nerve Growth Factor Treatment Favors Neuron
Formation in de novo Brain Tissue. Front Cell Neurosci
16 (2022): 871532.

48.Saunders DH, Sanderson M, Hayes S, et al. Physical
fitness training for stroke patients. Cochrane Database
Syst Rev 3 (2020): CD003316.

49.Shi C, Xiao Y, Zang D, et al. Effectiveness of Treadmill
Training Intervention for the Management of Patients
With Stroke: A Systematic Review and Meta-Analysis.
Int J Nurs Pract 31 (2025): €70020.

50. Combs-Miller SA, Kalpathi Parameswaran A, Colburn
D, et al. Body weight-supported treadmill training vs.
overground walking training for persons with chronic
stroke: a pilot randomized controlled trial. Clin Rehabil
28 (2014): 873-884.

51. Christie LJ, McCluskey A, Lovarini M. Constraint-
induced movement therapy for upper limb recovery in
adult neurorehabilitation: An international survey of
current knowledge and experience. Aust Occup Ther J 66
(2019): 401-412.

52.Wan C, Shi L, Lai Y, et al. Long-term voluntary running
improves cognitive ability in developing mice by
modulating the cholinergic system, antioxidant ability,
and BDNF/PI3K/Akt/CREB pathway. Neurosci Lett 836
(2024): 137872.

53.Khaledi N, Jeddi S, Abbasi S, Eftekharzadeh M,
Khodadadi H, Namdari M, Noye Tuplin E. The impact
of early-life exercise on CREB-signaling pathway and
hippocampus neuroplasticity in diabetic adult male rats;
the study of developmental model. Neurol Res 46 (2024):
835-847.

54. Rashidy-Pour A, Derafshpour L, Vafaei AA, et al. Effects
of treadmill exercise and sex hormones on learning,
memory and hippocampal brain-derived neurotrophic
factor levels in transient congenital hypothyroid rats.
Behav Pharmacol 31 (2020): 641-651.

55. Ahrens J, Shao R, Blackport D, et al. Cognitive -behavioral

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



Patel J, et al., Arch Intern Med Res 2025
Journals DOI:10.26502/aimr.0217

therapy for managing depressive and anxiety symptoms
after stroke: a systematic review and meta-analysis. Top
Stroke Rehabil 30 (2023): 368-383.

56. Ménsson KN, Salami A, Frick A, et al. Neuroplasticity in
response to cognitive behavior therapy for social anxiety
disorder. Transl Psychiatry 6 (2016): €727.

57.Rubin-Falcone H, Weber J, Kishon R, et al. Neural
predictors and effects of cognitive behavioral therapy for
depression: the role of emotional reactivity and regulation.
Psychol Med 50 (2020): 146-160.

58. Moursy MR, Atteya AA, Zakaria HM, et al. Enhancing
Neuroplasticity Post Stroke: The Role of Cognitive-
Behavioral Training. Brain Sci 15 (2025): 330.

59.Mbs GBY, Wasek B, Bottiglieri T, et al. Dietary vitamin
B12 deficiency impairs motor function and changes
neuronal survival and choline metabolism after ischemic
stroke in middle-aged male and female mice. Nutr
Neurosci 27 (2024): 300-309.

60. Poole J, Jasbi P, Pascual AS, et al. Ischemic Stroke and
Dietary Vitamin B12 Deficiency in Old-Aged Females:
Impaired Motor Function, Increased Ischemic Damage
Size, and Changed Metabolite Profiles in Brain and
Cecum Tissue. Nutrients 14 (2022): 2960.

61.Clementson M, Hurley L, Coonrod S, et al. Maternal
dietary deficiencies in folic acid or choline worsen stroke
outcomes in adult male and female mouse offspring.
Neural Regen Res 18 (2023): 2443-2448.

62. Simon J, Sriharsha T, Perumal Kumaresan A, et al. Impact
of Vitamin D Deficiency on Ischemic Stroke Severity:
Insights from a Prospective Study. Cureus 16 (2024):
€69376.

63.Mann SK, Malhi NK. Repetitive Transcranial Magnetic
Stimulation. 2023 Mar 6. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; (2025).

64.Kim WS, Kwon BS, Seo HG, et al. Low-Frequency
Repetitive Transcranial Magnetic Stimulation Over
Contralesional Motor Cortex for Motor Recovery
in Subacute Ischemic Stroke: A Randomized Sham-
Controlled Trial. Neurorehabil Neural Repair 34 (2020):
856-867.

65. Chen QM, Yao FR, Sun HW, et al. Combining inhibitory
and facilitatory repetitive transcranial —magnetic
stimulation (rTMS) treatment improves motor function
by modulating GABA in acute ischemic stroke patients.
Restor Neurol Neurosci 39 (2021): 419-434.

66. Wang L, Zhu QX, Zhong MH, et al. Effects of corticospinal
tract integrity on upper limb motor function recovery
in stroke patients treated with repetitive transcranial
magnetic stimulation. J Integr Neurosci 21 (2022): 50.

Volume 8 < Issue 3 | 256

67.Gong Y, Long XM, Xu Y, et al. Effects of repetitive
transcranial magnetic  stimulation combined with
transcranial direct current stimulation on motor function
and cortex excitability in subacute stroke patients: A
randomized controlled trial. Clin Rehabil 35 (2021):
718-727.

68.Cho JY, Lee A, Kim MS, et al. Dual-mode noninvasive
brain stimulation over the bilateral primary motor cortices
in stroke patients. Restor Neurol Neurosci 35 (2017):
105-114.

69. Acler M, Fiaschi A, Manganotti P. Long-term levodopa
administration in chronic stroke patients. A clinical and
neurophysiologic single-blind placebo-controlled cross-
over pilot study. Restor Neurol Neurosci 27 (2009):
277-83.

70. Scheidtmann K, Fries W, Miiller F, et al. Effect of levodopa
in combination with physiotherapy on functional motor
recovery after stroke: a prospective, randomised, double-
blind study. Lancet 358 (2001): 787-790.

71. Talhada, D., Marklund, N., Wieloch, T., et al. Plasticity-
Enhancing Effects of Levodopa Treatment after Stroke.
International Journal of Molecular Sciences 22 (2021):
10226.

72.JeonE, Seo MS, Lkhagva-Yondon E, etal. Neuroprotective
effect of L-DOPA-induced interleukin-13 on striatonigral
degeneration in cerebral ischemia. Cell Death Dis 15
(2024): 854.

73.Reed MB, Vanicek T, Seiger R, et al. Neuroplastic effects
of a selective serotonin reuptake inhibitor in relearning
and retrieval. Neuroimage 236 (2021): 118039.

74. AFFINITY Trial Collaboration. Safety and efficacy
of fluoxetine on functional outcome after acute stroke
(AFFINITY): a randomised, double-blind, placebo-
controlled trial. Lancet Neurol 19 (2020): 651-660.

75.Dennis M, Forbes J, Graham C, et al. Fluoxetine to
improve functional outcomes in patients after acute stroke:
the FOCUS RCT. Health Technol Assess 24 (2020): 1-94.

76. Hankey GJ, Hackett ML, Almeida OP, et al; AFFINITY
Trial Collaboration. Twelve-Month Outcomes of the
AFFINITY Trial of Fluoxetine for Functional Recovery
After Acute Stroke: AFFINITY Trial Steering Committee
on Behalf of the AFFINITY Trial Collaboration. Stroke
52 (2021): 2502-2509.

77.Tian X, Xu Q, Xia X, et al. Efficacy of ginkgo diterpene
lactone meglumine on cognitive function in patients with
acute ischemic stroke: a predefined exploratory analysis
of a multicenter, double-blind, randomized controlled
trial. J Neurol 271 (2024): 3321-3327.

78.Zhang Q, Wang A, Xu Q, et al. Efficacy and Safety of

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



Patel J, et al., Arch Intern Med Res 2025
Journals DOI:10.26502/aimr.0217

Ginkgo Diterpene Lactone Meglumine in Acute Ischemic
Stroke: A Randomized Clinical Trial. JAMA Netw Open
6 (2023): 2328828.

79.Chen C, Lv H, Shan L, et al. Antiplatelet effect of ginkgo
diterpene lactone meglumine injection in acute ischemic
stroke: A randomized, double-blind, placebo-controlled
clinical trial. Phytother Res 37 (2023): 1986-1996.

80.Hao M, Wang X, Wei T, et al. Repetitive Transcranial
Magnetic Stimulation Combined with Ginkgo Diterpene
Lactone Meglumine Injection Recover Cognitive and
Neurological Functions of Patients with Acute Ischemic
Stroke. Actas Esp Psiquiatr 53 (2025): 110-118.

81.Moniche F, Cabezas-Rodriguez JA, Valverde R,
et al. Safety and efficacy of intra-arterial bone marrow
mononuclear cell transplantation in patients with
acute ischaemic stroke in Spain (IBIS trial): a phase 2,
randomised, open-label, standard-of-care controlled,
multicentre trial. Lancet Neurol 22 (2023): 137-146.

82. Chung JW, Chang WH, Bang OY, Moon GJ, Kim SJ,
Kim SK, Lee JS, Sohn SI, Kim YH; STARTING-2
Collaborators. Efficacy and Safety of Intravenous
Mesenchymal Stem Cells for Ischemic Stroke. Neurology
96 (2021): e1012-e1023.

83.Houkin K, Osanai T, Uchiyama S, et al; TREASURE
Study Investigators. Allogeneic Stem Cell Therapy for
Acute Ischemic Stroke: The Phase 2/3 TREASURE
Randomized Clinical Trial. JAMA Neurol 81 (2024):
154-162.

84. Jaillard A, Hommel M, Moisan A, et al; (for the ISIS-
HERMES Study Group). Autologous Mesenchymal Stem
Cells Improve Motor Recovery in Subacute Ischemic
Stroke: a Randomized Clinical Trial. Transl Stroke Res
11 (2020): 910-923.

85.Lee J, Chang WH, Chung JW, et al; STARTING-2
Collaborators. Efficacy of Intravenous Mesenchymal
Stem Cells for Motor Recovery After Ischemic Stroke: A
Neuroimaging Study. Stroke 53 (2022): 20-28.

86. Yeung LF, Lau CCY, Lai CWK, et al. Effects of wearable
ankle robotics for stair and over-ground training on sub-
acute stroke: a randomized controlled trial. J Neuroeng
Rehabil 18 (2021): 19.

87. Goffredo M, Guanziroli E, Pournajaf S, et al; Italian
EksoGait Study Group. Overground wearable powered
exoskeleton for gait training in subacute stroke subjects:
clinical and gait assessments. Eur J Phys Rehabil Med 55
(2019): 710-721.

88. Frisoli A, Barsotti M, Sotgiu E, et al. A randomized
clinical control study on the efficacy of three-dimensional
upper limb robotic exoskeleton training in chronic stroke.

Volume 8 ¢ Issue 3 257

J Neuroeng Rehabil 19 (2022): 14.

89.Nam YG, Lee JW, Park JW, et al. Effects of
Electromechanical Exoskeleton-Assisted Gait Training
on Walking Ability of Stroke Patients: A Randomized
Controlled Trial. Arch Phys Med Rehabil 100 (2019):
26-31.

90. Maier M, Ballester BR, Leiva Bafiuelos N, et al. Adaptive
conjunctive cognitive training (ACCT) in virtual reality

for chronic stroke patients: a randomized controlled pilot
trial. J Neuroeng Rehabil 17 (2020): 42.

91. Faria AL, Pinho MS, Bermudez I Badia S. A comparison of
two personalization and adaptive cognitive rehabilitation
approaches: a randomized controlled trial with chronic
stroke patients. J Neuroeng Rehabil 17 (2020): 78.

92.0zen S, Senlikci HB, Guzel S, et al. Computer Game
Assisted Task Specific Exercises in the Treatment of Motor
and Cognitive Function and Quality of Life in Stroke: A
Randomized Control Study. J Stroke Cerebrovasc Dis 30
(2021): 105991.

93. Gauthier LV, Nichols-Larsen DS, Uswatte G, et al. Video
game rehabilitation for outpatient stroke (VIGoROUS):
A multi-site randomized controlled trial of in-home, self-
managed, upper-extremity therapy. EClinicalMedicine 43
(2021): 101239.

94. Bernhardt J, Hayward KS, Kwakkel G, et al. Agreed
definitions and a shared vision for new standards in
stroke recovery research: The Stroke Recovery and
Rehabilitation Roundtable taskforce. Int J Stroke 12
(2017): 444-450.

95.Ward NS. Restoring brain function after stroke—
mechanisms and approaches. Nat Rev Neurol 13 (2017):
241-256.

96. Carmichael ST. Emergent properties of neural repair after
stroke. Nat Rev Neurosci 17 (2016): 788-799.

97.Langhorne P, Bernhardt J, Kwakkel G. Stroke
rehabilitation. Lancet 377 (2011): 1693-1702.

98. Kwakkel G, van Peppen RPS, Wagenaar RC, et al. Effects
of augmented exercise therapy time after stroke: a meta-
analysis. Stroke 35 (2004): 2529-2539.

99. Winstein CJ, Stein J, Arena R, et al. Guidelines for Adult
Stroke Rehabilitation and Recovery: A Guideline for
Healthcare Professionals From the AHA/ASA. Stroke 47
(2016): €98-¢169.

100. Mang CS, Campbell KL, Ross CJD, Boyd LA.
Promoting neuroplasticity for motor rehabilitation after
stroke: considering the effects of aerobic exercise and
genetic variation on BDNF. Phys Ther 93 (2013): 1707-
1716.

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Patel J, et al., Arch Intern Med Res 2025
DOI:10.26502/aimr.0217

Journals

Hsu WY, Cheng CH, Lin MW, et al. Effects of repetitive

transcranial magnetic stimulation on motor recovery in
stroke patients: a meta-analysis. Stroke 43 (2012): 1849-
1857.

Lefaucheur JP, Aleman A, Baeken C, et al. Evidence-
based guidelines on the therapeutic use of repetitive

transcranial magnetic stimulation (rTMS). Clin
Neurophysiol 131 (2020): 474-528.

Lundstrom E, Isaksson E, Ndsman P, et al. Safety
and efficacy of fluoxetine on functional recovery after
acute stroke (EFFECTS): a randomised, double-blind,
placebo-controlled trial. Lancet Neurol 19 (2020):
661-669.

Laver KE, Lange B, George S, et al. Virtual reality for
stroke rehabilitation. Cochrane Database Syst Rev 11
(2017): CD008349.

Stagg CJ, Bachtiar V, Johansen-Berg H. The role of
GABA in human motor learning. Curr Biol 21 (2011):
480-484.

WolfSL, Winstein CJ, Miller JP, etal. Effect of constraint-
induced movement therapy on upper extremity function
3 to 9 months after stroke: The EXCITE randomized
clinical trial. JAMA 296 (2006): 2095-2104.

Winstein CJ, Wolf SL, Dromerick AW, et al. Effect
of a task-oriented rehabilitation program on upper

extremity recovery following motor stroke: the ICARE
randomized clinical trial. JAMA 315 (2016): 571-581.

Saunders DH, Sanderson M, Hayes S, et al. Physical
fitness training for stroke patients. Cochrane Database
Syst Rev 3 (2020): CD003316.

Hao Z, Wang D, Zeng Y, Liu M. Repetitive transcranial
magnetic stimulation for improving function after stroke.
Cochrane Database Syst Rev 5 (2013): CD008862.

Li S, Zaninotto AL, Neville IS, et al. Network meta-
analysis of non-invasive brain stimulation on motor
recovery after stroke. Neurorehabil Neural Repair 36
(2022): 251-263.

Scheidtmann K, Fries W, Miiller F, Koenig E. Effect
of levodopa in combination with physiotherapy on

(CHOM

112.

113.

114.

115.

116.

117.

118.

119.

120.

Volume 8 < Issue 3 | 258

functional motor recovery after stroke: a randomized,
double-blind study. Lancet 358 (2001): 787-790.

Acler M, Fiaschi A, Manganotti P. Long-term levodopa
administration in chronic stroke patients: a clinical and
neurophysiologic single-blind placebo-controlled cross-
over pilot study. Restor Neurol Neurosci 27 (2009):
277-283.

Mead GE, Hsieh CF, Lee R, et al. Selective serotonin
reuptake inhibitors (SSRIs) for stroke recovery.
Cochrane Database Syst Rev 11 (2020): CD009286.

Mead GE, Murray GD, Hackett ML, et al. Effects of
fluoxetine on functional outcomes after acute stroke
(FOCUS): a pragmatic, double-blind, randomised,
controlled trial. Lancet 393 (2019): 265-274.

Hankey GJ, Hackett ML, Almeida OP, et al. Twelve-
month outcomes of the AFFINITY trial of fluoxetine for
functional recovery after acute stroke. Stroke 52 (2021):
2502-2509.

Chabriat H, Bassetti CL, Marx U, et al. Safety and
efficacy of GABAA a5 antagonist S44819 in patients
with ischaemic stroke: a multicentre, double-blind,
randomised, placebo-controlled trial. Lancet Neurol 19
(2020): 226-233.

Houkin K, Osanai T, Uchiyama S, et al. Allogeneic stem
cell therapy for acute ischemic stroke: the phase 2/3
TREASURE randomized clinical trial. JAMA Neurol
81 (2024): 154-162.

Lee J, Chang WH, Chung JW, et al. Efficacy of
intravenous mesenchymal stem cells for motor recovery
after ischemic stroke: a neuroimaging study. Stroke 53
(2022): 20-28.

Veerbeek JM, Langbroek-Amersfoort AC, van Wegen
EE, et al. Effects of robotic therapy for the upper limb
after stroke: a systematic review and meta-analysis.
Neurorehabil Neural Repair 31 (2017): 107-121.

Laver KE, Lange B, George S, et al. Virtual reality for
stroke rehabilitation. Cochrane Database Syst Rev 11
(2017): CD008349.

This article is an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC-BY) license 4.0

Citation: Jaylan Patel, Iris Shim, Devendra K. Agrawal. Interventions for Neural Plasticity in Stroke Recovery. Archives of Internal Medicine

Research. 8 (2025): 246-258.



	Title
	Abstract 
	Keywords
	Introduction
	Pathophysiology of Stroke and Neural Plasticity  
	Pathophysiology of Stroke 
	Mechanistic Distinctions Between Ischemic and Hemorrhagic Strokes 
	Neural Damage 
	Role of Neural Plasticity in Stroke Recovery 

	Assessment and Indicators of Neural Plasticity 
	Neuroimaging and Cognitive Assessment Tools 
	Genetic and Neurochemical Biomarkers 

	Interventions and Management of Neural Plasticity following Stroke 
	Rehabilitation, Psychotherapy, and Nutrition 
	Non-Invasive Brain Stimulation 
	Pharmacology 
	Stem Cell Therapy 
	Technology-Based Interventions 
	Long-term effects 

	Conclusion 
	Key Points and Outstanding Questions 
	Funding
	Competing interests  
	Consent for publication   
	Figure 1
	Figure 2
	Table 1
	Table 2
	References

