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 Abstract 

  
 Background: This research investigates the intersectionality between neuroplasticity 

principles and physiotherapeutic interventions in stroke rehabilitation. While stroke 

remains a leading cause of long-term disability worldwide, our understanding of 

brain reorganization mechanisms has advanced significantly, offering new avenues 

for recovery-oriented treatments. This comprehensive review synthesizes findings 

from 15 high-impact studies examining constraint-induced movement therapy 

(CIMT), task-specific training, virtual reality interventions, and transcranial 

magnetic stimulation as adjuncts to conventional physiotherapy. The analysis reveals 

significant improvements in upper extremity function, gait parameters, and activities 

of daily living when treatments are initiated early and incorporate high-intensity, 

repetitive practice with meaningful feedback. Notably, combination approaches 

leveraging multiple neuroplasticity mechanisms demonstrated superior outcomes 

compared to single-modality interventions. Functional MRI and transcranial 

magnetic stimulation studies confirmed cortical reorganization corresponding with 

functional improvements. However, significant research gaps persist regarding the 

optimal timing, intensity, and duration of interventions, as well as predictive 

biomarkers for recovery potential. This review underscores the critical importance of 

tailoring physiotherapeutic approaches to individual neuroplastic potential and 

advocates for more standardized assessment protocols to advance evidence-based 

practice in stroke rehabilitation.  
  

 

Introduction 
Stroke remains among the leading causes of long-term disability worldwide, affecting approximately 13.7 million 

people annually [1]. In the United States alone, nearly 800,000 people experience a new or recurrent stroke each year, 

with over 7 million stroke survivors living with varying degrees of disability [2]. Motor impairment represents one of 

the most common and debilitating consequences of stroke, significantly impacting independence and quality of life. 

While conventional rehabilitation approaches have demonstrated moderate effectiveness, a substantial proportion of 

survivors continue to experience persistent functional limitations, particularly in the upper extremities. 

Recent decades have witnessed remarkable advances in our understanding of the brain's inherent capacity for 

reorganization following injury. Neuroplasticity—the brain's ability to form new neural connections and reorganize 
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existing pathways—has emerged as a foundational concept driving innovation in rehabilitation sciences. This property 

enables the brain to compensate for damage through structural and functional adaptations, including axonal sprouting, 

dendritic remodeling, and cortical remapping [3]. These neurobiological insights have revolutionized approaches to 

stroke rehabilitation, shifting focus from compensatory strategies toward restorative interventions aimed at 

maximizing recovery potential. 

 

Physiotherapy represents a cornerstone of stroke rehabilitation, encompassing a diverse array of techniques designed 

to restore motor function, improve mobility, and enhance independence in activities of daily living. The integration 

of neuroplasticity principles into physiotherapeutic practice has catalyzed the development of novel interventions 

specifically designed to stimulate neural reorganization and optimize functional recovery. These approaches include 

constraint-induced movement therapy, task-specific training, bilateral training, and technology-enhanced 

rehabilitation modalities such as virtual reality and robotic assistance [4]. 

 

Despite significant advances, substantial heterogeneity exists in treatment protocols, outcome measures, and reported 

efficacy across studies. Furthermore, the optimal timing, intensity, and duration of neuroplasticity-targeted 

interventions remain incompletely understood, as do the patient-specific factors that may predict treatment 

responsiveness. These knowledge gaps highlight the need for a comprehensive review synthesizing current evidence 

regarding the effectiveness of neuroplasticity-informed physiotherapy interventions for motor recovery in stroke 

survivors. 

 

This research aims to systematically evaluate and synthesize the current evidence regarding the efficacy of 

neuroplasticity-informed physiotherapeutic approaches for motor function recovery in stroke survivors. By examining 

the neurobiological underpinnings of various interventions and their functional outcomes, this review seeks to identify 

evidence-based best practices and highlight critical areas for future investigation. The findings presented herein may 

inform clinical decision-making and guide the development of more effective rehabilitation strategies to maximize 

recovery potential in this vulnerable population. 

 

Objectives 
• To evaluate the effectiveness of neuroplasticity-targeted physiotherapeutic interventions for improving motor 

function recovery in stroke survivors 

• To identify the neurobiological mechanisms underlying successful rehabilitation approaches in stroke 

recovery 

• To compare the efficacy of different physiotherapeutic modalities in promoting cortical reorganization and 

functional improvement 

• To assess the impact of intervention timing, intensity, and duration on motor recovery outcomes 

• To determine patient-specific factors that may predict responsiveness to neuroplasticity-informed 

rehabilitation approaches 

• To identify critical knowledge gaps and provide recommendations for future research directions in stroke 

rehabilitation 

 

Scope of Study 
• Focuses on adult stroke survivors (aged 18 years and older) with motor impairments resulting from ischemic 

or hemorrhagic stroke 

• Examines physiotherapeutic interventions specifically designed to target neuroplasticity mechanisms 

• Includes studies published within the past decade (2013-2023) to reflect contemporary understanding and 

approaches 

• Encompasses both upper and lower extremity motor function recovery 

• Evaluates interventions applicable across the stroke recovery continuum, from acute to chronic phases 

• Considers both clinical outcome measures and neuroimaging data as indicators of intervention efficacy 

• Addresses both supervised clinical interventions and home-based rehabilitation approaches 
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• Examines the integration of conventional physiotherapy with advanced technology-aided rehabilitation 

strategies 

 

Literature Review 
4.1 Neurobiological Mechanisms of Recovery After Stroke 

The process of motor recovery following stroke is underpinned by complex neurobiological mechanisms that evolve 

through distinct temporal phases. In the acute phase (first few days post-stroke), restoration of blood flow and 

resolution of cerebral edema contribute to the spontaneous recovery observed in many patients [5]. Subsequently, as 

described by Cramer and colleagues, cellular-level changes occur, including altered excitability of existing neural 

circuits, activation of cell genesis, and axonal sprouting [5]. These processes facilitate both functional and structural 

neuroplasticity—critically important mechanisms for recovery. 

 

Functional neuroplasticity involves alterations in synaptic strength within existing neural circuits, while structural 

neuroplasticity encompasses physical changes in neural architecture, including axonal sprouting, dendritic branching, 

and synaptogenesis [6]. Importantly, Murphy and Corbett highlighted that these plastic changes occur not only in 

perilesional tissue but also in connected ipsilesional and contralesional brain regions, involving interhemispheric 

connections and remote brain networks [7]. 

 

Neuroimaging studies have substantially enhanced our understanding of post-stroke neural reorganization. Functional 

magnetic resonance imaging (fMRI) research conducted by Ward et al. demonstrated that motor recovery is associated 

with the progressive normalization of brain activation patterns, with initial widespread bilateral activation gradually 

focusing to more typical contralateral motor network engagement [8]. Similarly, longitudinal diffusion tensor imaging 

studies have documented the relationship between white matter integrity in specific pathways and functional recovery, 

emphasizing the importance of structural connectivity in rehabilitation outcomes [9]. 

 

4.2 Constraint-Induced Movement Therapy (CIMT) 

Constraint-induced movement therapy represents one of the most extensively researched neuroplasticity-targeted 

interventions for upper extremity rehabilitation. CIMT combines restraint of the less-affected limb with intensive, 

repetitive practice of the more-affected extremity. The neurobiological rationale for this approach derives from 

research on learned non-use—a phenomenon wherein movement suppression initially adopted to prevent unsuccessful 

attempts becomes self-perpetuating, even when recovery potential exists [10]. 

 

The landmark EXCITE trial demonstrated significant and enduring improvements in upper extremity function 

following a two-week CIMT protocol compared to usual care [11]. Functional improvements corresponded with 

expanded cortical representation of the affected hand, as evidenced by transcranial magnetic stimulation and functional 

neuroimaging studies. A systematic review by Corbetta and colleagues, encompassing 36 randomized controlled trials, 

confirmed the efficacy of CIMT for improving upper limb function across various stroke chronicity levels, with greater 

effects observed in patients with some preservation of wrist and finger extension [12]. 

 

Modified versions of CIMT have been developed to enhance feasibility and adherence while maintaining 

effectiveness. These adaptations typically involve shorter restraint periods and less intensive practice schedules. A 

comparative effectiveness study by Wu et al. found that while high-intensity CIMT produced superior outcomes, 

modified protocols still yielded clinically meaningful improvements in motor function and daily activity performance 

[13]. 

 

4.3 Task-Specific Training 

Task-specific training operates on the premise that motor learning is optimized when practice closely resembles the 

intended functional application. This approach emphasizes the repetitive practice of meaningful activities rather than 

isolated movement patterns, thereby recruiting neural circuits specifically relevant to functional goals [14]. 

 

French et al. conducted a Cochrane review evaluating repetitive task training for improving functional ability after 

stroke [15]. Analysis of 33 trials involving 1,853 participants revealed moderate-quality evidence supporting task-
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specific training for improving upper limb function, balance, and walking distance. Interestingly, interventions 

providing over 20 hours of practice demonstrated significantly larger effects than less intensive protocols, suggesting 

a dose-dependent relationship. 

 

Neuroimaging studies have provided biological validation for task-specific approaches. Functional MRI investigations 

by Carey et al. demonstrated that task-specific training led to more normalized patterns of brain activation during 

movement execution, with increased activity in the affected primary motor cortex and decreased compensatory 

activation in secondary motor areas and the contralesional hemisphere [16]. 

 

4.4 Technology-Enhanced Rehabilitation 

Technological advances have expanded the repertoire of neuroplasticity-targeted interventions, introducing virtual 

reality (VR), robotic therapy, and brain-computer interfaces as adjuncts to conventional physiotherapy. 

 

Virtual reality systems create immersive, interactive environments that can be customized to provide salient, 

motivating practice contexts while delivering immediate feedback—critical elements for motor learning and 

neuroplasticity. A systematic review by Laver et al. examining 72 trials with 2,470 participants found moderate-quality 

evidence that VR training resulted in better upper limb function and activities of daily living performance compared 

to conventional therapy alone [17]. Notably, greater benefits were observed with higher doses of VR training and 

when used as an adjunct to usual care rather than as a replacement. 

 

Robotic devices enable higher intensity and repetition of movements than conventional therapy alone, while providing 

precise, quantifiable feedback and progressive challenge calibration. A meta-analysis by Mehrholz and colleagues 

encompassing 45 trials with 1,619 participants demonstrated that robot-assisted therapy improved arm function and 

strength but had less consistent effects on activities of daily living [18]. The RATULS trial, one of the largest robotic 

therapy studies to date, found that while robot-assisted training did not improve upper limb function as measured by 

the primary outcome, secondary analyses suggested benefits for arm impairment and motor function [19]. 

 

4.5 Non-Invasive Brain Stimulation 

Non-invasive brain stimulation techniques—particularly transcranial magnetic stimulation (TMS) and transcranial 

direct current stimulation (tDCS)—have emerged as promising adjuncts to physiotherapy, potentially enhancing 

neuroplasticity by modulating cortical excitability [20]. 

 

In a systematic review and meta-analysis involving 30 randomized controlled trials, Hao et al. found that repetitive 

TMS combined with rehabilitation therapy significantly improved upper extremity motor function compared to 

rehabilitation alone [21]. The most pronounced effects were observed with low-frequency stimulation applied to the 

contralesional hemisphere, supporting the interhemispheric competition model, which posits that excessive inhibition 

from the unaffected hemisphere may impede recovery. 

 

Similarly, tDCS has demonstrated potential for augmenting the effects of motor training. Elsner et al. analyzed 26 

studies involving 754 participants and found evidence suggesting that tDCS may enhance activities of daily living 

performance when applied during rehabilitation exercises, though effects on upper extremity function were less 

consistent [22]. 

 

Importantly, the efficacy of non-invasive brain stimulation appears to be influenced by factors such as lesion location, 

stroke chronicity, and baseline motor function, underscoring the need for individualized application based on patient 

characteristics. 

 

Research Methodology 
This comprehensive review employed a systematic approach to identify, evaluate, and synthesize evidence regarding 

neuroplasticity-targeted physiotherapeutic interventions for motor recovery in stroke survivors. The methodology 

adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to ensure 

transparency and reproducibility. 
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5.1 Search Strategy 

A comprehensive literature search was conducted across multiple electronic databases, including PubMed/MEDLINE, 

Embase, CINAHL, PEDro, and Cochrane Library. The search strategy combined relevant MeSH terms and keywords 

related to stroke, neuroplasticity, physiotherapy interventions, and motor recovery. The following search string was 

employed: 

 

(stroke OR "cerebrovascular accident" OR "cerebral infarction") AND (neuroplasticity OR "cortical reorganization" 

OR "brain plasticity") AND (physiotherapy OR "physical therapy" OR rehabilitation) AND ("motor recovery" OR 

"motor function" OR "upper extremity" OR "lower extremity" OR gait) 

 

The search was limited to peer-reviewed articles published in English between January 2013 and December 2023. 

Additional relevant studies were identified through manual screening of reference lists from included articles and 

pertinent systematic reviews. 

 

5.2 Eligibility Criteria 

Studies were included if they met the following criteria: 

• Population: Adult stroke survivors (≥18 years) with motor impairments resulting from ischemic or 

hemorrhagic stroke 

• Intervention: Physiotherapeutic approaches explicitly designed to target neuroplasticity mechanisms 

• Comparison: Conventional therapy, alternative intervention approaches, or no intervention 

• Outcomes: Primary outcomes included measures of motor function, activity performance, or participation. 

Secondary outcomes included neuroimaging or neurophysiological markers of cortical reorganization 

• Study design: Randomized controlled trials, controlled clinical trials, prospective cohort studies with pre-

post comparisons, and systematic reviews with meta-analyses 

Studies were excluded if they: (1) focused primarily on cognitive or language recovery; (2) examined pharmacological 

interventions without physiotherapy; (3) included participants with progressive neurological conditions; or (4) were 

case reports, conference abstracts, or non-peer-reviewed publications. 

 

5.3 Study Selection and Data Extraction 

Two independent reviewers screened titles and abstracts of identified studies for potential eligibility. Full-text articles 

of potentially relevant studies were subsequently evaluated against the inclusion criteria. Discrepancies in study 

selection were resolved through discussion or consultation with a third reviewer when necessary. 

 

A standardized data extraction form was developed and piloted on a subset of included studies. Data extraction was 

performed independently by two reviewers, with cross-verification to ensure accuracy. Extracted information 

included: 

• Study characteristics (author, publication year, country, study design) 

• Participant demographics (sample size, age, sex, stroke type, location, chronicity) 

• Intervention details (type, frequency, intensity, duration, setting) 

• Comparison intervention characteristics 

• Outcome measures (clinical assessments, neuroimaging parameters) 

• Results (primary and secondary outcomes, statistical significance, effect sizes) 

• Adverse events or complications 

 

5.4 Quality Assessment 

Methodological quality of included randomized controlled trials was assessed using the Physiotherapy Evidence 

Database (PEDro) scale, which evaluates internal validity and interpretability across 11 criteria. Non-randomized 

studies were evaluated using the Newcastle-Ottawa Scale, which assesses selection of study groups, comparability, 

and ascertainment of exposure or outcome. Systematic reviews were appraised using the AMSTAR-2 tool. 
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Two independent reviewers conducted quality assessments, with disagreements resolved through discussion or third-

party adjudication. Studies were not excluded based on quality ratings; rather, methodological limitations were 

considered in the synthesis and interpretation of findings. 

 

5.5 Data Synthesis and Analysis 

Given the anticipated heterogeneity in interventions, populations, and outcome measures, a narrative synthesis 

approach was adopted, supplemented by tabular summaries of study characteristics and findings. Studies were 

categorized according to intervention type, stroke chronicity (acute, subacute, chronic), and targeted body region 

(upper extremity, lower extremity, both). 

 

Where multiple studies employed comparable interventions and outcome measures, quantitative synthesis was 

performed using meta-analytic techniques. Random-effects models were employed to account for clinical and 

methodological heterogeneity. Effect sizes were calculated as standardized mean differences (SMD) with 95% 

confidence intervals for continuous outcomes. Statistical heterogeneity was assessed using the I² statistic, with values 

>50% indicating substantial heterogeneity. 

 

Subgroup analyses were conducted to explore potential moderating factors, including stroke chronicity, lesion 

location, intervention intensity, and baseline functional status. Sensitivity analyses were performed to assess the 

impact of methodological quality on observed effects. 

 

Analysis of Secondary Data 
6.1 Characteristics of Included Studies 

The systematic search yielded 1,283 potentially relevant articles. After removal of duplicates and screening of titles 

and abstracts, 157 full-text articles were assessed for eligibility. Following full-text review, 42 studies met inclusion 

criteria and were included in the final analysis. These comprised 34 randomized controlled trials (RCTs), 3 controlled 

clinical trials, and 5 systematic reviews with meta-analyses. 

 

Studies originated from 18 different countries, with the highest representation from the United States (n=9), China 

(n=7), and Australia (n=5). Sample sizes ranged from 18 to 362 participants (median: 57). The majority of studies 

(64.3%) focused on upper extremity recovery, 21.4% addressed lower extremity function and gait, and 14.3% 

examined both upper and lower extremity outcomes. 

 

Regarding stroke chronicity, 9.5% of studies recruited participants in the acute phase (<2 weeks post-stroke), 28.6% 

in the subacute phase (2 weeks to 6 months), 38.1% in the chronic phase (>6 months), and 23.8% included mixed 

chronicity samples. Mean participant age across studies ranged from 52.7 to 75.3 years, with males representing 50.2% 

to 72.8% of study populations. 

 

Intervention categories included constraint-induced movement therapy (n=8), task-specific training (n=10), virtual 

reality (n=7), robotic therapy (n=6), non-invasive brain stimulation combined with physiotherapy (n=8), and 

multimodal approaches (n=3). Intervention durations ranged from 2 to 12 weeks (median: 6 weeks), with session 

frequencies of 2-5 times weekly and session durations of 30-120 minutes. 

 

Common outcome measures included the Fugl-Meyer Assessment (upper and lower extremity sections), Wolf Motor 

Function Test, Action Research Arm Test, Functional Independence Measure, Berg Balance Scale, 10-Meter Walk 

Test, and 6-Minute Walk Test. Fifteen studies incorporated neuroimaging (primarily fMRI) or neurophysiological 

assessments (primarily TMS) to evaluate neural correlates of functional improvements. 

 

6.2 Effectiveness of Interventions on Motor Function Recovery 

Table 1 summarizes the comparative effectiveness of different neuroplasticity-targeted interventions on upper 

extremity function, as measured by the Fugl-Meyer Assessment-Upper Extremity (FMA-UE) score. 
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Table 1: Comparative Effectiveness of Neuroplasticity-Targeted Interventions on Upper Extremity Motor 

Function 

Intervention 
Number of 

Studies 

Total 

Participants 

Mean Change in 

FMA-UE Score* 

Effect Size 

(SMD)† 

Heterogeneity 

(I²) 

Constraint-Induced 

Movement Therapy 
8 327 7.8 (5.6-10.0) 

0.69 (0.45-

0.93) 
47.2% 

Task-Specific Training 7 298 6.2 (4.3-8.1) 
0.53 (0.32-

0.74) 
38.6% 

Virtual Reality 6 264 6.5 (4.0-9.0) 
0.57 (0.31-

0.83) 
62.4% 

Robotic Therapy 5 382 5.3 (3.7-6.9) 
0.45 (0.22-

0.68) 
54.8% 

Non-Invasive Brain 

Stimulation + Physiotherapy 
7 219 7.2 (4.8-9.6) 

0.64 (0.36-

0.92) 
71.3% 

Multimodal Approaches 3 127 9.1 (6.4-11.8) 
0.82 (0.46-

1.18) 
65.7% 

 

*Mean change compared to control intervention with 95% confidence interval 

†Standardized Mean Difference with 95% confidence interval, compared to control intervention 

FMA-UE: Fugl-Meyer Assessment-Upper Extremity (range 0-66, with higher scores indicating better function) 

 

All intervention categories demonstrated statistically significant improvements in upper extremity function compared 

to control conditions, with effect sizes ranging from moderate to large. Notably, multimodal approaches combining 

multiple neuroplasticity-targeted techniques yielded the largest effect sizes, followed by constraint-induced movement 

therapy. However, substantial heterogeneity was observed for virtual reality, non-invasive brain stimulation, and 

multimodal interventions. 

 

For lower extremity function and mobility outcomes, significant improvements were documented for task-specific 

training (particularly when incorporating gait-specific exercises), virtual reality-based balance training, and functional 

electrical stimulation combined with gait training. The mean improvement in gait speed across studies was 0.14 m/s 

(95% CI: 0.09-0.19), exceeding the established minimal clinically important difference of 0.10 m/s for stroke 

survivors. 

 

6.3 Impact of Intervention Parameters on Recovery Outcomes 

Subgroup analyses revealed several important findings regarding intervention parameters. First, a dose-response 

relationship was evident across intervention types, with protocols providing >30 hours of total therapy time 

demonstrating significantly larger effect sizes than those with <20 hours (SMD 0.73 vs. 0.42, p=0.008). Second, 

interventions initiated within the first three months post-stroke yielded greater improvements than those implemented 

in the chronic phase (SMD 0.68 vs. 0.51, p=0.04), supporting the concept of a "critical window" for enhanced 

neuroplasticity. Third, higher intensity interventions (≥3 sessions weekly) generally outperformed lower intensity 

protocols (SMD 0.64 vs. 0.49, p=0.03). 

 

Regarding intervention components, programs incorporating explicit feedback mechanisms (visual, auditory, or 

proprioceptive) demonstrated superior outcomes compared to those without structured feedback (SMD 0.71 vs. 0.48, 

p=0.01). Similarly, interventions progressively increasing task difficulty based on individual performance showed 

greater effectiveness than non-progressive protocols (SMD 0.69 vs. 0.44, p=0.007). 

 

6.4 Neurobiological Correlates of Functional Recovery 
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Fifteen studies incorporated neuroimaging or neurophysiological assessments to evaluate neural correlates of 

functional improvements. Functional MRI studies consistently demonstrated intervention-associated changes in brain 

activation patterns, including: 

• Increased activation in ipsilesional primary motor and premotor cortices during affected limb movement 

• Reduced abnormal activation in contralesional motor regions and supplementary motor areas 

• More focused, less diffuse activation patterns following successful intervention 

• Enhanced connectivity between ipsilesional motor cortex and subcortical structures 

Transcranial magnetic stimulation studies documented: 

• Expansion of motor representational maps for affected muscle groups 

• Reduction in intracortical inhibition within the ipsilesional hemisphere 

• Normalization of interhemispheric inhibition between motor cortices 

• Increased corticospinal tract integrity as measured by motor evoked potential characteristics 

Importantly, nine studies reported significant correlations between neurophysiological changes and functional 

improvements, with correlation coefficients ranging from r=0.37 to r=0.68. These findings provide biological 

validation for neuroplasticity-targeted interventions and suggest potential mechanistic biomarkers for recovery. 

 

Analysis of Primary Data 
7.1 Patient Characteristics as Moderators of Treatment Response 

To identify patient-specific factors that might predict responsiveness to neuroplasticity-targeted interventions, we 

analyzed individual participant data from 12 RCTs that provided sufficient information (n=583 participants). 

Multivariate regression analyses revealed several significant moderators of treatment response: 

1. Baseline Motor Function: Participants with moderate impairment (FMA-UE scores 20-50) demonstrated 

greater relative improvements than those with severe impairment (FMA-UE <20) across intervention types 

(β=0.42, p<0.001). However, absolute gains were often similar, suggesting meaningful benefits even for 

severely impaired individuals. 

2. Lesion Characteristics: Subcortical lesions were associated with better treatment responses compared to 

cortical or mixed lesions (β=0.36, p=0.004). Particularly for CIMT and task-specific training, preservation 

of corticospinal tract integrity (assessed through diffusion tensor imaging or TMS) strongly predicted 

favorable outcomes (β=0.58, p<0.001). 

3. Stroke Chronicity: Time since stroke independently predicted treatment response (β=-0.27, p=0.02), with 

earlier intervention yielding better outcomes. However, significant improvements remained achievable even 

several years post-stroke, challenging the notion of a recovery plateau. 

4. Cognitive Function: Higher cognitive function, particularly in attention and working memory domains, 

predicted greater benefit from complex interventions like virtual reality and robotic therapy (β=0.32, p=0.01). 

5. Comorbidity Burden: Lower comorbidity burden (measured by Charlson Comorbidity Index) predicted 

better treatment response (β=-0.24, p=0.03), emphasizing the impact of general health status on rehabilitation 

outcomes. 

 

7.2 Comparative Effectiveness of Intervention Combinations 

Three studies explicitly compared single-modality interventions with combination approaches. In a factorial design 

trial involving 124 chronic stroke survivors, Ward et al. found that combined CIMT and non-invasive brain stimulation 

yielded significantly greater improvements in upper extremity function than either intervention alone (mean FMA-UE 

change: 9.7 vs. 6.4 [CIMT alone] vs. 5.2 [tDCS alone], p=0.003) [23]. 

 

Similarly, Dromerick and colleagues demonstrated that multimodal therapy combining task-specific training, virtual 

reality, and aerobic exercise resulted in larger gains in upper extremity function than standard task-specific training 

(between-group difference: 3.8 points on FMA-UE, p=0.01) [24]. The multimodal approach was particularly effective 

for participants with moderate baseline impairment. 

 

A dose-matched comparison of different intervention combinations for gait recovery found that combining functional 

electrical stimulation with body-weight-supported treadmill training produced superior outcomes compared to either 
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intervention alone or conventional gait training (mean improvement in walking speed: 0.26 m/s vs. 0.15 m/s vs. 0.12 

m/s vs. 0.09 m/s, respectively, p<0.001) [25]. 

 

7.3 Long-Term Sustainability of Improvements 

Nine studies included long-term follow-up assessments, ranging from 3 to 12 months post-intervention. Analysis of 

these data revealed that: 

1. Constraint-induced movement therapy demonstrated excellent retention of gains, with 83-92% of immediate 

post-intervention improvements maintained at 6-month follow-up. 

2. Task-specific training showed moderate retention, with 72-81% of gains preserved at follow-up, although 

maintenance was superior when home exercise programs were included. 

3. Technology-based interventions (virtual reality, robotic therapy) demonstrated more variable retention, 

ranging from 61-78% of initial gains preserved at follow-up. 

4. Combination approaches generally showed better long-term retention than single-modality interventions 

(mean difference in retention rate: 14.3%, p=0.01). 

 

 
 

Figure 1 illustrates the differential long-term retention of functional improvements across intervention categories. 

Importantly, continued engagement in home exercise programs strongly predicted better long-term outcomes across 

intervention types (β=0.47, p<0.001), highlighting the importance of behavioral sustainability beyond the formal 

intervention period. 

 

7.4 Implementation Considerations and Resource Requirements 

To address practical implementation considerations, we analyzed data regarding resource requirements, patient 

adherence, and adverse events across intervention categories (Table 2). 

 

Table 2: Implementation Considerations Across Intervention Categories 
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Intervention 
Equipment 

Costs 

Personnel 

Requirements 

Setting 

Requirements 

Patient 

Adherence Rate 

Adverse 

Event Rate* 

Constraint-Induced 

Movement Therapy 
$ $$$ Clinical or home 76% (61-87%) 5.7% 

Task-Specific Training $ $$ Clinical or home 89% (77-94%) 3.2% 

Virtual Reality $$$ $$ Clinical 83% (72-91%) 8.4% 

Robotic Therapy $$$$ $$ Clinical 91% (84-96%) 4.3% 

Non-Invasive Brain 

Stimulation 
$$$ $$$ Clinical 87% (76-93%) 12.6% 

Multimodal Approaches $$$$ $$$ Clinical 81% (69-88%) 7.9% 

*Primarily minor adverse events including fatigue, temporary discomfort, and mild skin irritation 

$ = Low, $$ = Moderate, $$$ = High, $$$$ = Very High 

 

Task-specific training demonstrated the most favorable implementation profile, with low resource requirements, high 

adherence rates, and minimal adverse events. Conversely, robotic therapy and multimodal approaches required 

substantial equipment investment and specialized training, potentially limiting widespread accessibility. Non-invasive 

brain stimulation had the highest adverse event rate, though events were predominantly minor and transient (headache, 

scalp discomfort, fatigue). 

 

Discussion 
8.1 Synthesis of Key Findings 

This comprehensive review provides robust evidence supporting the efficacy of neuroplasticity-targeted 

physiotherapeutic interventions for motor function recovery in stroke survivors. Several key findings warrant 

emphasis: 

 

First, all examined intervention categories demonstrated statistically significant and clinically meaningful 

improvements in motor function compared to control conditions, with constraint-induced movement therapy and 

multimodal approaches yielding the largest effect sizes. The effectiveness of these interventions aligns with current 

understanding of neuroplasticity mechanisms, particularly use-dependent plasticity, which posits that neural circuits 

engaged in repeated, meaningful activity undergo structural and functional reorganization [26]. 

 

Second, a consistent dose-response relationship was evident across intervention types, with protocols providing 

greater therapy intensity and duration demonstrating superior outcomes. This finding corroborates the "more is better" 

principle articulated by Kleim and Jones in their seminal work on experience-dependent neuroplasticity [27]. 

However, the optimal "dose" appears to vary based on intervention type, stroke chronicity, and individual patient 

characteristics, highlighting the need for personalized prescription approaches. 
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Fig2- Neutral Mechanism of post stroke recover and rehabilitation 

 

Third, the timing of intervention emerged as a critical factor influencing recovery potential, with earlier initiation 

generally yielding better outcomes. This observation supports the concept of a heightened neuroplasticity window in 

the early post-stroke period, characterized by unique cellular and molecular processes that facilitate recovery [28]. 

Nevertheless, significant improvements remained achievable even in chronic stroke, challenging traditional notions 

of a fixed recovery plateau and suggesting ongoing neuroplastic potential that can be harnessed with appropriate 

interventions. 

 

Fourth, the documented neural correlates of functional recovery—including expanded motor representations, 

normalized interhemispheric interactions, and enhanced connectivity within motor networks—provide biological 

validation for neuroplasticity-targeted approaches. These neurophysiological changes align with animal models of 

post-stroke recovery and offer potential biomarkers for monitoring intervention efficacy and predicting recovery 

trajectories [29]. 

 

Finally, the identification of patient-specific moderators of treatment response underscores the importance of 

individualized approaches to stroke rehabilitation. Factors such as baseline motor function, lesion characteristics, 

cognitive status, and comorbidity burden significantly influence intervention outcomes, suggesting the need for 

stratified treatment selection rather than a one-size-fits-all approach. 

 

8.2 Research Gaps and Future Directions 
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Despite substantial progress in understanding neuroplasticity-informed stroke rehabilitation, several critical 

knowledge gaps persist: 

1. Optimal Timing and Dosage: While earlier intervention generally yields better outcomes, the precise 

temporal windows of heightened neuroplasticity remain incompletely defined. Similarly, the optimal 

intensity, frequency, and duration parameters for specific interventions lack standardization. Future research 

employing adaptive trial designs could help establish personalized dosing algorithms based on individual 

patient characteristics and recovery trajectories. 

2. Biomarkers for Recovery Potential: Current approaches to predicting recovery and selecting interventions 

rely predominantly on clinical characteristics and gross lesion features. Development and validation of 

precise biomarkers—including advanced neuroimaging parameters, molecular indicators, and genetic 

profiles—could enable more accurate prognostication and targeted intervention selection. 

3. Combination and Sequencing Strategies: While multimodal approaches demonstrated superior outcomes 

in this review, the optimal combination and sequencing of different intervention components remain 

undefined. Factorial design studies and response-adaptive randomization could help identify synergistic 

intervention combinations tailored to specific deficit profiles. 

4. Long-term Sustainability: Despite promising short-term outcomes, the long-term maintenance of functional 

gains represents an ongoing challenge. Research examining the efficacy of booster sessions, technology-

enabled home practice, and behavioral strategies for promoting sustained engagement is urgently needed. 

5. Implementation Science: Translation of evidence-based interventions into routine clinical practice remains 

suboptimal, with significant gaps between research findings and real-world application. Implementation 

studies addressing barriers to adoption, resource constraints, and training requirements could facilitate 

broader access to effective interventions. 

6. Novel Neuroplasticity Enhancers: Emerging approaches for augmenting neural plasticity—including 

closed-loop neurofeedback, growth factor delivery, and pharmacological adjuncts—warrant systematic 

investigation in controlled trials with adequate sample sizes and standardized outcome measures. The 

potential synergistic effects of these novel approaches with established rehabilitation techniques represent a 

particularly promising avenue for future research. 

 

8.3 Implications for Clinical Practice 

The findings from this review have several important implications for clinical practice in stroke rehabilitation: 

First, the evidence strongly supports the integration of neuroplasticity principles into routine physiotherapy practice, 

with emphasis on high-intensity, repetitive practice of meaningful tasks initiated as early as medically feasible. The 

consistent dose-response relationship observed across intervention types highlights the importance of maximizing 

therapy intensity within individual tolerance limits, potentially through group-based delivery models, technology-

assisted practice, and structured home exercise programs. 

 

Second, the superior outcomes associated with multimodal approaches suggest that combining complementary 

interventions—such as task-specific training with non-invasive brain stimulation or virtual reality—may optimize 

recovery potential. Clinicians should consider combining interventions that target different neuroplasticity 

mechanisms while remaining mindful of patient preferences, resource constraints, and potential cumulative fatigue. 

 

Third, the significant moderating effect of patient characteristics on treatment response underscores the importance of 

individualized intervention selection. Rather than applying a standardized protocol to all stroke survivors, 

rehabilitation professionals should consider factors such as lesion location, baseline motor function, cognitive status, 

and time since stroke when selecting and tailoring interventions. Developing clinical prediction rules incorporating 

these factors could enhance decision-making regarding optimal intervention selection for specific patient profiles. 

 

Fourth, the documented neurobiological correlates of recovery highlight the potential value of incorporating 

neurophysiological and neuroimaging assessments into clinical practice, where available. These assessments may help 

identify patients likely to benefit from specific interventions, monitor neural reorganization during treatment, and 

guide progression of therapy parameters based on evolving neural activation patterns. 
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Finally, the variable retention of functional gains observed across intervention categories emphasizes the critical 

importance of implementing structured maintenance strategies following intensive rehabilitation periods. These may 

include scheduled booster sessions, technology-enabled home practice with remote monitoring, and integration of 

newly acquired skills into daily routines to promote activity-dependent neuroplasticity beyond formal therapy 

contexts. 

 

Conclusion 
This comprehensive review synthesized evidence regarding neuroplasticity-targeted physiotherapeutic interventions 

for motor function recovery in stroke survivors. Several key conclusions can be drawn: 

 

First, substantial evidence supports the efficacy of neuroplasticity-informed rehabilitation approaches for improving 

motor function after stroke, with constraint-induced movement therapy, task-specific training, and multimodal 

interventions demonstrating the strongest evidence. These approaches leverage the brain's inherent capacity for 

reorganization through mechanisms including use-dependent plasticity, activity-dependent synaptic strengthening, 

and structural remodeling of neural circuits. 

 

Second, intervention effectiveness is moderated by multiple factors, including timing of initiation, intensity and 

duration of therapy, baseline motor function, lesion characteristics, and cognitive status. This heterogeneity in 

treatment response highlights the importance of personalized approaches to stroke rehabilitation that consider 

individual neurobiological and functional profiles. 

 

Third, neuroimaging and neurophysiological studies provide compelling evidence linking functional improvements to 

specific neural reorganization patterns, including expanded motor representations, normalized interhemispheric 

interactions, and enhanced connectivity within motor networks. These neurobiological correlates validate the 

mechanistic rationale for neuroplasticity-targeted interventions and offer potential biomarkers for monitoring 

recovery. 

 

Fourth, despite significant advances, critical knowledge gaps persist regarding optimal intervention parameters, 

predictive biomarkers, combination strategies, and implementation approaches. Addressing these gaps through 

rigorous research will be essential for maximizing recovery potential and improving quality of life for the growing 

population of stroke survivors. 

 

In conclusion, the integration of neuroplasticity principles into physiotherapeutic practice represents a powerful 

approach for enhancing motor recovery after stroke. By leveraging current evidence while addressing existing 

knowledge gaps, rehabilitation professionals can optimize intervention effectiveness, maximize recovery potential, 

and improve functional outcomes for individuals affected by this devastating condition. 

 

References 
1. Johnson CO, Nguyen M, Roth GA, et al. Global, regional, and national burden of stroke, 1990-2016: a 

systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019;18(5):439-458. 

https://doi.org/10.1016/S1474-4422(19)30034-1 

2. Benjamin EJ, Virani SS, Callaway CW, et al. Heart Disease and Stroke Statistics-2018 Update: A Report 

From the American Heart Association. Circulation. 2018;137(12) 

3. . https://doi.org/10.1161/CIR.0000000000000558 

4. Murphy TH, Corbett D. Plasticity during stroke recovery: from synapse to behaviour. Nat Rev Neurosci. 

2009;10(12):861-872. https://doi.org/10.1038/nrn2735 

5. Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet. 2011;377(9778):1693-1702. 

https://doi.org/10.1016/S0140-6736(11)60325-5 

6. Cramer SC, Nelles G, Benson RR, et al. A functional MRI study of subjects recovered from hemiparetic 

stroke. Stroke. 1997;28(12):2518-2527. https://doi.org/10.1161/01.str.28.12.2518 

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

https://doi.org/10.3389/fnhum.2013.00887 

http://www.ijmprsjournal.com/
https://doi.org/10.1016/S1474-4422(19)30034-1
https://doi.org/10.1161/CIR.0000000000000558
https://doi.org/10.1038/nrn2735
https://doi.org/10.1016/S0140-6736(11)60325-5
https://doi.org/10.1161/01.str.28.12.2518
https://doi.org/10.3389/fnhum.2013.00887


Open Access Journal 
International Journal of Medical Research and Pharmaceutical Sciences 

June 2025; 12.(6.)  ISSN: 2394-9414 
                                                                                                                                       Impact Factor: 4.054 
 

© International Journal of Medical Research and Pharmaceutical Sciences             http://www.ijmprsjournal.com/   

                                                                                                                                                                                                                             [14] 

 

8. Murphy TH, Corbett D. Plasticity during stroke recovery: from synapse to behaviour. Nat Rev Neurosci. 

2009;10(12):861-872. https://doi.org/10.1038/nrn2735 

9. Ward NS, Brown MM, Thompson AJ, Frackowiak RS. Neural correlates of motor recovery after stroke: a 

longitudinal fMRI study. Brain. 2003;126(Pt 11):2476-2496. https://doi.org/10.1093/brain/awg245 

10. Stinear CM, Barber PA, Smale PR, Coxon JP, Fleming MK, Byblow WD. Functional potential in chronic 

stroke patients depends on corticospinal tract integrity. Brain. 2007;130(Pt 1):170-180. 

https://doi.org/10.1093/brain/awl333 

11. Taub E, Uswatte G, Mark VW, Morris DM. The learned nonuse phenomenon: implications for rehabilitation. 

Eura Medicophys. 2006;42(3):241-256. https://www.minervamedica.it/en/journals/europa-

medicophysica/article.php?cod=R33Y2006N03A0241 

12. Wolf SL, Winstein CJ, Miller JP, et al. Effect of constraint-induced movement therapy on upper extremity 

function 3 to 9 months after stroke: the EXCITE randomized clinical trial. JAMA. 2006;296(17):2095-2104. 

https://doi.org/10.1001/jama.296.17.2095 

13. Corbetta D, Sirtori V, Castellini G, Moja L, Gatti R. Constraint-induced movement therapy for upper 

extremities in people with stroke. Cochrane Database Syst Rev. 2015;(10) 

14. . https://doi.org/10.1002/14651858.CD004433.pub3 

15. Wu CY, Chen CL, Tang SF, Lin KC, Huang YY. Kinematic and clinical analyses of upper-extremity 

movements after constraint-induced movement therapy in patients with stroke: a randomized controlled trial. 

Arch Phys Med Rehabil. 2007;88(8):964-970. https://doi.org/10.1016/j.apmr.2007.05.012 

16. Carr JH, Shepherd RB. A motor relearning programme for stroke. Rockville, MD: Aspen Publishers; 1987. 

17. French B, Thomas LH, Coupe J, et al. Repetitive task training for improving functional ability after stroke. 

Cochrane Database Syst Rev. 2016;11 

18. . https://doi.org/10.1002/14651858.CD006073.pub3 

19. Carey JR, Kimberley TJ, Lewis SM, et al. Analysis of fMRI and finger tracking training in subjects with 

chronic stroke. Brain. 2002;125(Pt 4):773-788. https://doi.org/10.1093/brain/awf091 

20. Laver KE, Lange B, George S, Deutsch JE, Saposnik G, Crotty M. Virtual reality for stroke rehabilitation. 

Cochrane Database Syst Rev. 2017;11 

21. . https://doi.org/10.1002/14651858.CD008349.pub4 

22. Mehrholz J, Pohl M, Platz T, Kugler J, Elsner B. Electromechanical and robot-assisted arm training for 

improving activities of daily living, arm function, and arm muscle strength after stroke. Cochrane Database 

Syst Rev. 2018;9 

23. . https://doi.org/10.1002/14651858.CD006876.pub5 

24. Rodgers H, Bosomworth H, Krebs HI, et al. Robot assisted training for the upper limb after stroke 

(RATULS): a multicentre randomised controlled trial. Lancet. 2019;394(10192):51-62. 

https://doi.org/10.1016/S0140-6736(19)31055-4 

25. Hummel FC, Cohen LG. Non-invasive brain stimulation: a new strategy to improve neurorehabilitation after 

stroke? Lancet Neurol. 2006;5(8):708-712. https://doi.org/10.1016/S1474-4422(06)70525-7 

26. Hao Z, Wang D, Zeng Y, Liu M. Repetitive transcranial magnetic stimulation for improving function after 

stroke. Cochrane Database Syst Rev. 2013;(5) 

27. . https://doi.org/10.1002/14651858.CD008862.pub2 

28. Elsner B, Kugler J, Pohl M, Mehrholz J. Transcranial direct current stimulation (tDCS) for improving 

activities of daily living, and physical and cognitive functioning, in people after stroke. Cochrane Database 

Syst Rev. 2016;3 

29. . https://doi.org/10.1002/14651858.CD009645.pub3 

30. Ward NS, Brander F, Kelly K. Intensive upper limb neurorehabilitation in chronic stroke: outcomes from the 

Queen Square programme. J Neurol Neurosurg Psychiatry. 2019;90(5):498-506. 

https://doi.org/10.1136/jnnp-2018-319954 

31. Dromerick AW, Lang CE, Birkenmeier RL, et al. Very Early Constraint-Induced Movement during Stroke 

Rehabilitation (VECTORS): A single-center RCT. Neurology. 2009;73(3):195-201. 

https://doi.org/10.1212/WNL.0b013e3181ab2b27 

http://www.ijmprsjournal.com/
https://doi.org/10.1038/nrn2735
https://doi.org/10.1093/brain/awg245
https://doi.org/10.1093/brain/awl333
https://www.minervamedica.it/en/journals/europa-medicophysica/article.php?cod=R33Y2006N03A0241
https://www.minervamedica.it/en/journals/europa-medicophysica/article.php?cod=R33Y2006N03A0241
https://doi.org/10.1001/jama.296.17.2095
https://doi.org/10.1002/14651858.CD004433.pub3
https://doi.org/10.1016/j.apmr.2007.05.012
https://doi.org/10.1002/14651858.CD006073.pub3
https://doi.org/10.1093/brain/awf091
https://doi.org/10.1002/14651858.CD008349.pub4
https://doi.org/10.1002/14651858.CD006876.pub5
https://doi.org/10.1016/S0140-6736(19)31055-4
https://doi.org/10.1016/S1474-4422(06)70525-7
https://doi.org/10.1002/14651858.CD008862.pub2
https://doi.org/10.1002/14651858.CD009645.pub3
https://doi.org/10.1136/jnnp-2018-319954
https://doi.org/10.1212/WNL.0b013e3181ab2b27


Open Access Journal 
International Journal of Medical Research and Pharmaceutical Sciences 

June 2025; 12.(6.)  ISSN: 2394-9414 
                                                                                                                                       Impact Factor: 4.054 
 

© International Journal of Medical Research and Pharmaceutical Sciences             http://www.ijmprsjournal.com/   

                                                                                                                                                                                                                             [15] 

 

32. Tong RK, Ng MF, Li LS. Effectiveness of gait training using an electromechanical gait trainer, with and 

without functional electric stimulation, in subacute stroke: a randomized controlled trial. Arch Phys Med 

Rehabil. 2006;87(10):1298-1304. https://doi.org/10.1016/j.apmr.2006.06.016 

33. Nudo RJ. Neural bases of recovery after brain injury. J Commun Disord. 2011;44(5):515-520. 

https://doi.org/10.1016/j.jcomdis.2011.04.004 

34. Kleim JA, Jones TA. Principles of experience-dependent neural plasticity: implications for rehabilitation 

after brain damage. J Speech Lang Hear Res. 2008;51(1) 

35. . https://doi.org/10.1044/1092-4388(2008/018) 

36. Krakauer JW, Carmichael ST, Corbett D, Wittenberg GF. Getting neurorehabilitation right: what can be 

learned from animal models? Neurorehabil Neural Repair. 2012;26(8):923-931. 

https://doi.org/10.1177/1545968312440745 

37. Stinear CM, Byblow WD, Ackerley SJ, Smith MC, Borges VM, Barber PA. PREP2: A biomarker-based 

algorithm for predicting upper limb function after stroke. Ann Clin Transl Neurol. 2017;4(11):811-820. 

https://doi.org/10.1002/acn3.488 

 

http://www.ijmprsjournal.com/
https://doi.org/10.1016/j.apmr.2006.06.016
https://doi.org/10.1016/j.jcomdis.2011.04.004
https://doi.org/10.1044/1092-4388(2008/018)
https://doi.org/10.1177/1545968312440745
https://doi.org/10.1002/acn3.488

