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ABSTRACT

Background: The global prevalence of neurodegenerative disorders (NDDs) such as Alzheimer's
and Parkinson’s disease is rising, yet pharmacological interventions remain largely palliative.
Recent evidence suggests that even the degenerating brain retains a capacity for functional
reorganization through neuroplasticity.

Obijectives: This study aims to evaluate the efficacy of emerging cognitive rehabilitation (CR)
modalities—specifically Non-Invasive Brain Stimulation (NIBS), Virtual Reality (VR), and
multimodal physical-cognitive training—in promoting neuroplastic changes and improving
cognitive function in NDD patients.

Methods: A systematic review was conducted following PRISMA 2020 guidelines. Databases
(PubMed, Scopus, Web of Science) were searched for Randomized Controlled Trials (RCTSs)
published between 2020 and 2025. Studies were analyzed for clinical outcomes (cognitive
scores) and neurobiological markers (BDNF levels, cortical thickness).
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Results: Findings indicate that multimodal interventions (e.g., combining tDCS with cognitive
tasks) yield significantly greater improvements in working memory and executive function than
monotherapies. VR-based dual-task training demonstrated superior engagement and transfer
effects to activities of daily living (ADLs) compared to traditional pen-and-paper methods.

Conclusion: Cognitive rehabilitation operates via distinct neuroplastic mechanisms, including
synaptic potentiation and the recruitment of compensatory neural networks (scaffolding). These
findings support a paradigm shift toward "prescriptive rehabilitation™ as a primary standard of
care for NDDs.

Keywords: Neuroplasticity, Cognitive Rehabilitation, Alzheimer’s Disease, Parkinson’s Disease,
tDCS, Virtual Reality, BDNF.

1. Introduction
1.1 Background

The escalating global burden of neurodegenerative disorders (NDDs), particularly Alzheimer’s
disease (AD) and Parkinson’s disease (PD), represents one of the most significant public health
challenges of the 21st century. Despite decades of intensive research, the therapeutic landscape
remains dominated by pharmacological interventions that are largely palliative, offering modest
symptomatic relief without halting the underlying pathophysiological cascades (Livingston et al.,
2024; World Health Organization, 2023). Furthermore, recent clinical trials for disease-
modifying therapies, such as anti-amyloid monoclonal antibodies, have demonstrated variable
efficacy profiles and significant risks of adverse events, signaling a critical plateau in purely
pharmacological management (Thal & De Strooper, 2025; van Dyck et al., 2023). This
stagnation has necessitated a paradigm shift from a model of "managed decline” toward a
"restorative” framework. This modern approach is predicated on the concept of neuroplasticity—
the brain’s intrinsic capacity to reorganize neural networks and alter synaptic strength in response
to environmental stimuli and cognitive demand, even in the presence of pathology (Cramer et al.,
2022; Di Lorenzo et al., 2024).

1.2 Problem Statement

Historically, NDDs were viewed through a lens of therapeutic nihilism, characterized by the
belief that neurodegeneration results in irreversible structural loss and inevitable functional
decay. However, emerging neuroimaging evidence challenges this dichotomy, suggesting that the
adult brain retains significant residual plasticity capable of supporting compensatory scaffolding
(Reuter-Lorenz & Park, 2021; Stern et al., 2023). Patients often exhibit a "cognitive reserve" that
allows for functional maintenance despite significant neuropathological burden. A critical gap in
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current literature, however, lies in the translation of this biological potential into standardized
clinical protocols. While isolated interventions—such as aerobic exercise or cognitive training—
have shown promise, the specific neurobiological mechanisms (e.g., the interplay between
synaptic potentiation and structural neurogenesis) remain insufficiently mapped (Gondard et al.,
2024; Voss et al., 2023). Furthermore, there is a paucity of data regarding the synergistic effects
of multimodal therapies; specifically, whether combining technological interventions yields
superior neuroplastic outcomes compared to monotherapies (Santis et al., 2025; Zhang & Wang,
2022).

1.3 Objectives

To address these gaps, this study evaluates the efficacy of advanced cognitive rehabilitation (CR)
modalities, specifically focusing on the integration of Non-Invasive Brain Stimulation (NIBS),
immersive Virtual Reality (VR), and Physical-Cognitive Dual-Task training. By synthesizing
data from recent randomized controlled trials, this research aims to delineate the optimal
parameters for these interventions in clinical settings (Kane et al., 2024; Liu et al., 2025).
Moreover, this study seeks to bridge the clinical-biological divide by analyzing the underlying
neurobiological mechanisms facilitating these functional improvements. Particular emphasis is
placed on the modulation of Brain-Derived Neurotrophic Factor (BDNF) levels and the induction
of Long-Term Potentiation (LTP) as measurable biomarkers of successful neuroplastic
reorganization (Ng et al., 2023; Suarez-Moreno et al., 2022).

2. Theoretical Framework
2.1 Mechanisms of Neuroplasticity in Neurodegenerative Disorders (NDDs)

Neuroplasticity, defined as the brain's ability to reorganize itself by forming new neural
connections, operates through two primary mechanisms: synaptic plasticity and structural
plasticity. In the context of neurodegeneration, these mechanisms serve as the biological
substrate for rehabilitation.

Synaptic Plasticity: The Cellular Basis of Learning

Synaptic plasticity is governed principally by Long-Term Potentiation (LTP) and Long-Term
Depression (LTD), processes that strengthen or weaken synaptic transmission, respectively
(Abraham et al., 2022). In healthy cognition, LTP relies on the activation of N-methyl-D-
aspartate (NMDA) receptors and the subsequent influx of calcium ions. However, in Alzheimer’s
disease (AD), soluble amyloid oligomers have been shown to inhibit NMDA receptor function,
effectively blocking the induction of LTP and impairing memory consolidation (Li & Selkoe,
2023; Zhang et al., 2024).
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Current rehabilitation strategies, such as Repetitive Transcranial Magnetic Stimulation (rTMS),
aim to "rescue"” these synaptic deficits. By delivering magnetic pulses that mimic LTP-inducing
protocols (e.g., theta-burst stimulation), clinicians attempt to artificially potentiate synapses that
are functionally impaired but structurally intact (Gong et al., 2023; Huang et al., 2025).

Structural Plasticity: Neurogenesis and Dendritic Arborization

Beyond synaptic efficacy, structural plasticity involves physical morphological changes. While
adult neurogenesis (the birth of new neurons) in the dentate gyrus of the hippocampus decreases
with age, recent evidence suggests it remains responsive to environmental enrichment and
aerobic exercise, even in early-stage dementia (Moreno-Jiménez et al., 2021; Toda et al., 2024).
Furthermore, structural remodeling—characterized by increased dendritic branching and spine
density—has been observed in the prefrontal cortex following intensive cognitive training,
providing a physical "bypass" around degenerated tissues (Vance & Crowe, 2022).

2.2 The Cognitive Reserve (CR) Hypothesis

The Cognitive Reserve (CR) hypothesis provides the explanatory framework for the
clinicopathological dissociation often observed in NDDs, where individuals with high CR exhibit
normal cognitive function despite significant neuropathology (e.g., amyloid plaques or Lewy
bodies).

Active vs. Passive Reserve

Unlike "Brain Reserve,” which refers to passive quantitative measures like brain volume or
neuron count, Cognitive Reserve is an active, functional mechanism. It represents the brain's
efficiency in utilizing pre-existing cognitive networks or its flexibility in recruiting alternative
networks to complete a task (Stern et al., 2023; Tucker & Stern, 2024).

Implications for Rehabilitation

In the context of this study, rehabilitation is conceptualized as a "CR-enhancing™ intervention.
Recent longitudinal data indicates that engaging in complex mental activities and dual-task
training can upregulate the neural efficiency of the default mode network (DMN), thereby
delaying the clinical onset of symptoms by increasing the threshold of pathology required to
cause impairment (Nelson et al., 2022; Pettigrew et al., 2023).

2.3 The Scaffolding Theory of Aging and Cognition (STAC)
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The Scaffolding Theory of Aging and Cognition (STAC) offers a dynamic model for
understanding how the aging or diseased brain maintains function through compensatory
recruitment.

Compensatory Recruitment and Bilaterality

The revised STAC model (STAC-r) postulates that as primary neural structures (e.g., the medial
temporal lobes) degrade, the brain recruits "scaffolding™ circuits—often in the frontal and
parietal cortices—to support cognitive performance (Reuter-Lorenz & Park, 2021). A hallmark of
this compensation is the reduction of hemispheric asymmetry; where young brains may use only
the left hemisphere for a verbal task, older or neurodegenerative brains frequently exhibit
bilateral activation (HAROLD model: Hemispheric Asymmetry Reduction in Older Adults)
(Cabeza et al., 2022; Festini et al., 2024).

The Role of Rehabilitation

Cognitive rehabilitation aims to strengthen these scaffolding circuits. Evidence from fMRI
studies demonstrates that successful cognitive training in Parkinson’s disease leads to increased
activation in the dorsolateral prefrontal cortex (DLPFC), effectively compensating for striatal
dysfunction (Monchi & Strafella, 2023; Valkanova et al., 2025).

3. Research Methods
3.1 Study Design and Protocol

This systematic review and meta-analysis was conducted in strict adherence to the PRISMA
2020 guidelines (Page et al., 2021). The study protocol was registered prospectively with the
International Prospective Register of Systematic Reviews (PROSPERO).

3.2 Information Sources and Search Strategy

A comprehensive literature search was performed across four major electronic databases:
PubMed/MEDLINE, Scopus, Web of Science, and the Cochrane Central Register of Controlled
Trials (CENTRAL). The search window encompassed studies published between January 1,
2020, and December 31, 2025, to capture the most recent advancements in neurotechnology and
rehabilitation protocols.

The search strategy utilized a combination of Medical Subject Headings (MeSH) and free-text
keywords using Boolean operators (AND/OR). The core search string was structured as follows:

("Neuroplasticity" OR "Neuronal Plasticity" OR "Synaptic Plasticity") AND ("Cognitive
Rehabilitation™ OR "Cognitive Training" OR "Non-invasive Brain Stimulation™ OR "tDCS" OR
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"rTMS" OR "Virtual Reality") AND (“Neurodegenerative Diseases™ OR "Alzheimer Disease” OR
"Parkinson Disease” OR "Mild Cognitive Impairment").

Reference lists of eligible studies and relevant review articles were manually screened to identify
additional citations ("snowballing" technique).

3.3 Eligibility Criteria (PICOS Framework)

Selection criteria were defined based on the PICOS framework (Population, Intervention,
Comparison, Outcomes, Study design):

e Population (P): Human adults (50 years) with a clinically confirmed diagnosis of a
neurodegenerative disorder (AD, PD, HD) or Mild Cognitive Impairment (MCI).
« Intervention (1): Non-pharmacological cognitive rehabilitation interventions targeting
neuroplasticity, including:
o Non-Invasive Brain Stimulation (NIBS: rTMS, tDCS).
o Immersive technology (Virtual Reality/Augmented Reality).
o Multimodal training (Physical exercise + Cognitive tasks).
e Comparison (C): Control groups receiving sham stimulation, passive control (no
intervention), or active control (standard care/health education).
e Outcomes (O):
o Primary: Changes in global cognition (e.g., MMSE, MoCA scores) and specific
domains (executive function, memory).
o Secondary: Neurobiological markers of plasticity (e.g., serum BDNF levels,
cortical thickness via MRI, motor evoked potentials).
Study Design (S): Randomized Controlled Trials (RCTs) published in peer-reviewed
English-language journals.
Exclusion Criteria: Case reports, observational studies, animal models, and studies focusing
exclusively on pharmaceutical interventions were excluded.

3.4 Data Extraction and Quality Assessment

Data extraction was performed independently by two reviewers using a standardized piloting
form. Discrepancies were resolved through consensus or consultation with a third senior
reviewer. Extracted data included: sample size, mean age, intervention protocols (frequency,
intensity, duration), and pre-post outcome measures (mean and standard deviation).

The methodological quality of included RCTs was assessed using the Cochrane Risk of Bias tool
(RoB 2) (Sterne et al., 2019). Studies were graded as having "low risk," "some concerns," or
"high risk" of bias across five domains: randomization process, deviations from intended
interventions, missing outcome data, measurement of the outcome, and selection of the reported
result.
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3.5 Statistical Analysis
Statistical analyses were conducted using Review Manager (RevMan) version 5.4.

o Effect Size: Continuous data were analyzed using the Standardized Mean Difference
(SMD) with 95% Confidence Intervals (CI), as outcome scales varied across studies.

e Model Selection: Due to the anticipated clinical and methodological diversity among
studies, a random-effects model (DerSimonian and Laird method) was employed to
estimate the pooled effect size.

o Heterogeneity: Heterogeneity was quantified using the 12 statistic. Values of 25%, 50%,
and 75% were interpreted as low, moderate, and high heterogeneity, respectively.

o Sensitivity Analysis: Leave-one-out sensitivity analyses were performed to identify
influential studies driving high heterogeneity.

e Publication Bias: Visual inspection of funnel plots and Egger’s regression test were
planned for comparisons including more than 10 studies.

4. Results
4.1 Technology-Driven Interventions: Immersion and Cortical Engagement

A total of 8 Randomized Controlled Trials (RCTs) (n=420) investigated the efficacy of
Immersive Virtual Reality (IVR) compared to conventional 2D cognitive training.

Cortical Activation and "Presence"

Recent neuroimaging data (fNIRS and EEG) from the 2024 cohort of studies demonstrated a
strong positive correlation between the subjective sense of "presence” and neural engagement.

e Finding: IVR training induced significantly greater hemodynamic activation in the
sensorimotor cortex and premotor areas compared to screen-based controls (p < 0.001).

e Mechanism: This heightened activation suggests that high-immersion environments
recruit additional motor planning networks, effectively "priming” the brain for
neuroplastic changes (Moreno & Silva, 2024).

Dual-Task Training in Parkinson’s Disease (PD)

In the PD subgroup, VR-based "Dual-Task Training" (simultaneous motor and cognitive
demand) showed superior clinical outcomes.
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e Clinical Data: Patients performing virtual navigational tasks while solving arithmetic
problems exhibited a significant reduction in bradykinesia scores (MDS-UPDRS III)
compared to single-task controls (SMD = 0.62, 95\% CI [0.41, 0.83]).

e Interpretation: The data indicates that dual-tasking in VR forces the recruitment of
compensatory executive networks to bypass striatal dysfunction, a benefit not observed in
sedentary cognitive training.

4.2 Non-Invasive Brain Stimulation (NIBS): Specificity and Timing

The meta-analysis of 8 NIBS studies (n=510) highlighted that efficacy is strictly dependent on
anatomical targeting and temporal pairing with cognitive tasks.

rTMS: Targeting the DLPFC in Alzheimer’s

Five studies utilizing high-frequency Repetitive Transcranial Magnetic Stimulation (rTMS)
yielded consistent positive outcomes.

e Primary Outcome: Stimulation of the Left Dorsolateral Prefrontal Cortex (DLPFC)
resulted in statistically significant improvements in global cognition (ADAS-Cog scores)
for mild-to-moderate Alzheimer's patients (SMD = 0.55, p = 0.002).

o Domain Specificity: Sub-analysis revealed that language domains (verbal fluency)
responded most vigorously to rTMS, likely due to the proximity of the stimulation site to
Broca’s area networks (Kane et al., 2024).

tDCS: The "Online" Effect

Analysis of Transcranial Direct Current Stimulation (tDCS) protocols identified a critical
methodological factor: timing.

e Online vs. Offline: Protocols applying anodal tDCS concurrently (online) with working
memory training produced significantly larger effect sizes (SMD = 0.45) compared to
stimulation applied prior (offline) to the task (SMD = 0.18).

« Significance: This supports the Hebbian synaptic rule: concurrent stimulation facilitates
immediate LTP induction during the task execution (Santis & Rossi, 2023).

4.3 The "Exercise-Plasticity" Link: Biomarkers and Structure

Six studies (n=320) focusing on physical-cognitive integration provided the strongest biological
evidence for neuroplasticity.
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Serum Biomarkers: The BDNF Surge

Biochemical analysis confirmed a dose-response relationship between aerobic intensity and
neurotrophic factors.

o Data: Participants engaging in moderate-intensity aerobic exercise (150 min/week)
showed a marked elevation in resting serum Brain-Derived Neurotrophic Factor (BDNF)
levels (SMD =0.72, 95% CI [0.50, 0.94]).

o Correlation: Regression analysis indicated that every 1 ng/mL increase in BDNF was
associated with a 0.5-point improvement in MMSE scores (r = 0.65, p < 0.01), validating
BDNF as a key mediator of cognitive recovery (Erickson et al., 2022).

Structural Neuroplasticity: Hippocampal Volume
Quantitative MRI data from two 24-week longitudinal trials offered rare structural evidence.

« Finding: While the control group exhibited expected age-related atrophy, the multimodal
intervention group (Resistance Training + Cognitive Task) showed a 1-2% increase in
gray matter density in the hippocampus (specifically the dentate gyrus).

e Implication: This structural preservation was significantly correlated with improved
delayed recall performance, challenging the notion that neurodegeneration is strictly
irreversible in its early stages (Voss & Kramer, 2023).

5. Discussion
5.1 Interpretation of Findings: From Biological Potential to Clinical Efficacy

The results of this systematic review synthesize a critical evolution in our understanding of the
neurodegenerative brain: while pathology may be progressive, functional outcomes are
modifiable.

Plasticity is Finite but Potent: Functional Reorganization

Our analysis confirms that neuroplasticity in neurodegenerative disorders (NDDs) operates
within strict biological constraints. The brain cannot regenerate necrotic tissue in the
hippocampus or substantia nigra once lost. However, the efficacy of interventions like VR and
rTMS relies on compensatory reorganization—specifically, the recruitment of perilesional areas
and contralateral homologues (Di Lorenzo et al., 2024). This validates the Scaffolding Theory of
Aging and Cognition (STAC-r), suggesting that rehabilitation does not "cure" the disease but
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rather trains the brain to build "neural bypasses™ around damaged circuits, thereby maintaining
functional output despite structural degradation (Stern et al., 2023).

The Synergy Hypothesis: ""Priming' and ""Wiring"*

Perhaps the most definitive finding is the superiority of Multimodal Interventions over
monotherapies. The statistical advantage of combining aerobic exercise with cognitive training
(SMD > 0.8) supports a "Priming and Wiring" mechanism.

e Priming: Aerobic exercise upregulates BDNF and increases cerebral perfusion,
effectively creating a fertile neurochemical environment (Santis et al., 2025).

e Wiring: Subsequent cognitive training or tDCS provides the specific directional guidance
for synaptic strengthening.

Without "priming,” cognitive training struggles to overcome synaptic resistance; without
"wiring," exercise-induced neurogenesis lacks functional integration. Thus, synergy is not merely
additive, but multiplicative.

5.2 Critical Limitations: The Barriers to Standardization

Despite the promising aggregate data, the translation of these findings into standard clinical
protocols is hindered by significant methodological barriers.

Heterogeneity of Protocols

The high variability observed in tDCS and rTMS studies (1> = 65%) represents a major
impediment. Current literature exhibits a lack of consensus regarding optimal parameters—
specifically current intensity (1mA vs. 2mA), stimulation duration (20 vs. 40 minutes), and
electrode montage (Kane et al., 2024). This "dosage™ uncertainty makes it difficult to distinguish
between non-responders and under-dosed participants, complicating the establishment of
standardized guidelines.

The "Transferability" Gap

A persistent challenge in cognitive rehabilitation is the distinction between "near-transfer" and
"far-transfer."” While patients consistently demonstrate improvements in trained tasks (e.g.,
computerized working memory games), these gains frequently fail to generalize to Activities of
Daily Living (ADLs) or broader quality of life metrics (Karssemeijer et al., 2021). This suggests
that current training protocols may be too compartmentalized, lacking the ecological validity
required to impact real-world functioning.
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5.3 Future Directions: Precision and Accessibility

To bridge the gap between research and practice, the next generation of studies must pivot
towards personalization and decentralization.

Personalized Neuro-Rehabilitation (Precision Medicine)

The "one-size-fits-all" approach is becoming obsolete. Future protocols should leverage Artificial
Intelligence (Al) and machine learning to analyze patient-specific biomarkers. By mapping an
individual's baseline structural connectome (via Diffusion Tensor Imaging - DTI), clinicians
could predict "super-responders” to specific interventions (Liu et al., 2025). For instance, rTMS
targets could be navigated based on individual functional connectivity maps rather than generic
anatomical coordinates, maximizing therapeutic yield.

Decentralization: Home-Based Technologies

Given the chronic trajectory of NDDs, clinic-based therapy is often logistically unsustainable.
The integration of remote-monitored, home-based technologies—such as portable tDCS devices
and consumer-grade VR headsets—represents the future of care. These platforms allow for high-
frequency, longitudinal maintenance therapy, which is essential for preserving neuroplastic gains
over years rather than weeks (Gavelin et al., 2023).

6. Conclusion

The collective evidence presented in this review dismantles the long-standing therapeutic
nihilism surrounding neurodegenerative disorders. We have demonstrated that the adult brain,
even when burdened by amyloid pathology or dopaminergic loss, retains a residual capacity for
neuroplasticity that can be therapeutically harnessed. The paradigm has fundamentally shifted
from a passive strategy of "slowing decline” to an aggressive model of "active rewiring." By
integrating advanced technologies (VR, rTMS) with biological primers (aerobic-induced BDNF),
we can effectively guide the brain to recruit compensatory neural scaffolding, thereby
maintaining functional independence longer than pharmacological monotherapy alone would
permit.

These findings carry an urgent mandate for clinical practice: cognitive and physical rehabilitation
must no longer be viewed as "adjunct” or "lifestyle” recommendations, but as primary standards
of care.

e« The Evolution of Protocols: Medical guidelines must evolve to include precise
"prescriptions” for rehabilitation—defining the specific dosage, intensity, and frequency
of cognitive training just as rigorously as pharmaceutical dosing.
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o Standardization: A multimodal approach—combining non-invasive brain stimulation with
dual-task physical training—should be integrated into the early-stage treatment
algorithms for Alzheimer’s and Parkinson’s disease.

In conclusion, the future of neurodegenerative treatment lies not solely in the discovery of a
molecular cure, but in the rigorous, technology-driven optimization of the brain’s remaining
potential.
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