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ABSTRACT

Background: Neuroplasticity and cortical reorganization are central mechanisms through which the nervous system
adapts to injury, learning and rehabilitation. However, routine rehabilitation assessment is still largely based on
impairment, activity and participation outcomes, while direct or indirect measures of neural adaptation are less
consistently incorporated into clinical practice. The present review was undertaken as the evidence-synthesis component
of Objective 1 of the proposed Neuroplasticity and Cortical Reorganization Assessment Scale (NCRAC) project.

Methods: A focused systematic evidence review was developed around 18 relevant publications, stratified a priori into
six Delhi-NCR studies, six studies from other parts of India, and six international studies. The evidence included
intervention studies and systematic/scoping reviews that evaluated neuroplasticity or cortical reorganization during
neurological rehabilitation using TMS, EEG, fMRI, MRI, fNIRS, or clinically linked neuroplasticity-based interventions.
Evidence was synthesized narratively because of substantial heterogeneity in neurological conditions, interventions,
neural measures and outcome definitions.

Results: The selected literature consistently indicates that rehabilitation is accompanied by measurable changes in
cortical excitability, brain activation, functional connectivity, structural or microstructural brain measures, and neural
complexity. Delhi-NCR studies particularly demonstrate the feasibility of measuring cortical change using rTMS, fMRI
and robotic or virtual-reality rehabilitation. Indian evidence supports the growing use of neuroplasticity-oriented
rehabilitation and non-invasive brain stimulation, but also highlights limited standardization and the scarcity of practical
neural outcome measures. International evidence shows similar findings across stroke, multiple sclerosis, Parkinson’s
disease and spinal cord injury. Across the evidence base, advanced neural measures are informative but remain
heterogeneous, resource-intensive, or insufficiently standardized for routine use.

Conclusion: The literature supports a clear clinical and research need for a standardized, accessible and psychometrically
sound measure that can complement conventional functional outcomes by capturing patient-relevant domains associated
with neural adaptation. Importantly, the reviewed studies do not provide a population prevalence estimate of
'neuroplasticity'; therefore, Objective 1 should be interpreted as determining the evidence and clinical need for
assessment rather than estimating disease prevalence. This evidence provides a strong rationale for development and
validation of the NCRAC.
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cortical reorganization as important processes supporting
recovery and emphasizes that routine clinical assessments
generally focus on functional recovery rather than the
neural mechanisms that contribute to it. ') Neuroplasticity
refers broadly to the nervous system's capacity to modify
its structure and function in response to experience,
learning, injury and rehabilitation. Cortical reorganization
is one expression of this adaptability and may involve
altered cortical excitability, recruitment of additional brain
regions, changes in interhemispheric relationships, and
changes in functional or structural connectivity. These

1. INTRODUCTION

Neurological disorders are a major cause of long-term
disability and frequently result in persistent limitations in
movement, sensation, cognition, balance and participation.
Rehabilitation is therefore an important component of
long-term management. The underlying biological
response to rehabilitation is not limited to muscle or
peripheral changes; it also involves experience-dependent
adaptation within neural networks. The proposal
underpinning this review identifies neuroplasticity and
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processes can support recovery, compensation or, in some
circumstances, maladaptive patterns. The clinical
relevance of these changes is increasingly recognized in
contemporary neurorchabilitation. The evidence base has
expanded rapidly with the use of transcranial magnetic
stimulation (TMS), electroencephalography (EEG),
functional magnetic resonance imaging (fMRI), diffusion
imaging and functional near-infrared spectroscopy
(fNIRS). These methods can detect neural changes that
may accompany functional improvement. For example,
recent reviews report that EEG measures may contribute
to assessment, prognosis and monitoring of post-stroke
recovery, while MRI studies demonstrate rehabilitation-
related changes in functional and structural connectivity.
excellent there is an important translational gap. Many
neuroplasticity studies are small, use different neural
outcomes and apply different analytical methods. A 2026
scoping review found only eight studies of brain entropy
or complexity in neurorehabilitation and concluded that
these  biomarkers are promising but  require
methodological standardization and longitudinal validation
before routine clinical decision-making. ! Similarly, a
recent systematic review of EEG functional connectivity
in  stroke reported  substantial = methodological
heterogeneity and inconsistent patterns across studies.
The proposal therefore identifies a practical gap: advanced
neurophysiological ~ techniques  provide  valuable
information but are not always feasible in routine
rehabilitation, whereas conventional outcome measures do
not specifically target neural adaptability, sensorimotor
integration, motor learning, body awareness or cortical
reorganization. ) The NCRAC is intended to address this
gap by providing a standardized, clinically applicable
questionnaire that complements rather than replaces
objective neurophysiological measures.

Prevalence

Neurological conditions represent a substantial global
health burden. According to the Global Burden of Disease
Study 2021, approximately 3.4 billion people,
corresponding to 43.1% of the global population, were
affected by neurological conditions in 2021. Neurological

conditions collectively represented the leading cause of
disability adjusted life years globally. This large and
increasing burden highlights the importance of
rehabilitation approaches that address not only functional
limitations but also the neural adaptations underlying
recovery.

2. REVIEW OBJECTIVE

To determine the evidence and clinical need for assessing
neuroplasticity and cortical reorganization in individuals
undergoing neurological rehabilitation, with specific
consideration of evidence from Delhi-NCR, other regions
of India, and international settings.

3. METHODS

3.1 Review design

This manuscript was structured according to the principles
of PRISMA 2020 for systematic evidence reporting. The
review question was developed from Objective 1 of the
NCRAC proposal. Because the selected evidence
comprises different designs and neural outcomes, a
narrative synthesis was considered more appropriate than
statistical meta-analysis. The proposed NCRAC study
itself is a methodological instrument-development and
validation study with phases for item generation, content
validation, pilot testing and psychometric evaluation. (¢!

3.2 Review question

Among adults undergoing neurological rehabilitation,
what evidence demonstrates measurable neuroplasticity or
cortical reorganization, which methods are used to assess
these changes, and what evidence supports the need for a
practical standardized assessment tool?

3.3 Eligibility Criteria:

Eligibility criteria were used to select studies that were
directly related to neuroplasticity, cortical reorganization
and neurological rehabilitation. The review included adult
participants with neurological conditions and studies that
investigated neural changes using methods such as TMS,
EEG, MRI/fMRI or fNIRS, or used clinically relevant
neuroplasticity-based outcomes.

Table 1. Eligibility Criteria for Study Selection

Criterion Eligibility
. Adults with neurological disorders or neurological rehabilitation populations,
Population . . : . . . . S
including stroke, multiple sclerosis, Parkinson’s disease and spinal cord injury.
Neuroplasticity, cortical reorganization, cortical excitability, neural complexity,
Concept functional connectivity, structural brain adaptation, or rehabilitation-related neural
change.
TMS, EEG, fMRI/MRI, fNIRS or clinically linked neuroplasticity-oriented
Assessment
outcomes.
Primary intervention/observational studies and systematic/scoping reviews directly
Study types . .
relevant to the review question.
Six Delhi-NCR publications, six publications from other Indian regions, and six
Geography . . ..
international publications.
Exclusion Studies unrelated to neurological rehabilitation, studies without a
neural/neuroplasticity component, and non-relevant non-human research.
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34 Evidence
stratification
The 18-paper evidence set was assembled to provide
balanced geographic representation required for Objective
1: six publications affiliated with Delhi-NCR, six from
other Indian regions, and six international publications.
The geographic grouping is based on the study's reported
institutional affiliation or study setting. It is not intended to
imply that these 18 papers constitute all literature available
from a particular region.

identification and  geographic

A key methodological point is that the present evidence set
is a geographically stratified evidence synthesis rather than
a prevalence survey. The reviewed publications assess
neural change, rehabilitation response or the feasibility of
neural biomarkers; they do not establish the population
prevalence of neuroplasticity. Accordingly, claims in this
manuscript are framed around the 'meed for assessment'
and the consistency of evidence for measurable neural

3.5 Data extraction and synthesis

The following information was extracted: author and year,
location,  neurological condition, study  design,
rehabilitation or exposure, neural assessment method,
clinical outcome measures, principal findings, and
implications for routine assessment. Findings were
grouped into four themes: (1) evidence of measurable
neural change, (2) relationship between neural change and
functional recovery, (3) feasibility and limitations of
existing assessment approaches, and (4) implications for
development of NCRAC.

4. RESULTS

Eighteen publications were included in the geographically
stratified evidence set. Six were from Delhi-NCR, six
from other parts of India, and six from international
settings. The evidence was dominated by stroke
rehabilitation, with additional evidence from multiple
sclerosis, Parkinson’s disease and spinal cord injury. The
neural assessment approaches included TMS, fMRI, EEG,

adaptatlon‘ Arather than a numerical ~prevalence  of MRI/diffusion imaging, fNIRS and neural complexity
neuroplasticity.
measures.
Table 2. Geographic distribution of the selected evidence
No. Study Region | Population Rehabilitation/Focu Neural Key finding
S assessment
. Cortical ~ reorganization
1 K:tt};llala Delhi- Chronic rTMS + MRI/BOLD was investigated after
201 é’ NCR stroke rehabilitation high-frequency rTMS
with rehabilitation. [")
Boardsw Delhi- Chronic Robotic er-limb cCl(i);E::il rztﬁip%ng waelﬁ
2 orth K et upp fMRI + RMT g
NCR stroke therapy assessed before/after
al., 2021 . s
robotic therapy. [*]
Robotic therapy improved
Singh et | Delhi- . T™S motor  outcomes  and
3 al., 2023 NCR Stroke Robotic exoskeleton (MEP/RMT) ipsilesional cortical
excitability. [
Clinical + Pilot study evaluated
4 Nath et Delhi- Chronic Tarceted VR neuroplasticit clinical potential and
al.,, 2024 | NCR stroke & meI; sures Y neuroplastic effects of
targeted VR. ['*)
Sharma RCT evaluated 1TMS
5 ot al Delhi- Ischemic Low-frequency Clinical recovery; | combined with
202(')’ NCR stroke rTMS neuromodulation | rehabilitation for stroke
recovery (']
Bhasin Cortical neural plastic
6 etal., Delhi- Post-stroke Blcephgllc tDCS + fMRI/BOLD chang;s were asse?ssed
NCR physiotherapy alongside functional
2025 [2]
outcomes.
Newsose |y, b e Conrty
Shetty et | Other al P EEG/neural Y Y
7 . e rehabilitation . neural adaptation but
al., 2026 | India rehabilitati complexity . Y
on approaches require  standardization.
[13]
Ravicha Combined NIBS and
Other NIBS + NIBS/neurophysi | physiotherapy showed
8 ndran et . Post-stroke . .
India physiotherapy ological outcomes | generally favorable but
al., 2026 [14]
heterogeneous effects.
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EEG Pilot evidence supports
9 Gupta et | Other Subacute neurofeedback/brain EEG + clinical feasibility of EEG-linked
al., 2026 India stroke . outcomes neurorchabilitation
wave entrainment 15]
approaches.
Kashoo . Clinical proxy for 64-participant RCT foupd
Other Chronic tDCS + motor . greater upper-limb gains
10 ctal, India trok imagery + trainin cortical ith real tDCS pl
2022 stroke gery & modulation Wit elé pius
training. [®)
Review of 23 RCTs
.. found positive effects of
11 Bhaskar Othgr Stroke Neurop lgst1c1ty- Clinical outcomes | CIMT/task-specific
e, 2025 India based physiotherapy .. .
training, with
heterogeneity ')
Systematic review
12 Juhi et Other Stroke rTMS + Neuromodulation | examined rTMS protocols
al., 2026 India rehabilitation /neurophysiology | targeting supplementary
motor areas. ['%)
55 studies were included;
\ . biomarker evidence was
Calabro Internat Robot-as.swted TMS/EEG/MRI/f | heterogeneous and
13 etal., . Stroke upper-limb .
ional e NIRS certainty was low/very
2026 rehabilitation .
low for pooled endpoints.
[19]
42 studies showed
Lin et Internat Natural potential assessment,
14 . Stroke recovery/rehabilitatio | EEG connectivity | prognostic and
al., 2026 ional .
n monitoring roles for EEG
biomarkers. [2°!
17 studies showed
adaptive brain changes
Tavazzi . accompanying
15 | etal, | mtermat | Multiple 1y, o chabilitation | MRUDTIURMRI | rehabilitation, but small
ional sclerosis
2021 samples and
heterogeneity limited
conclusions. 211
Training-related
Emmene Internat Chronic Motor rehabilitation MICI'OS'[.I'uCtL.lI‘al gray/white matter
16 gger et ional SCI trainin MRI/diffusion changes accompanied
al., 2026 & MRI performance
improvement. 2!
Péran P Rehabilitation was
Internat | Progressive Multidisciplinary associated with altered
17 etal., . . fMRI
ional MS rehabilitation task-related and network
2020 . s
brain activity. 23
Responders showed
Pei et Internat | Parkinson’s Mulfldlsmphnary network—leyel nt.aural
18 . . intensive EEG + fMRI reorganization associated
al., 2025 ional disease . . .
rehabilitation with motor improvement.
[24]
Table 3. Characteristics of the Included Studies
Region No. 0 f Main conditions Common assessment Overall evidence signals
studies approaches
Consistent feasibility of
™S, fMRI, | measuring rehabilitation-
Delhi-NCR 6 Stroke rTMS/tDCS, robotic/VR | related cortical change;
rehabilitation mostly small/single-
centre studies.
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Growing evidence and

Stroke: neurological EEG, NIBS, clinical | clinical interest, but

Other India 6 > IOUT0 08 neuroplasticity-oriented limited standardization
rehabilitation e .

rehabilitation and  relatively few

mechanistic biomarkers.

Broad and increasingly

multimodal evidence;

International 6 Stroke, MS, SCI, PD EEG, TMS, MRI/MRI, heterogeneity remains a

diffusion MRI . . .
major barrier to routine

translation.

4.1 Evidence of measurable neuroplastic change

The Delhi-NCR evidence provides direct examples of
measurable neural adaptation during rehabilitation. A New
Delhi study of robotic hand-exoskeleton rehabilitation
used TMS-derived resting motor threshold and motor-
evoked potential measures alongside clinical scales. The
robotic group demonstrated greater improvement in
several motor outcomes and increased ipsilesional cortical
excitability, supporting the presence of measurable
neurophysiological change during rehabilitation. [}
Another Delhi-NCR study evaluated cortical remapping
following upper-limb robotic rehabilitation using fMRI
and resting motor threshold. The study illustrates how
clinical improvement can be examined together with
cortical changes, but the very small sample demonstrates
one of the limitations of the existing evidence base. [*°]
Targeted virtual-reality rehabilitation has also been
investigated by the IIT Delhi—AIIMS group, extending the
assessment of neuroplastic effects to technology-supported
rehabilitation. ['% The 2025 AIIMS New Delhi prospective
study of bicephalic tDCS combined with conventional
physiotherapy further demonstrates the feasibility of
pairing clinical recovery measures with fMRI-derived
measures such as BOLD mapping and motor-cortex
laterality. [ Together, these studies show that neural
change can be detected in rehabilitation research, but they
also demonstrate the dependence on specialized laboratory
facilities.

4.2 Evidence from other parts of India

Indian evidence outside Delhi-NCR shows a rapidly
developing interest in neuroplasticity-oriented
rehabilitation. A 2026 scoping review from Karnataka
synthesized eight studies of brain entropy and complexity
and reported that increases in entropy or complexity often
accompanied functional improvement after task-oriented,
robotic or brain-computer-interface rehabilitation. The
review nevertheless concluded that standardization and
longitudinal validation are needed before these biomarkers
can routinely guide clinical decisions. 26 A 2026
systematic review from Karnataka examining non-invasive
brain stimulation combined with physiotherapy included
15 RCTs involving 440 participants. The authors reported
generally favorable but heterogeneous outcomes and
emphasized the importance of standardized protocols and
mechanistic biomarkers. ['"MA Jaipur-based randomized
trial  similarly  demonstrated greater  upper-limb
improvement when anodal tDCS was combined with
motor imagery and functional training, although the

primary outcomes were functional measures rather than a
direct neural biomarker. '®! The Indian literature therefore
supports the biological plausibility and clinical relevance
of neuroplasticity-based rehabilitation, but it does not yet
provide a standardized, widely applicable instrument for
assessing neuroplasticity across neurological diagnoses.
This aligns with the research gap identified in the NCRAC
proposal. 27]

4.3 International evidence

International evidence strengthens the argument that
neuroplasticity is relevant across neurological conditions
rather than only stroke. In multiple sclerosis, a systematic
review identified 17 studies using structural and functional
MRI markers and concluded that motor rehabilitation was
associated with adaptive brain changes, while emphasizing
small sample sizes and substantial heterogeneity. 281 A
study of progressive MS also demonstrated changes in
brain activity following multidisciplinary rehabilitation,
providing evidence that functional recovery may be
accompanied by reorganization of task-related and broader
network activity. 8 In chronic spinal cord injury, a 2026
longitudinal MRI study found training-related changes in
gray and white matter alongside performance
improvements, demonstrating that plastic adaptation can
remain detectable despite chronic neurological injury. 22!
In Parkinson’s disease, multimodal EEG-fMRI analysis
has similarly been used to characterize network
reorganization associated with response to intensive
rehabilitation. >* Stroke remains the largest component of
the evidence base. A 2026 systematic review of EEG
biomarkers included 42 studies and classified EEG
measures into assessment, prognostic and monitoring
roles. This suggests that neural measures may provide
information beyond conventional clinical scales, although
the authors noted that clinical translation remains
fragmented. YA 2026 meta-analysis of robot-assisted
upper-limb rehabilitation included 55 studies and grouped
biomarkers into TMS, electrophysiological and
neuroimaging families, but concluded that measurement
heterogeneity limits comparability and certainty. ['”)

5. EVIDENCE GAPS AND NEED
STANDARDIZED ASSESSMENT

The 18-paper evidence set supports five main conclusions.
First, neuroplastic changes are measurable during
neurological rehabilitation. Across TMS, EEG, fMRI, MRI
and fNIRS, studies have demonstrated changes in cortical
excitability, activation, connectivity, neural complexity or
structural markers. Second, these changes frequently occur

FOR
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alongside improvements in motor, cognitive or functional
outcomes, suggesting that neural assessment may add
mechanistic information to conventional outcome
measurement. Third, the current methods are difficult to
standardize. The recent international evidence shows
substantial variation in neural variables, acquisition
protocols, analysis strategies, intervention doses and
timing of assessment. This heterogeneity makes it difficult
to compare findings across studies and limits routine
clinical implementation. 2%

Fourth, advanced techniques are not universally
accessible. MRI, fMRI, TMS, EEG and fNIRS require
equipment, technical expertise, dedicated space and, in
many settings, substantial financial resources. EEG is

relatively accessible compared with fMRI and has
advantages for bedside acquisition, but even EEG-based
biomarkers currently lack a universally accepted
standardized set for clinical use. 3% Fifth, conventional
rehabilitation scales remain essential but are not designed
to measure neuroplasticity itself. The NCRAC proposal
specifically identifies this gap and lists neural adaptability,
sensorimotor integration, motor learning, body awareness,
functional brain adaptation, recovery-related changes and
cognitive-motor interaction as candidate domains. A
standardized patient-oriented measure could therefore
complement objective laboratory measures and functional
scales by capturing clinically meaningful experiences
related to neural adaptation.

Table 4. Evidence Supporting Neuroplasticity Assessment in Neurological Rehabilitation

Evidence domain Findings across studies

Clinical implication

Cortical excitability | Changes  observed  with | Neural adaptation can be measured

rehabilitation
Brain activation Altered activation patterns | Recovery may involve cortical reorganization
reported
Functional Changes reported after | Network-level adaptation may accompany recovery
connectivity rehabilitation

Structural adaptation | MRI/diffusion changes | Plasticity may involve structural changes
reported

Neural complexity | Promising changes reported Potential future biomarker

Functional recovery | Neural changes often | Neural assessment may complement conventional
accompanied functional | outcomes
improvement

6. IMPLICATIONS FOR DEVELOPMENT OF
NCRAC

The evidence synthesis provides direct support for the
development phase of NCRAC. The reviewed literature
suggests that a useful instrument should not attempt to
reproduce TMS, EEG or MRI findings. Instead, it should
capture clinically observable and patient-reported
manifestations of neural adaptation that can be assessed
without specialized equipment. The domains proposed in
the research protocol—neural adaptability, sensorimotor
integration, motor learning and skill acquisition, body
awareness, functional brain adaptation, recovery-related
changes and cognitive-motor interaction—are therefore
appropriate starting domains for item generation. 2 The
instrument should be condition-independent where
possible so that it can be used across common neurological
rehabilitation populations. This is consistent with the
proposal's intention to include stroke, traumatic brain
injury, spinal cord injury, Parkinson’s disease and multiple
sclerosis. 331 It should also be brief enough for routine
clinical use, understandable to adults with neurological
conditions, and supported by evidence of content validity,
face validity, construct validity, reliability and
responsiveness. The proposed methodological pathway is
consistent with established scale-development principles:
literature-based item generation, expert review, pilot
testing, factor analysis, reliability testing and
responsiveness assessment. Y Thus, the systematic
evidence review can serve as the scientific foundation for
the content domains and item pool of NCRAC.

7. STRENGTHS AND LIMITATIONS

A strength of this review is its deliberate geographic
stratification, allowing comparison of evidence emerging
from Delhi-NCR, other Indian settings and international
research. It also integrates direct neural measures with
rehabilitation outcomes and includes several neurological
conditions. This is particularly relevant to a condition-
independent instrument intended for neurological
rehabilitation. The main limitation is that the 18-study set
was intentionally constructed to satisfy the geographic
distribution specified in the research proposal and should
not be interpreted as an exhaustive census of all published
studies. In addition, the included evidence is highly

heterogeneous in design, sample size, neurological
diagnosis, rehabilitation intervention and neural
measurement. The review therefore uses narrative

synthesis and does not provide a pooled effect estimate.
Most importantly, the literature does not report a
conventional prevalence of neuroplasticity; therefore, a
numerical 'prevalence of neuroplasticity' should not be
claimed from these studies. A formal database-based
PRISMA review with a prospectively registered protocol
would be required before journal submission if the target
journal requires a full systematic review with reproducible
search counts.

8. CONCLUSION

The available evidence demonstrates that neuroplasticity
and cortical reorganization are measurable components of
neurological recovery and can be influenced by
rehabilitation. Evidence from Delhi-NCR, other Indian
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regions and international settings consistently supports the
relevance of neural adaptation to rehabilitation, while also
revealing major limitations in accessibility, standardization
and clinical translation of current neurophysiological
assessment methods. The literature therefore supports a
clear need for a practical assessment approach that can
complement conventional measures of function and
disability.

The most defensible conclusion is that there is a
substantial evidence-based need to assess neuroplasticity
and cortical reorganization, but insufficient evidence to
assign a population prevalence percentage to
neuroplasticity itself. This distinction strengthens the
rationale for developing NCRAC as a standardized,
reliable, valid and clinically applicable instrument for
neurological rehabilitation. The proposed scale can bridge
the gap between advanced neurophysiological research
and routine clinical assessment.
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