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ABSTRACT
Background:

Chronic stroke recovery plateaus reflect heterogeneous neurobiology and fixed-dose rehabilitation.
Precision approaches integrating biomarkers with adaptive dosing may optimize corticospinal
neuroplasticity.

Objective: To evaluate whether biomarkerguided, Al-optimized task-specific training (TST)
enhances corticospinal tract (CST) neuroplasticity and motor function wersus fixed-dose TST in
chronic stroke.

Methods: In a multicenter, assessor-blinded RCT, 88 chronic stroke survivors (>6 months; FMA-UE
10-50) were randomized to Al-closed-loop dosing (biomarker-initialized) or standardized TST for 12
weeks. Primary outcomes: TMS-evoked MEP amplitude and CST fractional anisotropy. Secondary
outcomes included clinical motor scales and kinematics. Linear mixed-effects and mediation analyses
were applied.
Results: Aloptimized TST vielded superior MEP amplitude (F(1,84) = 14.36, p < .001) and CST
FA (p = .001) gains, sustained at 24 weeks. Functional improvement was greater (FMA-UE: +14.4
vs. +6.1, p <.001), with 42% of gains mediated by CST neuroplasticity. Al dosing achieved 92.8%
adherence without increased adverse events.

Conclusion: Biomarkerinitialized, Al-optimized TST safely drives dose-dependent corticospinal
remodeling, translating neural adaptation into functional recovery. This closed-loop precision
framework warrants clinical adoption.

Keywords: precision neurorehabilitation; chronic stroke; artificial intelligence; task-specific training;
corticospinal tract; neuroplasticity; biomarkers
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INTRODUCTION:

Stroke remains a leading cause of long-term adult
disability worldwide, with nearly two-thirds of
survivors persistent motor
impairments that profoundly limit functional
independence (Feigin et al., 2024; Global Burden
of Disease Stroke Collaborators, 2025). While
acute and subacute rehabilitation yields
substantial functional gains, the chronic phase
(>6 months poststroke) is characterized by
neurobiological ~plateauing and diminishing
returns from conventional therapy (Lang et al.,
2023). Historically, neurorehabilitation has relied
on standardized, dose-prescriptive protocols that
fail to account for the profound interindividual
variability in lesion topography, residual neural
reserve, and adaptive capacity (Cramer et al.,
2024). This onesizefitsall paradigm has
contributed to inconsistent clinical outcomes and
underscored the wurgent need for precision
approaches that align therapeutic intensity with
individual —neurobiological  profiles. Motor
recovery after stroke is fundamentally driven by
use-dependent neuroplasticity, with the structural
and functional integrity of the corticospinal tract
(CST) serving as the primary anatomical substrate
for voluntary movement restoration (Stinear et
al., 2023; Ward et al., 2024). Task-specific
training (TST), which emphasizes repetitive, goal-
directed practice of meaningful motor activities,
remains the gold standard for driving experience-
dependent  cortical  reorganization and
strengthening residual corticospinal connections
(Kleim & Jones, 2023; Winstein et al., 2024).
However, the magnitude of CST-mediated
neuroplasticity  elicited by TST is highly
contingent upon both the dosage parameters,
intensity, frequency, duration, and progression,
and the underlying capacity of the injured motor
network to respond to afferent and efferent
signaling (Krakauer et al., 2023; Nudo, 2025).
The advent of precision neurorehabilitation seeks
to overcome these limitations by stratifying
patients according to quantifiable neurobiological
markers that predict plastic potential and
treatment responsiveness (Boyd et al., 2024;
Stinear,  2025).  Multimodal  biomarkers,
including diffusion tensor imaging-derived CST

experiencing
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fractional anisotropy, transcranial magnetic
stimulation (TMS)-evoked motor potentials,
restingstate  functional  connectivity,  and
emerging  blood-based  neuroinflammatory
markers, have demonstrated robust prognostic
value for motor recovery trajectories (Feng et al.,
2024; Kim et al., 2025). By integrating these
biomarkers into  clinical  decision-making,
rehabilitation protocols can be pre-screened and
dynamically adjusted to target patients with
preserved  corticospinal  integrity  while
modulating therapy intensity for those with
severe tract disruption (Cramer et al., 2024;
Ward et al., 2024).

Despite promising biomarker stratification, the
optimization of therapeutic dosing remains
largely empirical. Recent advances in artificial
intelligence (AI) and machine learning now
enable data-driven, closed-loop rehabilitation
systems that continuously adapt training
parameters in real time (D’Cruz et al., 2025;
Kairy et al., 2024). Reinforcement learning
algorithms and digital twin models have
successfully  predicted  optimal  repetition
thresholds, fatigue-adjusted progression rates, and
task-difficulty ~ scaling, thereby maximizing
neuroplastic engagement while minimizing
maladaptive compensation or overtraining (Lohse
et al., 2025; Subramanian et al., 2024). When
coupled with wearable sensors and cloud-based
analytics, Al-optimized dosing transforms static
protocols  into  responsive, individualized
neurorehabilitation regimens (Chen et al., 2026).
The convergence of  biomarker-guided
Al-driven
represents a paradigm shift toward precision
neurorehabilitation, yet its translation into
routine clinical practice remains fragmented.
Most existing trials examine either neuroimaging
biomarkers or adaptive dosing in isolation, rarely
integrating both within a unified framework that
explicitly targets CST neuroplasticity (Boyd et al.,
2024; Krakauer et al., 2025). Furthermore, the
dose-response relationship between Al-optimized
task-specific training and objective measures of
corticospinal reorganization—such as TMS motor-
evoked potential amplitude, diffusion kurtosis
imaging, and taskrelated fMRI activation—has

stratification ~ and dosification
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ot been prospectively validated in chronic stroke
populations (Stinear et al., 2025; Nudo, 2026).
Addressing this disconnect is critical, as chronic
stroke survivors represent a heterogeneous cohort
whose  recovery potential is  increasingly
constrained by time-dependent neural atrophy
and maladaptive network reorganization (Lang et
al., 2025; Ward et al, 2024). Without a
mechanistically grounded, biomarker-informed
dosing framework, rehabilitation efforts risk
either understimulating latent neuroplastic
capacity or overwhelming compromised neural
circuits, thereby perpetuating functional plateaus.
The present study introduces a novel precision
neurorehabilitation protocol that integrates
baseline multimodal biomarker profiling with Al-
optimized dosing of taskspecific training,
explicitly designed to maximize corticospinal
neuroplasticity and translate neural adaptation
into clinically meaningful motor recovery in
chronic stroke.

Current neurorehabilitation research has largely
advanced along parallel but disconnected
trajectories. On one hand, extensive work has
established the prognostic utility of structural and
functional biomarkers for predicting motor
recovery potential (Stinear, 2025; Ward et al.,
2024). On the other hand, emerging Al and
digital therapeutics have demonstrated feasibility
in dynamically adjusting training intensity and
progression (Kairy et al.,, 2024; Lohse et al.,
2025). However, these domains have rarely been
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synthesized into a cohesive clinical framework
that uses baseline and longitudinal biomarker
data to actively calibrate Al-driven dosing
parameters. Consequently, rehabilitation
prescriptions remain either biomarker-informed
but statically dosed, or algorithmically adaptive
but biologically agnostic, limiting their capacity to
exploit individual neuroplastic reserves optimally
(Krakauer et al., 2025; Boyd et al., 2024).

A second critical gap lies in the insufficient
mechanistic  validation of precision dosing
strategies against direct indices of corticospinal
neuroplasticity in chronic stroke. While
functional motor scales are routinely employed as
primary outcomes, they lack the sensitivity to
capture underlying neural reorganization and
frequently exhibit ceiling/floor effects in long-
term survivors (Feng et al., 2024; Nudo, 2026).
Few studies have prospectively linked Al-
optimized task-specific training dosages to
quantifiable CST adaptations—such as motor-
evoked potential recruitment curves, tract-specific
microstructural remodeling, or corticomotor
coherence, within a controlled, biomarker-
stratified trial design (Subramanian et al., 2024;
Chen et al, 2026). Without such
neurophysiological grounding, the biological
plausibility and longterm efficacy of precision
neurorehabilitation remain unverified, hindering
regulatory approval, clinical adoption, and
mechanistic refinement.

Patient Screening
and Recruitment

|

DTI/MRI Brain Scan

TMS Coil Blood Biomarkers  Wearable Sensors

Al Optimization Engine

Outcome Measures

Adaptive Dosing Feedback Loop
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~ Research Objective:

The primary objective of this study is to evaluate
whether a biomarker-guided, Al-optimized dosing
protocol for task-specific training enhances
corticospinal neuroplasticity and improves upper-
limb motor function in individuals with chronic
stroke, compared to standardized, fixed-dose
rehabilitation.

Secondary objectives
Secondary objective include:

Patient Experience Diagram for Precision
Neurorehabilitation in Chronic Stroke
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(1) Characterizing the dose-response relationship
between Al-adapted training parameters and
objective neurophysiological markers of CST
integrity

(2) Identifying baseline biomarker profiles that
predict optimal therapeutic responsiveness

(3) Assessing the clinical feasibility, safety, and
patientreported outcomes of implementing a
closed-loop precision neurorehabilitation system
in routine outpatient care.

Study Timeline Gantt Chart for 24-week Precision Neurorehabilitation Trial

WeekD Weekd Week2 Weekd Week] Week? Weski Week® Weskl  WeekS Weekl2 Week10 Weskd) Week2d Week23 Week2d

Screening & Baselne
Assessment (Week 0-2)

Experimental Am

Control Am MidHintervention Post-intervention Follow-up
Assessment  Assessment Assessment

Intervention Peiod (Week 3-14)

Assessment
Timepoints

Al Algorithm
T peroh

Literature Review:

Chronic stroke survivors (>6 months post-onset)
frequently experience persistent upperlimb
motor deficits that plateau despite conventional
rehabilitation, reflecting time-dependent
constraints in neurobiological recovery capacity.
While acute-phase interventions benefit from
heightened endogenous neurotrophic signaling
and spontaneous remission, the chronic phase is
characterized by reduced cortical excitability,
maladaptive interhemispheric inhibition, and
structural atrophy within perilesional and
contralesional motor networks (Lang et al., 2023;
Ward et al., 2024). Traditional
neurorehabilitation protocols typically prescribe
fixed repetition counts, session frequencies, and
progression  schedules  that ignore this
neurobiological ~ heterogeneity.  Meta-analytic
evidence indicates that conventional task-
oriented therapies yield only modest functional
gains in chronic populations, with effect sizes
frequently constrained by ceiling effects,
participant fatigue, and suboptimal dosing
alignment with individual neural reserve

DSWB Review Milestones ] . ] .

Data Colection

® Biue: Experimental Arm Actvies
Gray: Control A Actvies
® Grees: Assessmen Tinepoits
Al Aioriten Traning Period
OPurpk DSMB Review Milestones

(Winstein et al., 2024; Feigin et al., 2024).
Consequently, there is growing consensus that
motor recovery plateaus in chronic stroke are not
absolute biological limits but rather reflections of
insufficiently individualized therapeutic dosing.

Task-specific training (TST) remains the most
empirically supported behavioral intervention for
driving use-dependent cortical reorganization,
grounded in foundational principles of
experience-dependent neuroplasticity. Repetitive,
goal-directed  practice  strengthens  synaptic
efficacy within residual corticospinal pathways,
promotes dendritic arborization, and facilitates
unmasking of latent motor representations
(Kleim & Jones, 2023; Krakauer et al., 2023).
However, the dose-response relationship for TST
in chronic stroke remains contentious. While
higher repetition thresholds correlate with greater
motor learning retention, excessive dosing
without adequate recovery intervals can induce
synaptic depression, compensatory movement
strategies, and neural fatigue, ultimately
diminishing therapeutic efficacy (Lohse et al.,
2025; Subramanian et al., 2024). The absence of
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~ personalized dosing algorithms that dynamically
calibrate  intensity, task complexity, and
progression to realtime physiological and
behavioral feedback represents a critical barrier to
maximizing TST-induced neuroplasticity.

To address dosing variability, precision
neurorehabilitation has increasingly relied on
multimodal biomarkers to stratify patients
according to their intrinsic corticospinal integrity
and plastic potential. Diffusion tensor imaging
(DTI) metrics, particularly corticospinal tract
(CST) fractional anisotropy and lesion load,
consistently  predict  upperlimb  recovery
trajectories, with preserved CST microstructure
correlating with greater responsiveness to
intensive training (Stinear et al., 2023; Kim et al.,
2025).  Complementary  neurophysiological
measures, including transcranial = magnetic
stimulation (TMS)-evoked motor potentials,
cortical  silent periods, and intracortical
facilitation/inhibition ratios, provide dynamic
indices of corticomotor excitability and synaptic
efficacy (Boyd et al., 2024; Feng et al., 2024).
When integrated into prognostic algorithms such
as PREP2, these biomarkers enable clinicians to
identify patients with viable CST substrates who
are most likely to benefit from high-dose TST,
while redirecting those with severe tract
disruption toward compensatory or
neuromodulatory strategies (Stinear, 2025).
Nevertheless, baseline biomarker profiling
remains largely static, failing to capture
longitudinal neuroplastic adaptation or inform
real-time dosing adjustments during
rehabilitation.

The rapid integration of artificial intelligence (AI)
and machine learning into neurorehabilitation
has begun to address this temporal limitation by
enabling closed-loop, adaptive dosing systems.
Reinforcement learning architectures, digital twin
simulations, and wearable sensor-driven analytics
now allow rehabilitation  platforms to
continuously monitor kinematic performance,
muscular  fatigue, and  cognitive  load,
automatically ~ modulating  task  difficulty,
repetition targets, and rest intervals (D’Cruz et
al,, 2025; Kairy et al, 2024). Clinical trials
utilizing Al-optimized TST have demonstrated
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superior motor retention, higher adherence rates,
and reduced plateau effects compared to fixed-
dose protocols, particularly when algorithms
incorporate individualized performance baselines
and fatigue thresholds (Chen et al., 2026; Lohse
et al., 2025). Despite these advances, most Al-
driven systems operate as black-box behavioral
optimizers, lacking integration with
neurobiological markers of CST function.
Consequently, adaptive dosing may inadvertently
overtrain structurally compromised pathways or
understimulate circuits with latent plastic
capacity, limiting mechanistic efficacy.

Emerging hybrid frameworks that couple baseline
biomarker  stratification = with  Al-driven
dosification represent the next frontier in
precision neurorehabilitation, though empirical
validation remains nascent. Recent pilot studies
have demonstrated feasibility in using CST
integrity metrics to initialize Al reinforcement
models, subsequently updating dosing parameters
based on kinematic and
electrophysiological feedback (Krakauer et al.,
2025; Subramanian et al., 2024). However, these
investigations are frequently limited by small
sample sizes, short intervention windows, and
reliance on surrogate behavioral outcomes (e.g.,
Fugl-Meyer Assessment, Wolf Motor Function
Test) that lack sensitivity to underlying
neuroplastic mechanisms. Few studies have
prospectively  linked  Al-optimized training
dosages to direct indices of corticospinal
reorganization, such as motor-evoked potential
recruitment curve shifts, diffusion kurtosis
imaging-derived microstructural remodeling, or
task-related fMRI  activation normalization
(Nudo, 2026; Stinear et al., 2025). Without

mechanistic validation, the biological plausibility

real-time

of precision dosing remains inferential rather
than evidentiary.

A critical synthesis of the current literature
reveals three interconnected limitations that
hinder the translation of  precision
neurorehabilitation into routine practice. First,
biomarker stratification and Al optimization have
largely evolved in parallel, with minimal
integration into unified, closed-loop clinical
frameworks.  Second,  the  doseresponse
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~ parameters governing CST-mediated
neuroplasticity in chronic stroke remain
empirically undefined, particularly regarding
optimal repetition thresholds, progression pacing,
and fatigue-adjusted rest intervals. Third,
mechanistic  validation of Al-driven dosing
against objective neurophysiological markers of
corticospinal adaptation is virtually absent in
randomized controlled trials. Addressing these
gaps  requires a  rigorous, multimodal

Volume 4, Issue 4, 2026

investigation that prospectively aligns baseline
biomarker profiles with dynamically optimized
TST dosing, explicitly targeting corticospinal
neuroplasticity as both a mechanistic endpoint
and a predictor of functional recovery. The
present study is designed to fulfill this
translational imperative, advancing precision
neurorehabilitation from conceptual promise to
empirically grounded clinical reality.

CONSORT Flow Diagram for Precision
Neurorerabilitation RCT in Chronic Stroke

Assessment of eligibility
n=150 screened

[ Excluded (n=62) ] [ Allocation to Experimental Arm (n=44) [ Allocation to Control Arm (n=44) ]

not meeting inclusion criteria (n=28)

biomarker-guided Al-optimized TST
I

standard fixed-dose TST
1|

declined to participate (n=21)

other reasons (n=13) L

Follow-up at Week 6

lost to follow-up n=2 experimental, n=3 control

( week 12 post-int

y

intervention n=3 experimental, n=4 control

4

(

Week 24 follow-up

lost to follow-up n=2 each group

Experimental Arm analyzed n=42,
excluded from analysis n=2

Control Arm analyzed n=41,
excluded from analysis n=3

Methodology

Study Design and Setting

This investigation employs a prospective,
multicenter, randomized controlled trial (RCT)
design with parallel-group allocation, assessor
blinding, and a 24-week longitudinal follow-up.
The trial will be conducted across three tertiary
academic rehabilitation centers with established
neuroimaging and neurophysiology laboratories.
Participants will be randomized 1:1 to either the
experimental arm  (biomarker-guided, Al
optimized taskspecific training [TST]) or the
control arm (standardized, fixed-dose TST).
Randomization will be stratified by lesion
hemisphere (left vs. right), baseline corticospinal
tract (CST) integrity (preserved vs. compromised),
and age (<60 vs. >60 years) using permuted block
randomization (block size = 4). Allocation
concealment will be maintained via a secure, web-
based central randomization system. Outcome
assessors, neuroimaging analysts, and TMS
technicians will remain blinded to group
assignment throughout the trial.

Data Collection Method:

Data collection commenced following ethical
approval from the Ethical Review Committee of
Riphah College of Rehabilitation and Allied

Health Sciences (Approval Reference:
Riphah/RCRS/REC 01936).

Participant Eligibility and Recruitment

Eligible participants will be adults aged 18-80
years with a clinical diagnosis of unilateral
ischemic or hemorrhagic stroke >6 months prior
to enrollment (chronic phase). Inclusion criteria
require: (1) moderate upperlimb motor
impairment  (FuglMeyer  Assessment-Upper
Extremity [FMA-UE] score 10-50); (2) ability to
follow three-step commands; (3) medical stability
for intensive rehabilitation; and (4) capacity to
provide informed consent. Exclusion criteria
encompass: (1) severe aphasia or cognitive
impairment (Montreal Cognitive Assessment
[MoCA] <21); (2) contraindications to MRI or
TMS (e.g., implanted metallic devices, history of
seizures); (3) botulinum toxin injection or upper-
limb orthopedic surgery within 3 months; (4)
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~ participation in  concurrent experimental
neurorehabilitation trials; and (5) uncontrolled
cardiovascular or psychiatric conditions. Sample
size calculation (a = 0.05, power = 0.80, two-
tailed) is based on meta-analytic effect sizes for
CST-targeted neuroplasticity outcomes (Stinear et
al., 2025; Nudo, 2026), vyielding a target
enrollment of 88 participants (44 per arm) to
account for a 15% attrition rate.

Diagnostic and Biomarker Assessment Protocol:
Selection of Best-Validated Stratification Tools
To ensure maximal prognostic accuracy and
neurobiological specificity, the trial employs a
multimodal biomarker battery representing the
current gold standard for CST assessment in
chronic stroke. Structural integrity is quantified
using high-resolution 3T diffusion tensor imaging
(DTD) with 64-direction diffusion weighting.
Fractional anisotropy (FA), mean diffusivity
(MD), and lesion-tract overlap are computed via
automated tractography pipelines, with CST
segmentation validated against the JHU white-
matter atlas. DTI-derived CST FA remains the
most extensively validated predictor of motor
recovery, demonstrating area-under-the-curve
(AUCQC) values >0.85 across multicenter cohorts
(Stinear et al., 2023; Ward et al., 2024).
Functional corticomotor excitability is assessed
using neuronavigated transcranial magnetic
stimulation (TMS). Key metrics include
presence/absence of motor evoked potentials
(MEPs), resting motor threshold (RMT), MEP
amplitude recruitment curves, and central motor
conduction time (CMCT). TMS MEP profiling is
recognized as the most sensitive dynamic
biomarker for tracking experience-dependent
plasticity and has been integrated into consensus
prognostic algorithms (Kim et al., 2025; Boyd et
al., 2024). Complementarily, resting-state
functional MRI  (rs-fMRI) will  quantify
corticomotor network connectivity (seed-based
analysis of primary motor cortex), while blood-
based biomarkers (serum neurofilament light
chain [NfL] and brain-derived neurotrophic
factor [BDNF]) will be assayed to index
neuroaxonal integrity and neurotrophic capacity.
This multimodal diagnostic framework has been

Volume 4, Issue 4, 2026

rigorously tested in prior predictive validation
studies, exhibiting high inter-rater reliability (ICC
>0.90), cross-site reproducibility, and robust dose-
response correlation with TST outcomes (Feng et
al., 2024; Winstein et al., 2024). Biomarker data
will initialize participant-specific Al dosing priors
and serve as mechanistic covariates in all primary
analyses.

Al-Optimized Dosing Architecture

The experimental arm utilizes a closed-loop
artificial intelligence platform that dynamically
calibrates TST dosing parameters in real time.
The Al engine integrates a proximal policy
optimization (PPO) reinforcement learning
model trained on >10,000 historical TST
sessions, kinematic trajectories, and
neurophysiological responses from chronic stroke
cohorts. Baseline biomarker profiles (CST FA,
MEP amplitude, rs-fMRI connectivity) initialize a
digital  twin  simulation  that  predicts
individualized dose-response ceilings and fatigue
thresholds. During each session, wearable inertial
measurement units (IMUs) and  surface
electromyography (SEMG) stream kinematic
smoothness (spectral arc length), movement
velocity, and muscular fatigue indices to the
cloud-based algorithm. The Al system adjusts
four dosing variables every 15 minutes: (1)
repetition targets, (2) task difficulty scaling, (3)
rest interval duration, and (4) progression to
subsequent task tiers. Safety constraints are hard-
coded: daily repetition caps prevent overtraining-
induced synaptic depression, and performance
decay >20% triggers automatic rest or task
regression. The control arm receives fixed-dose
TST (300 repetitions/session, standardized
difficulty  progression, 90-minute  sessions,
3x/week), adhering to current clinical guidelines
(Winstein et al.,, 2024). Both arms utilize
identical therapeutic tasks and clinician
supervision ratios to isolate dosing optimization
as the independent variable.

Task-Specific Training Intervention

All participants undergo 12 weeks of goal-
directed TST targeting upperlimb functional
recovery. Training tasks are selected from the
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~ Motor Activity Log (MAL) and Action Research
Arm Test (ARAT) item banks, emphasizing reach-
to-grasp,  object  manipulation,  bilateral
coordination, and activities of daily living (ADL)
simulation. Task  progression follows a
hierarchical difficulty matrix, graded by spatial
demand, weight resistance, precision
requirements, and cognitive dual-tasking. In the
experimental arm, progression is Al-driven; in the
control arm, it follows a fixed therapist-
administered schedule. All sessions are delivered
by licensed physical/occupational therapists
blinded to the Al dosing algorithm's internal
parameters. Session adherence, adverse events,
and therapist fidelity are logged electronically.
Participants receive standardized home-exercise
reinforcement (30 min/day, 5%/week) matched
to their assigned dosing strategy.

Outcome Measures and Assessment Schedule

Outcomes are evaluated at Dbaseline, mid-
intervention (Week 6), postintervention (Week
12), and 12-week follow-up (Week 24). The
primary endpoint is corticospinal neuroplasticity,
operationalized as change in TMS MEP
amplitude (uV) and DTlderived CST FA.
Secondary endpoints include: (1) upperlimb
motor function (FMA-UE, ARAT, WMFT); (2)

Statistical Analysis:
Baseline Demographic

Volume 4, Issue 4, 2026

kinematic performance (movement time, peak
velocity, jerk index); (3) patientreported
outcomes (Stroke Impact Scale [SIS], Fatigue
Severity Scale [FSS]); and (4) biomarker
modulation (rsfMRI motor network connectivity,
serum NfL/BDNF ratios). All neuroimaging and
neurophysiological assessments follow
standardized acquisition protocols harmonized
across sites using phantom calibration and
centralized quality control pipelines.

Statistical and Computational Analysis Plan
Analyses will follow intention-to-treat principles
with multiple imputation for missing data (<5%).
Primary and secondary outcomes will be modeled
using linear mixed-effects models with fixed
effects for group, time, interaction, and
stratification covariates, and random intercepts
for site/participant; effect sizes reported as
Cohen's *d* with 95% ClIs. Mediation analysis
(bootstrapped, 5,000 resamples) will test CST
neuroplasticity as a mechanism; Al performance
evaluated via reward convergence and prediction
accuracy. Subgroup analyses will examine
moderation by CST integrity, lesion volume, and
age (a = .05, two-tailed; FDR correction for
neuroimaging endpoints).

Baseline Demographic, Clinical, and Biomarker Characteristics by Randomization Group

Experimental Arm

Variable a Control Arm (n = 44) Test Statistic p-value
(n = 44)

Demographics

Age, years, M (SD) 62.3(9.8) 61.7 (10.2) t(86) = 0.28 781

Sex, female, n (%) 18 (40.9) 19 (43.2) x2(1) = 0.05 .825

Time  since  stroke, ~

months, M (SD) 18.4 (12.6) 19.1(13.8) t(86) =-0.25 .803

(S(;r)c’ke type, ischemic, n 30 q) g 35 (79.5) x(1) = 0.07 791
(0]

Lesion hemisphere, left, ) 3, 4, 22 (50.0) (1) = 0.04 834

n (%)

Clinical Baseline

FMA-UE score, M (SD) 32.4(9.1) 31.8(8.7) t(86) = 0.32 751

ARAT score, M (SD) 28.6(12.3) 27.9(11.8) t(86) = 0.27 188
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Variable (n = 44) Control Arm (n = 44) Test Statistic p-value
gg” time, seconds, M 4, ¢ (15.5) 44.1(19.2) (86) = 0.33 742
MoCA score, M (SD) 25.3(2.8) 25.1 (3.1) t(86) = 0.31 758
Biomarker Baseline

(ng FA (ipsilesional), Mg 45 (5 9 0.41 (0.10) (86) = 0.48 632
MEP present, n (%) 31 (70.5) 30 (68.2) (1) = 0.05 821
RMT, %MSO, M (SD) 58.3 (12.4) 59.1(13.1) t(59) =-0.29 173
rs-fMRI M1 connectivity, _

< M (SD) 0.38 (0.21) 0.36 (0.23) t(86) = 0.42 .675
(Ssel;‘)lm NfL pg/mL, M g 7 6.4 19.2 (7.1) «(86) = 0.35 727
Serum BDNF, ng/mL, ~

M (SD) 22.4(5.8) 21.9(6.2) t(86) = 0.39 .698

Note. FMA-UE = Fugl-Meyer Assessment—Upper Extremity; ARAT = Action Research Arm Test; WMFT = Wolf
Motor Function Test; MoCA = Montreal Cognitive Assessment; CST FA = corticospinal tract fractional anisotropy;
MEP = motor evoked potential; RMT = resting motor threshold; %MSO = maximum stimulator output; rsfMRI =
restingstate functional MRI; M1 = primary motor cortex; NfL = neurofilament light chain; BDNF = brain-derived

newrotrophic factor.

Baseline  characteristics were  well-balanced
between experimental and control arms, with no
statistically significant differences in
demographics (age, sex, time since stroke),
clinical severity (FMA-UE, ARAT, WMFT), or
multimodal biomarkers (CST FA, MEP presence,
rs-fMRI connectivity, serum NfL/BDNF; all *p* >
.05). This confirms successful stratified
randomization and ensures that observed post-
intervention outcomes reflect treatment effects

rather than pre-existing group disparities. The
homogeneity across structural, functional, and
molecular biomarkers further supports the
internal validity of comparing Al-optimized
versus  fixed-dose  rehabilitation  protocols.
Consequently, subsequent efficacy analyses can
confidently  attribute  differential  recovery
trajectories to the intervention rather than
baseline confounding.

https://nmsreview.org

| Khan et al., 2026 |

Page 142


https://nmsreview.org/

‘;6

~ Primary Outcome

RINMSR

Review Journal of Neurological
& Medical Sciences Review

Volume 4, Issue 4, 2026

Table 2Primary Outcome: Corticospinal Neuroplasticity Measures Across Time Points

Outcome Time Experimental Arm M Control Arm M Group x Time Cohen's d
Measure Point (SD) (SD) F(df) [95% CI]
MEP - Amplitude p line 187.3 (94.2) 182.6(91.8)  — -
(nV)
Week 6 241.8 (102.5) 198.4 (96.3) F(1, 84) = 8.72 .004* (1)8‘7"] 021,
F(1, 84) = . 0.79 [0.35,
Week 12 298.5 (115.7) 211.3(103.2) 14.36 <.001 1.23)
Week 24 276.2 (108.4) 218.7 (107.9)  F(1, 84) = 9.18 .003* 832] 10.10,
C,ST ) FA Baseline 0.42 (0.09) 0.41 (0.10) — — —
(ipsilesional)
Week 6  0.44 (0.09) 0.42 (0.10) F(1,84) =3.21 .077 82;] Lo.21,
F(1, 84) = . 0.47 [0.04,
Week 12 0.47 (0.08) 0.43 (0.09) 11.84 .001 0.90]
Week 24 0.46 (0.08) 0.44 (0.09) F(1, 84) = 6.93 .010* 8221 0.18,
CMCT (ms) Baseline 8.9 (1.8) 9.1(2.0) — — —
Week 6 8.4 (1.6) 8.9 (1.9) F(1, 84) = 4.15 045" 8% L0.14,
F(1, 84) = . 0.56 (0.12,
Week 12 7.8 (1.4) 8.7 (1.8) 1027 .002 1.00]
Week 24 8.0 (1.5) 8.6 (1.7) F(1, 84) = 5.84 .018* 8;21 10.04,

Note. MEP = motor evoked potential; CST FA = corticospinal tract fractional anisotropy; CMCT = central motor
conduction time. p < .05 indicated by asterisk. Effect sizes (Cohen's d) reflect between-group differences at each time

point adjusted for baseline covariates.

The Al-optimized arm demonstrated significantly
greater improvements in corticospinal
neuroplasticity, with MEP amplitude showing
robust, sustained enhancement (*p* < .001 at
Week 12; Cohen's *d* = 0.79) and CST
fractional anisotropy increasing significantly post-
intervention (*p* = .001), indicating strengthened
structural integrity. Central motor conduction
time decreased more rapidly in the experimental

group (*p* = .002 at Week 12), reflecting
improved neural transmission efficiency. All
primary  neurophysiological ~ gains
maintained at the 24-week follow-up, confirming
the durability of Al-driven dosing effects. These
findings establish that biomarker-guided, adaptive
training  directly  amplifies  corticospinal
remodeling beyond standardized rehabilitation.

were
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Table 4 Biomarker Modulation and Patient-Reported Outcomes

M . Time Experimental M Control M Group x Time Cohen's d [95%
casure Point  (SD) (SD) F(df) Cl
rsAMRI M1 ,
Connectivity (2 Baseline 0.38 (0.21) 0.36 (0.23) — - —
Week 12 0.52 (0.19) 0.41(0.22) F(1,84)=9.34 .003*0.54 [0.10, 0.98]
Week 24 0.49 (0.20) 0.43(0.21) F(1,84)=5.18 .ozs*g%?] 013,
Serum NfL (pg/mL)  Baseline 18.7 (6.4) 19.2 (7.1) - - |-
Week 12 15.3 (5.2) 18.1(6.8)  E(1,84)=7.62 .007*0.47 [0.03, 0.91]
Week 24 16.1 (5.6) 17.9(6.5) K1, 84) = 4.29 .041*8?2] L0.12,
Serum BDNF (ng/mL) Baseline 22.4 (5.8) 21.9(6.2) - - —
Week 12 26.8 (6.1) 23.2(5.9) K1, 84) = 10.53.002* 0.60 [0.16, 1.04]
Week 24 25.4 (5.7) 23.8(6.0)  F(1,84) =591 .017*8%;] L0.15,
(Sstg‘e Impact - Scale p e 68.4 (14.2) 679(15.1) — L
Week 12 78.3 (12.6) 71.2(14.3) K1, 84) = 8.94 .004*0.53[0.09, 0.97]
Week 24 79.6 (11.8) 72.8 (13.7)  F(1,84) = 7.45 .008*0.53[0.09, 0.97]
gfgsg)ue Severity Scalep e 4.8 (1.3) 49(14)  — - -
Week 12 3.9 (1.2) 4.6 (1.3) F(1,84) = 6.73 .011%0.56 [0.12, 1.00]
Week 24 4.1 (1.1) 45012 K1 84)-418 o44°03> 1007,

0.77]

Note. 1sfMRI = restingstate functional MRI; M1 = primary motor cortex; NfL = neurofilament light chain; BDNF =
brain-derived neurotrophic factor; SIS = Stroke Impact Scale (higher = better quality of life); FSS = Fatigue Severity Scale
(higher = worse fatigue). p < .05 indicated by asterisk.

The experimental
enhanced resting-state

arm

showed
motor

signific

network

fatigue severity (p = .011) in the Al-optimized
group. Most effects persisted at 24-week follow-

antly

connectivity (p = .003) and favorable biomarker
modulation, with reduced neuroaxonal injury
(lower NfL, p = .007) and elevated neurotrophic
support (higher BDNF, p = .002) at post
intervention. Patientreported outcomes reflected
meaningful clinical benefits: greater quality-oflife
gains (Stroke Impact Scale, p = .004) and reduced

up, though with modest attenuation, indicating
durable but partially waning benefits
intervention cessation. These findings confirm
that  precision dosing not drives
corticospinal neuroplasticity but also translates
into neurobiological and patient-
centered improvements

after
only

systemic
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Table 6 Mediation and Subgroup Analysis Results

Analysis Pathway/Moderator
Mediation: CST Neuroplasticity Al dosing — MEP A — FMA-UE A
Al dosing — CST FA A —» FMA-UE A

Subgroup: Baseline CST

Integrity

Compromised CST (FA <0.45): Group x

Time

Subgroup: MEP Presence

Subgroup: Age

>60 years: Group x Time

Al Algorithm Performance

Prediction accuracy (kinematics)

Mediation and subgroup analyses demonstrate
that the functional improvements achieved
through Al-optimized training are mechanistically
anchored in corticospinal neuroplasticity, with
enhanced  corticomotor  excitability = (MEP
amplitude) accounting for 42% of motor recovery
and microstructural tract remodeling
contributing an additional 22%. Treatment
efficacy was strongly moderated by baseline
neural integrity and demographic factors:
participants ~ with  preserved  corticospinal
architecture and detectable motor evoked
potentials exhibited robust functional gains,
whereas those with severe tract disruption or
absent MEPs showed only modest, non-
significant trends, indicating that this subgroup
may require adjunctive  neuromodulatory
interventions to amplify residual plastic potential.
Age similarly influenced outcomes, with younger

Preserved CST (FA >0.45): Group x Time

MEP+: Group * Time on FMA-UE
MEP—: Group * Time on FMA-UE
<60 years: Group x Time

Reward convergence (epochs)

Volume 4, Issue 4, 2026

Estimate [95% CI] P
0.34[0.12, 0.58] .003*
0.18 [0.04, 0.35] .015*

F(1,52) = 21.34 <.001*

F(1, 32) = 4.87 .035*
F(1, 58) = 16.92 <.001*
F(1, 26) = 2.14 156
F(1, 48) = 13.27 .001*
F(1,36) = 7.84 .008*

1,247 (1,102, 1,392] —
R: = 078 [0.73,
0.83]

survivors (<60 vyears) demonstrating stronger
neuroplastic responsiveness, though older adults
still achieved clinically meaningful, albeit
attenuated, improvements. Importantly, the
reinforcement learning algorithm achieved stable
policy optimization by Week 6 and maintained
high predictive fidelity for kinematic adaptation,
confirming its reliability in  continuously
calibrating repetition targets, task difficulty, and
rest intervals to individual neurophysiological
trajectories. Collectively, these findings validate a
biomarker-stratified, closed-loop rehabilitation
framework that maximizes recovery in patients
with  viable corticospinal substrates while
delineating  clear  pathways for tailoring
intervention  intensity and  combinatorial
strategies in more severely impaired or older
chronic stroke populations.
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Table;07 Adverse Events and Safety Outcomes

Event Type

Musculoskeletal

Mild shoulder discomfort 8 (18.2)
Transient muscle soreness 12 (27.3)
Temporary increase in spasticity 3 (6.8)
Headache post TMS 2 (4.5)
Systemic

Fatigue exacerbation 5(11.4)

Serious Adverse Events
Hospitalization (unrelated) 1(2.3)

Total Events per Participant 0.71 (0.89)

Adverse events were predominantly mild and
transient, with no statistically significant
differences between experimental and control
arms for musculoskeletal discomfort, neurological
symptoms, or systemic effects (all *p* > .05).
Serious adverse events were rare, unrelated to the
intervention, and occurred at similarly low rates
in both groups. These findings confirm that
biomarker-guided, Al-optimized dosing is safe
and welltolerated, with no increased risk
attributable to adaptive algorithmic control.

Conclusion and future Recommendation:
The present study demonstrates that a biomarker-
guided, Al-optimized dosing protocol for task-
specific ~ training  significantly
corticospinal neuroplasticity and improves upper-
limb motor function in chronic stroke survivors
standardized fixed-dose
Neurophysiological and
neuroimaging analyses confirmed that adaptive
dosing  produced  robust, dose-dependent
increases in motor-evoked potential amplitude
and corticospinal tract fractional anisotropy,
which collectively mediated over 40% of
functional recovery gains. These findings
establish that dynamically calibrated training
intensity can safely overcome chronic-phase

enhances

compared to
rehabilitation.

neurobiological plateaus, validating the clinical
utility of closed-loop precision rehabilitation. By
anchoring therapeutic dosing to quantifiable
neural substrates, this paradigm shifts stroke

Volume 4, Issue 4, 2026

Experimental Arm n (%) Control Arm n (%) Risk Ratio [95% CI] P

11(25.0) 0.73[0.32, 1.66] 452
14 (31.8) 0.86 [0.44, 1.68] .658
5(11.4) 0.60 [0.15, 2.38] 467
3(6.8) 0.67 [0.11, 3.92] .654
7(15.9) 0.72 [0.24, 2.13] .548
2(4.5) 0.50 [0.05, 5.32] 562
0.95 (1.12) - 2071

rehabilitation from empirically prescriptive
protocols to mechanistically targeted,
individualized = neuroplasticity =~ optimization
(Krakauer et al., 2025; Stinear et al., 2025).

Future investigations should prioritize
longitudinal ~ follow-up to determine the
durability of Al-driven neuroplastic adaptations
and identify optimal maintenance dosing
schedules for sustained functional retention.
Integrating adjunct neuromodulatory
interventions (e.g., paired associative stimulation
or non-invasive brain stimulation) may further
amplify corticospinal remodeling in patients with
severe tract disruption, warranting combinatorial
efficacy trials (Ward et al., 2024; Nudo, 2026).
Large-scale implementation studies are also
needed to evaluate health-economic outcomes,
clinician training scalability, and real-world
feasibility =~ of  deploying  closed-loop Al
rehabilitation platforms across heterogeneous
care settings. Finally, expanding multimodal
biomarker panels to incorporate  digital
phenotyping, peripheral transcriptomics, and
decentralized wearable analytics will refine
predictive  stratification, while open-source
algorithmic validation frameworks will accelerate
regulatory approval and global clinical translation

(Kairy et al., 2024; Chen et al., 2026).
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