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Abstract
Background: Current stroke rehabilitation treats limbs largely independently, despite mounting 
evidence that bilateral sensorimotor synchronization—the coordinated temporal and spatial control 
of bilateral limb movement—represents a core physiological requirement for functional recovery. 
No standardized physiotherapy assessment quantifies interlimb phase lag, bilateral proprioceptive 
integration, or force-sharing asymmetry as measurable physiological impairments.

Objectives: To characterize physiological mechanisms underlying interlimb sensorimotor 
synchronization disruption after stroke, establish a novel physical examination framework 
measuring temporal motor output mismatch and bilateral proprioceptive integration, and evaluate 
physiotherapy strategies restoring synchrony beyond unilateral strength focus.

Methods: Systematic integration of evidence from gait biomechanics, neurophysiology (central 
pattern generators, interhemispheric coupling), proprioceptive assessment, and bilateral 
movement training literature in post-stroke populations. Novel assessment framework developed 
incorporating: interlimb phase lag measurement, bilateral proprioceptive accuracy, force-timing 
asymmetry quantification, postural stability under asymmetrical sensory input, and neural timing 
consistency.

Key Findings: Post-stroke interlimb sensorimotor synchronization disruption manifests through: 
(1) increased interlimb phase lag during walking (normal 0°, post-stroke 23.4±8.2°) and pedaling 
(normal 180° coordination, post-stroke 152.1±16.4°); (2) bilateral proprioceptive asymmetry 
with distal dominance (wrist 3.2-fold greater deficit than shoulder); (3) force-sharing asymmetry 
independent of strength (work asymmetry r=0.78 with phase coordination, r=0.32 with motor 
impairment); (4) proprioceptive-motor coupling loss correlating with coordination deficits (r=0.71); 
(5) postural instability under contralateral sensory perturbation indicating bilateral proprioceptive 
integration failure. Integrated assessment framework correlates with Fugl-Meyer (r=0.76) and 
functional walking ability (r=0.82).

Clinical Implications: Physiotherapy assessment and intervention should explicitly target interlimb 
synchronization restoration through central pattern generator stimulation, bilateral proprioceptive 
integration training, and force-coupling retraining—applicable across acute-to-chronic phases and 
high-to-low resource settings without pharmacological or surgical dependence.

Conclusions: Interlimb sensorimotor synchronization disruption represents a distinct, measurable 
post-stroke pathophysiology independent from unilateral strength deficits. Establishing standardized 
physiotherapy assessment operationalizes this construct clinically, enabling mechanism-informed 
rehabilitation that restores coordinated bilateral movement through spinal and supraspinal motor 
network reorganization.

Keywords: Stroke; Interlimb Coordination; Bilateral Synchronization; Proprioception; Central 
Pattern Generators; Gait Asymmetry; Sensorimotor Integration; Physiotherapy Assessment; 
Motor Recovery; Rehabilitation Mechanism
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Introduction
Stroke rehabilitation has traditionally emphasized unilateral 

motor recovery—restoring strength, reducing spasticity, and 
improving motor control of the affected limb [1, 2]. Assessment 
tools (Fugl-Meyer Assessment, Manual Muscle Testing) quantify 
unilateral motor output without measuring bilateral coordination or 
interlimb timing [3]. Therapeutic approaches prioritize task-specific 
practice and strength training applied independently to each limb, 
despite evidence that coordinated bilateral movement is essential for 
functional activities: walking, reaching across midline, maintaining 
balance, and performing manual tasks requiring bilateral hand 
cooperation [4].

The Hidden Mechanism: Bilateral Synchronization Failure
Emerging evidence reveals that post-stroke gait asymmetry, 

work asymmetry during bilateral activities, and functional mobility 
limitations reflect not only paretic limb weakness but fundamentally 
impaired interlimb sensorimotor synchronization—disruption 
of the neural mechanisms coordinating temporal and spatial 
coupling between limbs [5, 6]. Schindler-Ivens et al. demonstrated 
using bilateral uncoupled pedaling that work asymmetry during 
conventional (coupled) pedaling correlates more strongly with 
impaired interlimb coordination (r=0.78) than with paretic motor 
impairment (r=0.42), indicating that coordination failure, not 
strength loss alone, drives functional asymmetry.[7] Similarly, 
Reisman et al. showed that increased interlimb phase lag during 
walking associates with decreased gait symmetry and reduced walking 
function independent of unilateral strength measures [8].

Research Gap
Despite compelling neurophysiological evidence that bilateral 

synchronization is impaired post-stroke and that bilateral movement 
training produces superior outcomes compared to unilateral 
approaches, physiotherapy lacks: (1) standardized assessment tools 
measuring interlimb phase timing, neural coherence, and bilateral 
proprioceptive integration; (2) quantification of force-sharing 
asymmetry during functional tasks; (3) explicit rehabilitation 
protocols targeting synchronization restoration as primary 
intervention goal; (4) understanding of how proprioceptive deficits 
contribute to coordination failure. This gap represents a major 
mismatch between neuroscience evidence and clinical practice.

Study Objectives
Primary: To characterize and quantify physiological mechanisms 

underlying post-stroke interlimb sensorimotor synchronization 
disruption across temporal, proprioceptive, and force-sharing 
domains.

Secondary: (1) To develop and validate a novel physiotherapy-
based physical examination framework measuring interlimb 
synchronization deficits; (2) To establish relationships between 
synchronization impairment and functional outcome; (3) To propose 
mechanism-informed rehabilitation strategies targeting bilateral 
sensorimotor synchronization restoration.

Physiological Mechanisms of Interlimb 
Synchronization Disruption
Interlimb Phase Lag and Temporal Mismatch

Normal bilateral coordinated movement requires precise 
temporal synchronization between limbs, mediated by central 

pattern generators (CPGs)—self-organizing spinal neural circuits 
producing rhythmic motor output without requiring moment-to-
moment cortical commands [9, 10]. In walking, left and right lower 
limbs maintain alternating 180-degree phase relationship (when 
one limb is in swing, the contralateral limb is instance), producing 
smooth locomotion [11]. In pedaling, the two limbs similarly 
maintain 180-degree phase coupling—when one pedal is at top, the 
contralateral pedal is at bottom, ensuring smooth force application 
throughout the cycle [12].

Post-stroke, this precise phase relationship is disrupted. 
Schindler-Ivens et al. measured pedaling phase coordination in 
stroke survivors using phase coordination index (PCI) and found that 
normal individuals maintain PCI values near 180° (indicating near-
perfect phase opposition), while chronic stroke survivors averaged 
152.1±16.4°, representing significant phase lag where both limbs are 
closer to the same position in their respective cycles, reducing force 
efficiency.[13] Reisman et al. demonstrated similar disruption during 
walking: normal individuals maintain near-zero interlimb phase lag 
during synchronized walking, while stroke survivors demonstrate 
phase lags of 23.4±8.2°, indicating temporal desynchronization [14].

The neural basis of phase lag involves CPG dysfunction. 
CPGs controlling each limb are connected via commissural and 
propiospinal interneurons that coordinate interlimb timing [15]. 
Post-stroke damage or diaschisis (functional disruption of remote 
regions connected to the lesion) disrupts these coordinating 
pathways, causing each limb's CPG to operate more independently, 
loss of synchronization, and phase drift [16]. Critically, this disruption 
can occur with minimal direct lesion damage to the spinal cord—
supraspinal stroke causing corticospinal tract injury can disrupt CPG 
modulation through loss of descending facilitation maintaining CPG 
coordination [17].

Bilateral Proprioceptive Integration Failure
Proprioceptive feedback—sensing of limb position and 

movement—is essential for coordinating bilateral movements. 
During coordinated reaching, each arm must track the other's 
position to avoid collision and maintain balanced force distribution; 
during walking, proprioceptive feedback from each leg informs 
the contralateral leg's timing and force output [18]. Post-stroke 
proprioceptive deficits occur in 34-64% of survivors, representing a 
major but often-ignored impairment [19].

Xu et al. documented that proprioceptive deficits post-stroke 
show multi-joint involvement (shoulder, elbow, wrist) with distal 
joints showing greatest impairment—wrist proprioceptive threshold 
elevated 3.2 times greater than shoulder (wrist threshold 6.2±2.1 
degrees versus shoulder 2.1±0.8 degrees for motion detection) [20]. 
Critically, bilateral proprioceptive asymmetry occurs: the paretic limb 
shows significantly greater proprioceptive loss than the non-paretic 
limb (paretic threshold 6.8±2.4° versus non-paretic 2.3±0.9°) [21].

This bilateral proprioceptive asymmetry disrupts interlimb 
coupling. During bilateral movement, proprioceptive feedback from 
each limb provides afferent information allowing central neural 
circuits to adjust the other limb's output. When proprioceptive input 
is degraded unilaterally, this feedback loop is broken: the paretic limb 
cannot accurately sense its own position, and the non-paretic limb 
receives reduced proprioceptive information about the coordinating 
limb, forcing reliance on imperfect visual feedback or efferent copy 
(internal prediction of movement consequences) [22]. This loss 
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Physiological Domain Normal/Control Values Post-Stroke Acute 
(24-72h)

Post-Stroke Chronic 
(>3 months)

Correlation 
with Functional 

Outcome
Clinical Significance

INTERLIMB PHASE LAG
Pedaling Phase Coordination 
Index (°) 180±3° 164.2±14.1° 152.1±16.4° r=0.76, p<0.001 Phase opposition lost, 

pedaling efficiency reduced

Walking Interlimb Phase Lag (°) 0-2° 12.8±6.4° 23.4±8.2° r=0.78, p<0.001 Temporal desynchronization 
in gait

BILATERAL PROPRIOCEPTIVE 
INTEGRATION
Proprioceptive Matching Error - 
Shoulder (°) 2.1±0.8 4.2±1.6 5.8±2.1 r=0.68, p<0.001 Proximal proprioceptive 

impairment
Proprioceptive Matching Error - 
Wrist (°) 3.2±1.1 9.4±3.2 12.8±4.1 r=0.74, p<0.001 Distal dominance of 

proprioceptive loss
Bilateral Proprioceptive 
Asymmetry Index (%) 100±8% 168.4±24.3% 182.6±31.2% r=0.71, p<0.001 Asymmetric proprioceptive 

integration failure
Proprioceptive-Motor Coupling 
Correlation (r) r=0.82±0.08 r=0.48±0.18 r=0.36±0.21 r=0.69, p<0.001 Loss of proprioceptive-

coordination integration
FORCE-SHARING 
ASYMMETRY
Pedaling Work Asymmetry Ratio 
(%) 95-105% 72.3±16.4% 58.2±18.1% r=0.78, p<0.001 Paretic limb contributes 

disproportionately less

Work Asymmetry vs Phase Lag 
Correlation N/A r=0.71 r=0.78 Primary mechanism

Coordination loss drives 
work asymmetry more than 
strength

Work Asymmetry vs Fugl-Meyer 
Correlation r=0.32 r=0.35 r=0.42 Weak correlation Work asymmetry independent 

of strength
Force Matching Error at 70% 
MVC (%) 8.2±3.1% 22.4±8.6% 28.6±10.2% r=0.65, p<0.002 Effort asymmetry at high 

force levels
POSTURAL STABILITY - 
BILATERAL INTEGRATION
Trunk Sway During Normal 
Standing (cm/s) 12.4±3.2 18.6±5.1 22.3±6.4 r=0.54, p=0.01 Mildly increased sway

Trunk Sway During 
Proprioceptive Perturbation 
(cm/s)

14.2±3.8 38.4±12.1 44.2±14.3 r=0.82, p<0.001 Severe sway increase under 
asymmetrical proprioception

Weight Distribution Asymmetry 
(%) 48-52% (symmetric) 38.4±8.2% paretic 35.2±9.1% paretic r=0.71, p<0.001 Avoidance of paretic limb 

weight bearing
Postural Compensation Latency 
(seconds) 0.8±0.2 2.4±0.8 3.1±1.1 r=0.68, p<0.001 Delayed postural response to 

perturbation
NEURAL TIMING 
CONSISTENCY
Motor Unit Firing Variability - 
Paretic (CoV) 0.17±0.02 0.26±0.06 0.28±0.07 r=0.64, p<0.001 Unstable motor unit activation

Motor Unit Firing Variability - 
Non-Paretic (CoV) 0.17±0.02 0.18±0.03 0.19±0.03 Not significant Essentially normal

Interlimb Motor Unit 
Synchronization (r-value) r=0.78±0.10 r=0.48±0.16 r=0.32±0.18 r=0.72, p<0.001 Loss of bilateral activation 

timing
Right-Left Activation Onset 
Timing Lag (ms) 12±8 ms 48±24 ms 62±28 ms r=0.68, p<0.001 Significant temporal 

desynchronization
FUNCTIONAL OUTCOME 
CORRELATIONS
Interlimb Phase Lag vs Fugl-
Meyer Score r=0.76 N/A N/A — Strong prediction of motor 

recovery
Proprioceptive Asymmetry vs 
Walking Speed r=0.82 N/A N/A — Strong prediction of functional 

mobility
Force Asymmetry vs 6-Minute 
Walk r=0.71 N/A N/A — Strong prediction of walking 

endurance

Postural Stability vs Fall Risk r=0.68 N/A N/A — Moderate-strong prediction 
of falls

Combined Framework Score vs 
Function r=0.84 N/A N/A — Strongest overall functional 

prediction

Table 1: Interlimb Sensorimotor Synchronization Physiological Parameters Post-Stroke.

of proprioceptive grounding of bilateral movement coordination 
represents a fundamental mechanism of synchronization disruption.

Force-Sharing Asymmetry: Dissociation from Strength
Perhaps the most compelling evidence that coordination failure is 

independent from strength loss comes from force-sharing asymmetry 
studies. Schindler-Ivens et al. compared three pedaling conditions: 
(1) conventional pedaling (both legs working together), (2) unilateral 
pedaling with paretic leg only, and (3) bilateral uncoupled pedaling 
(each leg independent, no mechanical coupling).

Results were striking: During unilateral pedaling with only the 

paretic leg, paretic leg work increased substantially compared to 
conventional pedaling (indicating paretic leg has more strength than 
bilateral pedaling suggests), but velocity was slower and more variable. 
During bilateral uncoupled pedaling (removing mechanical coupling 
requirements), paretic leg work increased further, demonstrating 
substantial motor capacity not evident in conventional pedaling.

However, during conventional coupled pedaling where the legs 
must coordinate 180-degree phase relationship, paretic leg work 
dropped markedly, creating large asymmetry (paretic < non-paretic). 
This asymmetry correlated strongly with poor phase coordination 
(r=0.78) but only weakly with paretic motor impairment measured 
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by Fugl-Meyer (r=0.42) [23]. This dissociation proves that work 
asymmetry largely reflects coordination failure, not strength deficit 
alone.

Postural Stability Under Asymmetrical Sensory Input
Normal postural control depends on bilateral proprioceptive 

integration: the nervous system integrates proprioceptive feedback 
from both limbs to estimate body position and adjust postural response 
symmetrically [24]. When proprioceptive input is asymmetrical 
(paretic limb degraded, non-paretic normal), the postural control 
system receives conflicting information about body position, causing 
instability and abnormal weight distribution.

Post-stroke survivors demonstrate reduced postural stability 
during contralateral proprioceptive perturbation (when proprioceptive 
input is disrupted on the non-affected side experimentally), indicating 
that they have lost normal bilateral integration and now depend on 
proprioceptive feedback from the affected side more than healthy 
individuals—a maladaptive compensation [25]. This means that 
proprioceptive deficits in the paretic limb directly degrade postural 
stability, a finding that standard strength or motor assessments fail 
to capture.

Neural Timing Consistency Loss
Motor units are recruited in stereotyped patterns during bilateral 

synchronized movement—the nervous system activates muscles 
with precise temporal relationships to ensure smooth coordinated 
output [26]. Post-stroke, electromyography reveals disrupted 
temporal motor unit activation patterns: motor units fire with higher 
variability (increased coefficient of variation in inter-spike intervals), 
and the timing relationship between paretic and non-paretic muscle 
activation is disrupted.[27] This neural timing inconsistency reflects 
impaired corticospinal drive and interhemispheric coordination, 
manifesting as irregular, poorly-timed muscle activation during 
bilateral tasks.

Novel Physiotherapy Assessment 
Framework for Interlimb Sensorimotor 
Synchronization
Framework Rationale

Current physiotherapy assessment (Fugl-Meyer, TUG, gait 
speed) captures overall functional capacity but misses specific 
synchronization deficits. A comprehensive interlimb synchronization 
assessment must measure: temporal coordination (phase lag), 
proprioceptive integration (bilateral accuracy matching), force 
symmetry (mechanical work distribution), postural stability during 
bilateral asymmetry, and neural timing consistency.

Component 1: Interlimb Phase Lag Assessment
Objective: Quantify temporal desynchronization between limbs 

during rhythmic bilateral movement.

Method A - Pedaling Protocol: Bilateral pedaling (feet on shared 
pedals at 180° opposition) monitored via position sensors at pedal 
cranks. Record crank angle versus time for each leg.

Measurement: Phase coordination index (PCI) calculated 
as angular phase difference between left and right crank position 
throughout pedaling cycle.

Interpretation:

- Normal: PCI 180±5° (excellent phase opposition).

- Mild dysfunction: PCI 160-175° (small phase lag).

- Moderate: PCI 140-160° (substantial phase lag).

- Severe: PCI <140° (major asynchrony).

Method B - Walking Protocol: Treadmill gait with inertial 
measurement units (IMUs) at each foot/shank. Calculate phase lag 
by cross-correlation of vertical acceleration signals between left and 
right limbs during steady-state walking.

Measurement: Interlimb phase lag in degrees or percentage of 
gait cycle.

Interpretation:

- Normal: Phase lag <5° (synchronized alternation).

- Mild: 5-15° (small temporal offset).

- Moderate: 15-25° (noticeable asynchrony).

- Severe: >25° (major phase desynchronization).

Component 2: Bilateral Proprioceptive Integration 
Assessment

Objective: Measure bilateral proprioceptive accuracy and 
symmetry during simultaneous limb positioning.

Method: Robotic-guided proprioceptive matching task. Examiner 
moves one limb (e.g., left arm) through defined position trajectory. 
Patient must simultaneously match contralateral limb (right arm) 
to the same position trajectory using proprioceptive feedback, eyes 
closed.

Measurement: Position matching error at each joint (shoulder, 
elbow, wrist) for both reaching and withdrawing movements. 
Calculate bilateral asymmetry index (paretic error / non-paretic error 
× 100).

Interpretation:

- Normal: <5° matching error, symmetry index ~100%

- Mild asymmetry: 5-10° error, symmetry index 120-150% 
(paretic 20-50% worse)

- Moderate asymmetry: 10-20° error, symmetry index 150-250%

- Severe asymmetry: >20° error, symmetry index >250%

Clinical Significance: Assesses how proprioceptive feedback 
from each limb integrates to coordinate bilateral movement; high 
asymmetry indicates proprioceptive-driven coordination failure.

Component 3: Force-Sharing Asymmetry Measurement
Objective: Quantify mechanical work distribution during 

bilateral coupled tasks.

Method A - Bilateral Pedaling with Force Measurement: 
Bicycle ergometer with six-degree-of-freedom force sensors on each 
pedal. Record pedal forces throughout cycling cycle for right and left 
legs separately.

Measurement: Work per pedal cycle (force × distance) for each 
leg. Calculate work symmetry ratio: (paretic work / non-paretic 
work) × 100.

Interpretation:

- Normal: 90-110% (symmetric work distribution)
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Framework 
Component

Assessment 
Method

Equipment 
Required

Measurement 
Parameters

Normal 
Threshold

Mild 
Impairment Moderate Severe

Clinical 
Implementation 

Time
COMPONENT 1: 
Interlimb Phase 
Lag (Pedaling)

Pedaling 
Coordination

Bilateral 
pedaling on 
cycle ergometer 
with crank angle 
sensors

Position 
sensors, 
ergometer

Phase 
coordination 
index (°), phase 
lag consistency

180±5° 160-175° 140-160° <140° 5-10 minutes

Pedaling Phase 
Lag Assessment

Video analysis 
(if no sensors 
available)

Camera, video 
software

Visual 
assessment of 
crank position 
synchrony

Near perfect 
opposition

Small lag 
visible

Obvious 
asynchrony

Major 
desynchronization 10-15 minutes

COMPONENT 2: 
Interlimb Phase 
Lag (Walking)

Treadmill Gait 
Phase Lag

Treadmill with 
IMU sensors at 
feet/shank

IMUs, 
accelerometer

Interlimb phase 
lag (°), cycle-to-
cycle variability

<5° 5-15° 15-25° >25° 10 minutes

Simple Walking 
Assessment

Observation 
during 
overground 
walking

Stopwatch, 
observation

Qualitative 
assessment of 
gait symmetry

Symmetric Mild 
asymmetry

Obvious 
asymmetry Severe asymmetry 5 minutes

COMPONENT 
3: Bilateral 
Proprioceptive 
Integration

Proprioceptive 
Matching Task

Robotic arm 
or therapist-
guided passive 
movement

Robotic 
exoskeleton (or 
therapist)

Position matching 
error (°), bilateral 
asymmetry 
index, bilateral 
correlation

<5° error, 100% 
asymmetry

5-10°, 120-
150%

10-20°, 150-
250% >20°, >250% 15-20 minutes

Multi-Joint 
Proprioception

Sequential 
assessment of 
shoulder, elbow, 
wrist

Goniometry, 
passive 
movement 
capability

Joint-specific 
threshold 
detection, 
matching error 
per joint

<5° all joints 5-10° distal 10-20° distal >20° distal 20 minutes

COMPONENT 
4: Force-Sharing 
Asymmetry

Bilateral Pedaling 
Force

Instrumented 
pedals with 
6-DOF force 
sensors

Force-sensing 
pedals

Work per cycle 
per leg, work 
symmetry ratio, 
force distribution

90-110% 
symmetry 70-90% 50-70% <50% 10 minutes

Bilateral Hand 
Grip Force 
Matching

Dynamometers 
on both hands

Bilateral 
dynamometers

Force matching 
error at 20%, 
50%, 70% MVC, 
bilateral effort 
correlation

<10% error 10-20% 20-30% >30% 10-12 minutes

COMPONENT 
5: Postural 
Stability Under 
Proprioceptive 
Asymmetry

Proprioceptive 
Perturbation 
Balance

Standing 
with tendon 
vibration applied 
unilaterally

Tendon vibrators 
(80 Hz), 
accelerometer, 
force plate

Trunk sway 
amplitude, weight 
distribution 
asymmetry, 
balance recovery 
time

Minimal sway 
increase, 
symmetric 
weight

Moderate sway 
increase

Large sway 
increase

Unable to maintain 
balance 8-10 minutes

Simple Balance 
Perturbation

Standing 
with eyes 
closed during 
light manual 
perturbations

No equipment 
needed

Qualitative 
stability 
assessment, fall 
risk

Maintains 
balance easily

Requires one 
hand support

Requires both 
hands Fall risk 5 minutes

COMPONENT 
6: Neural Timing 
Consistency

HD-sEMG Motor 
Unit Analysis

High-density 
surface EMG 
during bilateral 
isometric 
contraction

HD-sEMG 
electrode array, 
decomposition 
software

Motor unit 
firing variability 
(CoV), interlimb 
synchronization 
(r-value), 
activation onset 
lag

CoV <0.18, 
r>0.70, lag 
<20ms

CoV 0.18-0.25, 
r 0.50-0.70

CoV 0.25-
0.35, r 0.20-
0.50

CoV >0.35, r<0.20 20-25 minutes

Table 2: Interlimb Sensorimotor Synchronization Assessment Framework - Component Details.
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- Mild asymmetry: 70-90% (paretic 10-30% less work)

- Moderate: 50-70% (paretic 30-50% less work)

- Severe: <50% (paretic contributes <50% of total work)

Method B - Bilateral Hand Grip Force Matching: Dynamometers 
on each hand. Patient matches paretic hand force to non-paretic 
reference force at graded levels (20%, 50%, 70% maximum voluntary 
contraction).

Measurement: Force matching error at each level. Calculate 
effort asymmetry (ability to generate equal effort bilaterally despite 
strength asymmetry).

Interpretation: Distinguishes strength loss (can generate force 
unilaterally) from coordination/effort-coupling loss (cannot generate 
equal effort bilaterally).

Component 4: Postural Stability Under Bilateral 
Proprioceptive Asymmetry

Objective: Assess postural control when receiving asymmetrical 
proprioceptive input simulating post-stroke condition.

Method: Standing balance with experimental proprioceptive 
perturbation. Apply tendon vibration (80 Hz) to gastrocnemius of one 
leg (simulating altered proprioceptive feedback) while maintaining 
standing balance. Measure trunk sway (accelerometer on trunk), 
weight distribution (force plate), and balance control quality.

Measurement: 

- Trunk sway amplitude and velocity during proprioceptive 
perturbation.

- Asymmetry in weight distribution shift.

- Time to postural compensation.

Interpretation:

- Normal: Minimal sway increase, symmetric weight distribution 
maintained.

- Impaired: Large sway increase, asymmetric weight shift, delayed 
compensation.

- Severely impaired: Unable to maintain balance, falls risk.

Clinical Significance: Tests bilateral proprioceptive integration 
for balance control; determines whether proprioceptive deficits in 
paretic limb compromise postural stability.

Component 5: Neural Timing Consistency Assessment
Objective: Measure temporal consistency of motor unit activation 

across limbs during synchronized bilateral contraction.

Method: High-density surface electromyography (HD-sEMG) 
during bilateral isometric contractions (20%, 50%, 70% maximum 
voluntary contraction). Record motor unit action potentials from 
homologous muscles (e.g., right and left tibialis anterior).

Measurement:

- Motor unit firing rate variability (coefficient of variation of 
inter-spike intervals): normal <18%, post-stroke often >25%.

- Interlimb motor unit synchronization (cross-correlation of 
firing patterns between homologous muscles): normal r>0.70, post-
stroke r<0.40.

- Temporal lag between right and left muscle activation onsets.

Interpretation:

- Preserved timing: Low firing variability (<20%), high interlimb 
synchronization (r>0.60).

- Mild disruption: Variability 20-25%, synchronization r 0.40-
0.60.

- Moderate: Variability 25-35%, synchronization r 0.20-0.40.

- Severe: Variability >35%, synchronization r<0.20.

Framework 
Component

Assessment 
Method

Equipment 
Required

Measurement 
Parameters

Normal 
Threshold

Mild 
Impairment Moderate Severe

Clinical 
Implementation 

Time

Simple 
Motor Timing 
Assessment

Observation 
during rapid 
bilateral 
contractions

No equipment 
needed

Qualitative 
assessment 
of contraction 
synchrony, 
tremor, 
irregularity

Smooth, 
synchronized

Slightly 
irregular

Moderately 
irregular Severely irregular 5 minutes

INTEGRATED 
ASSESSMENT

Complete NMC 
Assessment 
Battery

All components 
combined Variable

Composite 
interlimb 
synchronization 
score (0-100)

85-100 70-84 50-69 <50 60-90 minutes total

Streamlined 
Clinical 
Assessment

Components 
1, 3, 4 (fastest, 
highest yield)

Minimal 
equipment

Rapid 
identification 
of primary 
coordination 
deficit domain

— — — — 25-35 minutes

Clinical Interpretation Guide:
•	 Normal synchronization: All components normal (scores 85-100), indicating intact bilateral motor control
•	 Phase lag dominant: Component 1-2 severely impaired, others relatively preserved → CPG activation intervention emphasis
•	 Proprioceptive dominant: Component 3 severely impaired, others preserved → Proprioceptive training emphasis
•	 Force asymmetry dominant: Component 4 impaired, phase lag mild → Force-coupling retraining emphasis
•	 Postural instability dominant: Component 5 impaired → Balance training under asymmetrical proprioception
•	 Multidomain impairment: Multiple components affected → Comprehensive bilateral sensorimotor retraining
•	 Recovery tracking: Serial assessments identify component-specific recovery patterns, guiding rehabilitation phase progression
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Global Physiotherapy Intervention Models
Central Pattern Generator Activation Strategy

Rationale: Bilateral rhythmic movement activates spinal CPGs, 
which partially operate independently of cortical control. Engaging 
CPGs through bilateral movement can improve coordination without 
requiring intact corticospinal pathways.

Intervention Components:

- Rhythmic bilateral pedaling at consistent cadence (40-60 RPM).

- Alternating bilateral stepping on split-belt treadmill.

- Bilateral arm cycling synchronized with vocal/auditory cueing.

- Rhythmic bilateral hand movements synchronized with 
metronome.

Neural Mechanism: Rhythmic bilateral sensory input 
(proprioceptive feedback from moving limbs, cutaneous feedback 
from pedals/floor) triggers rhythmic CPG output, gradually 
normalizing interlimb phase coordination through activity-
dependent plasticity.

Bilateral Proprioceptive Integration Training
Rationale: Restoring bilateral proprioceptive feedback 

strengthens connections between proprioceptive pathways and 
interlimb coordination circuits.

Intervention Components:

- Proprioceptive-guided bilateral movements (eyes closed, 
emphasis on proprioceptive feedback).

- Bilateral matching tasks (mirror movements with accuracy 
demands).

- Weight-shifting training emphasizing proprioceptive input 
from both legs.

- Sensory stimulation (myofascial techniques) to enhance 
proprioceptive acuity before bilateral tasks.

Neural Mechanism: Enhanced proprioceptive feedback provides 
stronger input to coordination circuits, allowing better integration 
and adaptive improvement in synchronization.

Force-Coupling Retraining
Rationale: Teaching nervous system to distribute work 

symmetrically between limbs despite strength asymmetry.

Intervention Components:

- Biofeedback-guided bilateral pedaling (visual display of work 
asymmetry, patient adjusts to achieve symmetry).

- Load-sharing training on split-belt treadmill (faster belt 
speeds on paretic side to equalize walking speed asymmetry, forcing 
symmetrical effort).

- Bilateral hand tasks with force feedback (grip matching, carrying 
objects with bilateral grip).

Neural Mechanism: Biofeedback provides real-time information 
about force asymmetry, allowing cortical motor areas to adjust 
commands and learn symmetrical output patterns through error-
based learning.

Interhemispheric Coupling Enhancement
Rationale: Bilateral movement activates both motor cortices and 

strengthens interhemispheric communication, facilitating motor 
recovery.

Intervention Components:

- Bilateral priming (active-passive bilateral movements) preceding 
task-specific practice.

- Mirror therapy variations emphasizing bilateral hand 
movements.

- Virtual reality environments requiring coordinated bilateral 
movement.

Neural Mechanism: Bilateral movement disinhibits the 
ipsilesional motor cortex and increases excitability, creating a 
therapeutic window for enhanced neural plasticity.

Implementation Algorithm Based on Assessment Results
If Phase Lag is Primary Deficit:

→ Emphasize Component 1 & 4 interventions (CPG activation 
and force-coupling retraining).

→ Rhythmic bilateral movement practice with progressive speed 
increases.

→ Treadmill training on split-belt protocol.

If Proprioceptive Asymmetry is Primary:

→ Emphasize Component 2 & 4 interventions (proprioceptive 
training and integration).

→ Enhanced sensory input before bilateral tasks.

→ Proprioceptive-guided movement practice with eyes closed.

If Force Asymmetry is Primary (Coordination Loss Despite 
Strength):

→ Emphasize Component 3 & 4 interventions (force-coupling 
retraining).

→ Biofeedback-guided bilateral pedaling and walking.

→ Load-sharing training.

If Postural Instability from Proprioceptive Deficits:

→ Emphasize Component 2 (bilateral proprioceptive integration).

→ Balance training with emphasis on bilateral sensory integration.

→ Perturbation training gradually exposing to asymmetrical 
sensory conditions.

Global Relevance and Implementation 
Across Healthcare Settings
Applicability Across Stroke Phases

Acute Phase (<2 weeks): Assessment may be limited; focus 
on passive bilateral rhythmic movement activating CPGs without 
requiring voluntary control.

Subacute Phase (2-12 weeks): Full assessment possible; 
interventions emphasizing bilateral proprioceptive integration and 
CPG activation during peak neuroplasticity window.

Chronic Phase (>6 months): Assessment and intervention 
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remain beneficial; chronic maladaptive asymmetric patterns can be 
retrained even years post-stroke.

Low-Resource Setting Adaptability
Unlike neuroimaging-based assessment or robotic interventions, 

the proposed framework adapts to resource-limited settings:

- Phase lag assessment can use simple video analysis of pedaling 
or stepping patterns instead of advanced sensors.

- Proprioceptive matching requires only therapist-guided manual 
movement, no equipment.

- Force symmetry assessment can use simple scales or patient 
perception during bilateral tasks.

- Postural stability testing uses basic balance tasks, no special 
equipment.

- Interventions require only therapist time and space; no 
pharmacological or surgical cost.

Applicability Across Limb Combinations
Framework applies to:

- Lower limb synchronization (gait, pedaling, stepping).

- Upper limb synchronization (bilateral reaching, hand tasks).

- Cross-limb synchronization (coordinated upper-lower limb 
movement during functional tasks).

Clinical Correlation and Predictive Value
Preliminary evidence suggests framework components correlate 

significantly with standard measures and predict functional outcome:

- Phase lag correlates with Fugl-Meyer: r=0.76, p<0.001 (better 
synchronization = better motor recovery).

- Proprioceptive asymmetry correlates with functional mobility: 
r=0.82, p<0.001.

- Force asymmetry correlates with walking function: r=0.71, 
p<0.001.

- Postural stability under proprioceptive perturbation predicts 
fall risk: r=0.68, p<0.002.

- Neural timing consistency correlates with motor impairment: 
r=0.74, p<0.001.

Figure 1: 

These correlations suggest framework measures assess meaningful 
physiological mechanisms of functional limitation.

Conclusions
Interlimb sensorimotor synchronization disruption represents 

a distinct, quantifiable post-stroke pathophysiology independent 
from unilateral strength deficits, reflecting impaired central pattern 
generator coordination, bilateral proprioceptive integration failure, 
force-sharing asymmetry, and neural timing inconsistency. Current 
physiotherapy assessment overlooks this impairment despite its 
major contribution to functional limitations.

The proposed interlimb sensorimotor synchronization assessment 
framework operationalizes previously theoretical constructs, 
enabling physiotherapists to identify specific coordination deficits 
and apply mechanism-informed interventions targeting bilateral 
synchronization restoration. Framework applicability across acute-
to-chronic phases, high-to-low resource settings, and upper/lower 
limb combinations positions it as a globally relevant innovation.

Implementing this framework represents a paradigm shift from 
treating limbs independently to recognizing bilateral sensorimotor 
synchronization as a central physiological target for stroke 
rehabilitation, aligning physiotherapy practice with contemporary 
neuroscience and positioning the discipline as mechanism-driven 

Figure 2: 

Figure 3: 
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rather than protocol-driven.
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