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| ABSTRACT

The traditional paradigm of orthopedic rehabilitation has historically emphasized the mechanical repair of bone, ligament, and
connective tissue, often underestimating or neglecting the profound neurological disruptions that follow surgical trauma. While
structural integrity may be successfully restored, neuromuscular dysfunction frequently persists and limits meaningful functional
recovery. Arthrogenic Muscle Inhibition (AMI)—a presynaptic, reflex-mediated inhibition of motor neuron excitability—remains
a primary barrier to muscle hypertrophy, voluntary activation, and full functional restoration following orthopedic
intervention.This systematic review evaluates the clinical utility of surface electromyography (sEMG) as both a diagnostic
instrument for identifying neural deficits and a therapeutic neuromodulatory intervention within post-orthopedic rehabilitation.
Synthesizing evidence from 55 high-impact studies, we examine SEMG's capacity to identify delayed muscle onset latencies,
quantify neural drive through maximum voluntary isometric contraction (MVIC) normalization, and monitor physiological fatigue
via shifts in median frequency (MDF).Collectively, the evidence indicates that SEMG-guided rehabilitation—particularly when
implemented as biofeedback—facilitates clinically meaningful improvements in neuromuscular activation. Across multiple
orthopedic populations, sSEMG biofeedback has been shown to increase peak torque recovery by approximately 25-30%,
suggesting that sEMG provides a critical bridge between structural repair and restoration of effective corticospinal
communication. These findings support the integration of sSEMG as a foundational component of precision, criterion-based
orthopedic rehabilitation.
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1. Introduction: The Neuro-Mechanical Gap in Orthopedics

The clinical success of orthopedic surgery has traditionally been defined by radiographic confirmation of hardware integrity,
graft positioning, and joint stability (Sonnery-Cottet et al.,, 2025; Ardern et al., 2014; Grindem et al., 2016). While these metrics are
essential for verifying structural outcomes, they fail to account for the functional capacity of the neuromuscular system
responsible for controlling the repaired joint. As a result, many patients demonstrate a persistent “neuro-mechanical mismatch,”
wherein structural restoration is achieved but functional performance remains compromised (Hart et al., 2010).

At the core of this mismatch lies Arthrogenic Muscle Inhibition (AMI), a reflexive neural phenomenon that limits voluntary muscle
activation following joint injury or surgery (Rice & McNair, 2010). Even in the absence of overt muscle pathology, AMI restricts
the central nervous system’s ability to fully recruit available motor units, thereby impairing strength development, coordination,
and movement efficiency. Understanding and addressing this neurological bottleneck is therefore essential for closing the gap
between surgical success and functional recovery.
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1.1 Pathophysiology of the Gamma-Loop and AMI

AMI is fundamentally a neural disorder rather than a peripheral muscular deficit. Following joint trauma or surgical insult, altered
afferent signaling from articular mechanoreceptors—particularly Group Il and fine-diameter Group llI/IV afferents—leads to
heightened activity of inhibitory interneurons within the spinal cord (Palmieri-Smith et al., 2007; Hopkins & Ingersoll, 2000). This
process reduces the excitability of the a-motoneuron pool, preventing full motor unit recruitment despite intact muscle fibers
and contractile machinery (Ingersoll et al.,, 2003; Hart et al., 2010).

Emerging evidence suggests that this inhibition is closely linked to dysfunction of the gamma loop, the neural system
responsible for maintaining muscle spindle sensitivity and accurate proprioceptive feedback (Konishi et al., 2002; Hurley et al.,
2003). When gamma drive is disrupted, muscle spindles fail to provide adequate afferent input during voluntary contraction,
reinforcing inhibitory reflex pathways and perpetuating AMI. This creates a self-sustaining cycle in which neural inhibition
persists well beyond the resolution of acute inflammation or tissue healing.

1.2 Maladaptive Cortical Plasticity

When AMI becomes chronic, its effects extend beyond the spinal cord and into supraspinal centers, leading to maladaptive
cortical plasticity. This phenomenon, often described as “cortical blurring,” reflects a degradation of the motor cortex's precise
somatotopic representation of the inhibited muscle (Pietrosimone et al., 2024; Grooms et al., 2017). Transcranial magnetic
stimulation (TMS) studies have demonstrated that following anterior cruciate ligament reconstruction or total joint replacement,
the cortical area associated with the affected musculature becomes smaller, less distinct, or more diffusely organized (Lepley et
al., 2015; Pietrosimone et al., 2022). Similar patterns of sensorimotor cortical reorganization have been observed across a range
of musculoskeletal injuries, suggesting that altered afferent input following joint trauma drives experience-dependent plasticity
that may persist unless specifically targeted in rehabilitation (Pietrosimone et al., 2024).

Surface electromyography (sEMG) offers the only non-invasive, real-time method capable of quantifying the downstream effects
of these spinal and cortical alterations at the muscle level. By measuring the net neural drive reaching the muscle during
functional tasks, SEMG provides clinicians with a practical window into otherwise inaccessible central processes (Farina et al.,
2025). This capability positions SEMG as a critical translational tool linking neurophysiological theory to clinical decision-making.

1.3 Clinical Consequences of Persistent Neural Inhibition

The clinical consequences of unresolved AMI extend far beyond isolated strength deficits. Persistent neural inhibition alters joint
loading strategies, disrupts kinetic chain sequencing, and increases reliance on passive structures such as ligaments and joint
capsules for stability. Longitudinal cohort studies following anterior cruciate ligament reconstruction have demonstrated that
patients with unresolved quadriceps activation failure exhibit aberrant gait mechanics, increased frontal-plane knee moments,
and elevated rates of contralateral injury (Ardern et al.,, 2014; Grindem et al.,, 2016).

Traditional strength assessments often underestimate the magnitude of these deficits. Manual muscle testing and isokinetic
dynamometry may demonstrate acceptable force output while masking inefficient neural strategies, including excessive co-
contraction, delayed activation, and synergistic substitution. This disconnect highlights a fundamental limitation of force-based
metrics: they quantify mechanical output without revealing the neural processes responsible for generating that output.

Surface electromyography directly addresses this limitation by exposing the timing, amplitude, and fatigue characteristics
underlying force production. By distinguishing motor control quality from motor capacity, SEMG enables clinicians to identify
maladaptive strategies that would otherwise remain undetected. This distinction is particularly critical in post-operative
populations, where restoring efficient neural control is a prerequisite for safe load progression and long-term joint health.

1.4 Methods: Search Strategy and Evidence Synthesis
This systematic review was conducted using a structured and comprehensive literature search designed to capture foundational,
translational, and emerging evidence related to the clinical utility of surface electromyography (sEMG) in post-orthopedic

rehabilitation. The methodological approach was intentionally broad to integrate mechanistic neuroscience, clinical outcomes
research, and technological advancements relevant to neuromuscular assessment and intervention.
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Electronic database searches were performed across PubMed/MEDLINE, Scopus, Web of Science, IEEE Xplore, and Google
Scholar to ensure coverage of both biomedical and engineering-based literature. Search terms were combined using Boolean
operators and included: surface electromyography, SEMG, arthrogenic muscle inhibition, orthopedic rehabilitation, biofeedback,
neuromuscular control, motor unit recruitment, fatigue, median frequency, ACL reconstruction, joint replacement, and
neuroplasticity.

The search was limited to English-language, peer-reviewed studies involving human participants and published between 1997
and 2025. No restrictions were placed on study design, allowing inclusion of randomized controlled trials, cohort studies, cross-
sectional analyses, mechanistic investigations, and methodological papers. This inclusive strategy was chosen to provide a
comprehensive synthesis of evidence relevant to both clinical application and theoretical understanding of SEMG in orthopedic
rehabilitation.

1.4.1 Inclusion and Exclusion Criteria
Studies were included if they met one or more of the following criteria:

1. Investigated sEMG as a diagnostic, monitoring, or biofeedback modality within orthopedic or post-surgical rehabilitation
contexts

2. Examined neuromuscular inhibition, motor control deficits, fatigue behavior, or cortical and spinal plasticity following joint
injury or surgical intervention

3. Provided methodological insight into SEMG signal acquisition, normalization, processing, or longitudinal interpretation
applicable to clinical or translational use

Studies were excluded if they met any of the following conditions:

e Focused exclusively on non-orthopedic neurological conditions without relevance to musculoskeletal injury or surgery
e Employed invasive electromyography techniques without comparison to surface-based methods

e Lacked sufficient methodological detail to permit interpretation or replication of SEMG outcomes

These criteria were applied to ensure that included studies contributed meaningfully to understanding the clinical and
neurophysiological relevance of sSEMG within orthopedic populations.

1.4.2 Study Selection and Synthesis

Following initial title and abstract screening, full-text review was conducted to assess relevance, methodological rigor, and
applicability to post-orthopedic rehabilitation. Approximately 55 high-impact and clinically relevant studies were selected for
inclusion based on alignment with the predefined criteria.

Due to substantial heterogeneity in study design, electrode configurations, normalization strategies, contraction protocols, and
signal-processing techniques, a quantitative meta-analysis was not performed. Instead, findings were synthesized using a
structured narrative approach, organized around five core thematic domains:

1. Neurophysiological mechanisms underlying arthrogenic muscle inhibition

2. Technical validity and reliability of SEMG signal acquisition and interpretation

3. Diagnostic utility related to activation timing, symmetry, and compensatory strategies

4. Therapeutic effects of SEMG biofeedback on neuromuscular re-education and motor learning
5. Fatigue monitoring and auto-regulated exercise prescription using spectral analysis

Priority was given to systematic reviews, meta-analyses, randomized controlled trials, and longitudinal cohort studies. Seminal

mechanistic and methodological papers were included where necessary to contextualize clinical findings and support theoretical
frameworks.
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1.4.3 Methodological Limitations

This systematic review is subject to several methodological limitations that warrant consideration. Variability in electrode
placement, normalization procedures, contraction intensity, and signal-processing methods across studies limits the ability to
directly compare sEMG outcomes between investigations. Differences in reporting standards further complicate synthesis and
interpretation.

Additionally, the absence of formal quantitative pooling may reduce reproducibility and precludes estimation of aggregate effect
sizes. To mitigate these limitations, evidence was interpreted conservatively, with emphasis placed on within-individual trends,
longitudinal changes, and convergence of findings across multiple study designs rather than direct between-study comparisons.

Use ofArtificial Intelligence Tools

Artificial intelligence-assisted tools were used exclusively to support editorial refinement, structural organization, and clarity of
expression during manuscript preparation. These tools did not perform study selection, data extraction, statistical analysis, or
evidence synthesis.

All scientific concepts, interpretations, and conclusions were developed and verified by the author, who retains full responsibility
for the accuracy, originality, and integrity of the manuscript.

2. Technical Foundations and Signal Processing

To transition surface electromyography (SEMG) from a controlled laboratory instrument to a reliable clinical tool, a working
understanding of the signal’s mathematical, physiological, and physical properties is essential (De Luca, 1997). Unlike force-
based measurements, sEMG reflects the summation of neural events occurring upstream of mechanical output. As such, accurate
interpretation requires careful attention to tissue properties, electrode configuration, and signal-processing assumptions,
particularly in post-surgical populations.

Clinical misuse or misinterpretation of SEMG has historically stemmed from inadequate standardization and oversimplified
conclusions drawn from raw voltage values. When applied with methodological rigor, however, SEMG provides robust insight
into neuromuscular activation strategies that are otherwise inaccessible in routine orthopedic practice.

2.1 The Volume Conductor and Post-Surgical Edema

The sEMG signal represents an interference pattern formed by the algebraic summation of motor unit action potentials (MUAPs)
propagating through biological tissues (Merletti & Farina, 2016; De Luca, 1997). These tissues—including skin, subcutaneous fat,
fascia, and muscle—collectively function as a volume conductor that shapes signal amplitude and frequency content before it
reaches the recording electrodes.

In post-surgical populations, edema significantly alters the electrical properties of this volume conductor (Bartuzi et al., 2024;
Lowery et al., 2002). Accumulated interstitial fluid increases capacitance and impedance, effectively low-pass filtering the signal
and attenuating higher-frequency components. If unaccounted for, these changes may be misinterpreted as reduced neural
drive rather than a transient biophysical artifact of healing.

Strict adherence to SENIAM guidelines for electrode placement is therefore critical, particularly when sEMG is used longitudinally
(Hermens et al,, 1999; Besomi et al,, 2019). Consistent placement minimizes variability attributable to electrode location and
ensures that observed changes in activation patterns reflect true neurophysiological adaptation rather than measurement error.
This is especially important when tracking recovery trajectories across weeks or months of rehabilitation.

2.2 Normalization: The MVIC Gold Standard
Raw sEMG amplitude, typically expressed in microvolts (uV), is heavily influenced by non-neural factors such as skin impedance,
electrode-skin contact quality, and subcutaneous adiposity—commonly referred to as the "adiposity filter” (Lowery et al., 2002;

Bartuzi et al., 2024). Without normalization, comparisons across sessions or individuals are inherently flawed and lack clinical
interpretability.
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Normalization using a maximum voluntary isometric contraction (MVIC) remains the gold standard for both research and clinical
application (Burden, 2010; Halaki & Ginn, 2012). Expressing muscle activity as a percentage of MVIC (%MVIC) allows clinicians to
quantify relative neural drive and determine whether a given exercise elicits sufficient activation to promote strength adaptation.

Evidence suggests that achieving activation levels of at least 260% MVIC is necessary to overcome the neural ceiling imposed by
arthrogenic muscle inhibition (Drouin et al., 2003; Logerstedt et al., 2017; Kim et al., 2018; Pietrosimone et al., 2022). Exercises
failing to meet this threshold may reinforce submaximal activation patterns, even if they produce visible movement or perceived
effort.

2.3 Inter-Session Reliability and Longitudinal Interpretation

For sEMG to function as a meaningful clinical decision-making tool, its metrics must demonstrate acceptable reliability across
repeated testing sessions. Studies evaluating inter-session repeatability consistently show that when electrode placement,
normalization procedures, contraction conditions, and signal-processing parameters are standardized, key sEMG variables—
including %MVIC, onset latency, and median frequency—exhibit moderate-to-high reliability (Rainoldi et al., 2001; Ball & Scurr,
2013).

This reliability is particularly important in orthopedic rehabilitation, where progress is often nonlinear and influenced by
fluctuating pain, inflammation, and protective motor strategies. Temporary reductions in activation amplitude or accelerated
fatigue may reflect adaptive neural protection rather than true regression. Longitudinal SEMG tracking enables clinicians to
distinguish between adaptive recalibration and maladaptive inhibition, informing more precise load progression decisions.

Importantly, reliability improves substantially when sSEMG data are interpreted within-individual rather than between-individual.
This supports the use of SEMG as a personalized monitoring tool, aligning with contemporary models of precision rehabilitation
that emphasize individual neurophysiological trajectories over population-based norms.

3. Diagnostic Utility: Timing, Symmetry, and Compensation

Beyond its value as a monitoring tool, surface electromyography (SEMG) provides powerful diagnostic insight into the quality of
neuromuscular control following orthopedic injury or surgery. While traditional assessments quantify force output or range of
motion, SEMG reveals how and when muscles are activated, exposing deficits in motor planning, coordination, and
compensation that frequently precede observable mechanical dysfunction.

By capturing activation timing, amplitude relationships, and fatigue behavior, sSEMG allows clinicians to identify maladaptive
strategies that persist despite apparent strength recovery. This diagnostic capability is particularly relevant in post-operative
populations, where premature return to activity may occur in the presence of unresolved neural impairment.

3.1 Onset Latencies and Co-contraction

One of the most clinically informative SEMG metrics is muscle onset latency. In individuals recovering from anterior cruciate
ligament reconstruction, a hallmark abnormality is delayed activation of the vastus medialis obliquus relative to the vastus
lateralis during dynamic tasks (Neptune et al., 2000; Cowan et al., 2001). This delay reflects impaired feedforward motor
programming and compromises patellofemoral joint mechanics during loading.

Latency differences exceeding 20 ms have been associated with altered patellar tracking and increased joint stress long before
gross movement abnormalities become visible (Briani et al., 2023; Gokeler et al., 2010). Without sEMG, these timing deficits are
often undetectable through visual observation or strength testing alone.

In addition to delayed onset, excessive co-contraction between agonist and antagonist muscle groups is commonly observed
following joint injury. While co-contraction may serve a short-term protective role, persistent elevation increases joint
compressive forces and energy expenditure. SEMG allows clinicians to quantify these patterns objectively and target
interventions toward restoring efficient reciprocal activation.
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3.2 Synergistic Dominance and “Cheating” Mechanisms

SsEMG is particularly effective in identifying synergistic dominance, a phenomenon in which secondary muscles compensate for
inhibited primary movers. For example, following total hip arthroplasty, inhibition of the gluteus medius frequently results in
excessive recruitment of the tensor fasciae latae during frontal-plane stabilization tasks (Palmerud et al., 1998; Levitt et al., 2024;
Yilmaz et al., 2023).

While such compensatory strategies may preserve gross function, they redistribute mechanical stress to non-target tissues and
contribute to secondary pathologies, including low back pain and contralateral limb overuse. Without sSEMG, these “cheating”
mechanisms often go unnoticed, as force output and task completion appear adequate.

By visualizing relative activation patterns in real time, SEMG enables clinicians to distinguish true muscular engagement from
compensatory dominance. This diagnostic clarity supports more precise exercise cueing and progression, ensuring that
rehabilitation targets the intended neuromuscular deficits rather than reinforcing maladaptive patterns.

3.3 Bilateral Comparisons and Asymmetry Thresholds

Beyond isolated muscle assessment, sEMG facilitates bilateral comparisons that are particularly valuable in unilateral orthopedic
injury. Side-to-side asymmetries in activation amplitude, onset timing, or fatigue behavior frequently persist even after apparent
functional recovery and clearance based on strength symmetry.

Such neural asymmetries have been linked to elevated re-injury risk, delayed return to sport, and compensatory movement
strategies that place excessive load on the uninvolved limb (Urbach et al., 2001; Grindem et al., 2016). Unlike limb symmetry
indices derived from force output, SEMG-based comparisons capture discrepancies in neural control that may precede
mechanical deficits.

For example, symmetrical peak torque may coexist with delayed onset latencies or premature spectral fatigue on the involved
side. These findings highlight the limitation of relying solely on strength symmetry as a return-to-activity criterion. Incorporating
SEMG-derived asymmetry thresholds into clinical decision-making may therefore enhance injury prevention by identifying
residual neural vulnerability that is otherwise undetectable.

4. Therapeutic Utility: Neuromodulation via Biofeedback

While surface electromyography (sEMG) provides substantial diagnostic value, its most impactful clinical application lies in its
therapeutic use as a neuromodulatory biofeedback tool. sSEMG biofeedback (SEMG-BF) directly addresses the neural inhibition
underlying many post-operative deficits by reshaping how the central nervous system recruits muscle during voluntary
movement. Rather than merely observing dysfunction, sSEMG-BF actively facilitates motor re-education and restoration of
efficient neural drive.

By externalizing muscle activation through visual or auditory cues, SEMG-BF allows patients to perceive and modulate neural
output that would otherwise remain unconscious. This process is particularly effective in overcoming arthrogenic muscle
inhibition, where traditional verbal cueing or strengthening alone often fails to restore full voluntary activation.

4.1 The Constrained Action Hypothesis

The therapeutic effectiveness of SEMG biofeedback is largely explained by the constrained action hypothesis. This motor learning
framework posits that an internal focus of attention—such as consciously attempting to “squeeze” or "activate” a specific
muscle—interferes with automatic motor control processes (Pérez & Cohen, 2009; Taube et al., 2012; Zijlstra et al., 2025).

Such internal focus increases cortical interference and reinforces inefficient recruitment patterns, particularly in the presence of
neural inhibition.

In contrast, SEMG-BF provides an external focus of attention by shifting the patient’s goal toward manipulating a visual or
auditory signal rather than consciously controlling muscle contraction (Pérez & Cohen, 2009; Zijlstra et al., 2025). This external
focus reduces conscious interference, allowing the motor system to self-organize more efficiently and bypass inhibitory cortical
pathways associated with AMI.
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4.2 Clinical Evidence for Re-education

A growing body of evidence supports the superiority of SEMG biofeedback over traditional rehabilitation approaches alone.
Meta-analyses and randomized controlled trials consistently demonstrate that patients who utilize sSEMG-BF achieve significantly
greater improvements in voluntary activation, strength, and functional outcomes (Huang et al., 2024; Kim et al., 2023;
Holtermann et al., 2008). Across multiple orthopedic populations, including anterior cruciate ligament reconstruction and total
knee arthroplasty, SEMG-BF has been associated with a 25-30% faster recovery of peak torque compared to conventional
therapy (Taradaj et al., 2013; Kirsch et al., 2019; Draper, 1990).

These gains are not merely mechanical but reflect meaningful improvements in neural drive and corticospinal communication.
Experimental work in human motor learning demonstrates that EMG biofeedback can directly modulate motor cortex excitability
and reorganize corticospinal output, providing a plausible mechanistic explanation for the clinical improvements observed in
post-operative populations (Pérez & Cohen, 2009).

4.3 Dose-Response Characteristics of sEMG Biofeedback

The therapeutic benefits of SEMG biofeedback follow a dose-response relationship (Taradaj et al.,, 2013; Kirsch et al,, 2019).
Short-term exposure to biofeedback can acutely enhance voluntary activation, while repeated integration across training
sessions facilitates longer-term motor learning and cortical reorganization. Consistent use during early and mid-stage
rehabilitation appears particularly effective for overcoming entrenched inhibitory patterns.

Notably, the effects of SEMG-BF are task-specific. Biofeedback applied during closed-chain, functionally relevant movements
produces greater transfer to daily activities and sport-specific tasks than isolated isometric contractions. This finding supports
the progressive integration of SEMG into compound movements once a minimum activation threshold has been restored.
Withdrawal studies further suggest that once normalized activation patterns are achieved, continued reliance on biofeedback is
no longer necessary. This positions SEMG-BF as a transitional neuromodulatory intervention rather than a permanent
dependency, aligning with established principles of motor learning, autonomy, and self-efficacy in rehabilitation.

5.Fatigue Monitoring: Spectral Analysis and Safety

A major risk in orthopedic rehabilitation is the over-training of inhibited muscles, which can lead not only to graft failure but also
to secondary compensatory injuries in adjacent joints or tissues (Grindem et al.,, 2016). Overuse of fatigued muscles may create
maladaptive movement patterns, promote inflammation, or exacerbate joint instability. Fatigue monitoring, therefore, is a critical
safeguard in clinical rehabilitation programs, ensuring that patients maximize neuromuscular recovery without compromising
structural integrity. Integrating objective markers into routine therapy provides a data-driven safety net that complements
clinical observation, enabling clinicians to intervene before overuse damage occurs.

5.1 Median Frequency (MDF) Shifts

As a muscle fatigues, fiber conduction velocity progressively decreases due to metabolic accumulation, ionic shifts, and reduced
intracellular pH, resulting in a systematic shift in the power spectrum of the sEMG signal toward lower frequencies (Phinyomark
et al., 2012; Cifrek et al.,, 2009). Monitoring the median frequency (MDF) shift therefore provides a sensitive, non-invasive early
warning system for impending neuromuscular fatigue (Gonzélez-Izal et al., 2012; Knaflitz et al., 1990). By quantifying spectral
changes rather than relying solely on subjective exhaustion or visible performance decline, clinicians can detect subtle fatigue
before it compromises movement quality. This approach allows for timely adjustments in load, rest intervals, or exercise
modality, ensuring safety and maximizing rehabilitation efficacy.

5.2 Auto-Regulated Exercise Prescription

In a data-driven clinic, exercise volume is auto-regulated based on real-time physiological feedback: a set is typically terminated
when the MDF drops by more than 15% (Potvin, 1997; Rogers & Maclsaac, 2011). This criterion ensures that each repetition is
executed with high neural fidelity, minimizing the recruitment of synergistic muscles that can lead to compensatory movement
patterns. Training past this spectral shift is not merely unproductive; it promotes “junk volume,” reinforces maladaptive motor
strategies, and increases the risk of overuse injury or graft stress (Enoka & Duchateau, 2008; Hagg, 1992; Bigland-Ritchie et al.,
1983; Farina et al., 2004). Auto-regulation transforms rehabilitation from a rigid, time-bound schedule into a responsive system
that respects individual neuromuscular capacity, optimizing both safety and functional gains.
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6. Discussion: Synthesis of Neuromuscular Plasticity and Precision Rehabilitation

The results of this systematic review suggest that surface electromyography is far more than a monitoring tool; it functions as a
foundational diagnostic and neuromodulatory conduit that directly addresses the primary neurological sequelae of orthopedic
surgery. By synthesizing data from 55 high-impact studies, this discussion clarifies how sEMG-mediated protocols circumvent the
neural ceiling imposed by arthrogenic muscle inhibition (AMI). In doing so, sEMG bridges the gap between neural recovery and
structural rehabilitation, offering a nuanced understanding of how precise neuromuscular engagement drives functional
outcomes.

6.1 The Cortical Blurring Hypothesis: Reversing Maladaptive Reorganization

A recurring theme in the literature is cortical reorganization following joint trauma (Pietrosimone et al., 2024; Grooms et al., 2017;
Ward et al,, 2024). While AMI initiates as a protective spinal reflex to prevent joint overload, the persistent inhibition of neural
drive can cause profound cortical changes over time. Functional imaging demonstrates that the topographical representation of
inhibited muscles—such as the quadriceps or rotator cuff—undergoes "blurring,” whereby the dedicated cortical area shrinks or
loses distinct boundaries, reducing motor precision.

We propose that SEMG biofeedback (SEMG-BF) serves as a neuromodulatory catalyst to reverse this blurring. By providing an
external focus of attention, SEMG-BF engages principles grounded in motor learning and cortical plasticity (Pérez & Cohen,
2009). This process facilitates bypassing inhibitory cortical interference, promoting re-establishment of corticospinal excitability.
Evidence from motor control and neuromechanics research suggests that externally guided neuromuscular feedback enhances
sensorimotor integration and refines cortical representations during complex movement tasks.

6.2 Auto-Regulation and the Spectral Shift: Precision over Chronology

Historically, orthopedic rehabilitation has been tethered to chronological milestones—weeks or months post-surgery—rather
than individualized physiological feedback. This review advocates a paradigm shift toward auto-regulation guided by real-time
spectral analysis. The MDF shift observed in sSEMG signals serves as a non-invasive surrogate for muscle fiber conduction velocity,
providing actionable insight into neuromuscular fatigue (Phinyomark et al., 2012; Cifrek et al., 2009). Fatigue slows action
potential propagation through metabolic accumulation and intracellular pH reduction, reducing motor unit recruitment
efficiency (Enoka & Duchateau, 2008; Bigland-Ritchie et al., 1983). Exercising beyond a >15% MDF drop leads patients to
compensate via synergistic muscles, which is counterproductive and potentially harmful (Potvin, 1997; Rogers & Maclsaac, 2011;
Farina et al., 2004). By employing sSEMG-guided auto-regulation, clinicians ensure that every repetition maintains neural integrity,
optimizing functional outcomes while protecting surgical grafts from fatigue-induced shear forces. Such precision allows the
clinician to move beyond arbitrary timelines and tailor rehabilitation to each patient’s physiological readiness.

6.3 Addressing Technical Skepticism: Crosstalk, Edema, and Al

Technical concerns, such as signal crosstalk, have historically limited sSEMG adoption. While these issues are valid in traditional
analog bipolar configurations, contemporary high-density sEMG effectively mitigates crosstalk through spatial filtering
techniques and signal decomposition (Holobar et al., 2014; Del Vecchio et al., 2025). The integration of Al-driven algorithms
further transforms sEMG from a gross measure of muscle activity into a window on individual motor unit behavior (Strauss et al,,
2025). Clinicians can now quantify recruitment strategy, firing rate coding, and synchronization patterns, distinguishing neural
activation deficits from atrophy-driven weakness.

6.4 The “Smart Bandage” Frontier: Tele-Rehabilitation 2.0

The emerging frontier in orthopedic rehabilitation is the integration of wearable sEMG technology for real-world monitoring
(Rogers et al., 2019; Wang et al., 2023; Woodworth et al., 2024). Wireless, stretchable sensors provide continuous feedback on
muscle timing, recruitment, and fatigue outside the clinic. This closed-loop model supports tele-rehabilitation, enabling remote
supervision while safeguarding against secondary joint degeneration.

6.5 Limitations of the Current Evidence Base

Despite a growing body of evidence supporting sSEMG-guided rehabilitation, several limitations must be acknowledged. First,
heterogeneity in electrode configurations, normalization protocols, and signal processing methods complicates cross-study
comparisons.?*?” Although consensus guidelines exist, adherence has been inconsistent, particularly in older literature. Second,
many intervention studies employ small cohorts and short-term follow-ups. While improvements in activation and torque are
consistently observed in the short term, fewer studies track outcomes beyond six to twelve months, leaving long-term durability
uncertain. Third, high-density sEMG and Al-driven decomposition techniques, while powerful, remain limited in availability due
to cost, technical expertise, and complexity of data interpretation. However, rapid advancements in wearable electronics and
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automated analysis pipelines suggest these barriers are likely to diminish in coming years. Finally, although improvements in
activation and torque are suggestive of restored corticospinal excitability, direct causal evidence linking cortical reorganization to
functional recovery remains inferential. Future studies integrating sEMG with neuroimaging will be crucial to validate mechanistic
models and guide optimal intervention strategies.

6.6 Future Directions: Toward Neuroadaptive Rehabilitation Systems

Integrating sEMG with adaptive algorithms represents a highly promising frontier in orthopedic rehabilitation. Machine learning
models capable of detecting maladaptive activation patterns in real time could allow automated adjustment of exercise
parameters based on neural quality rather than repetition count or load alone. Such neuroadaptive systems could dynamically
modulate resistance, tempo, or volume in response to fatigue or recruitment failure, operationalizing the principles of auto-
regulation described in this review. This closed-loop paradigm aligns with broader trends in precision medicine and represents a
shift in clinician role—from prescriber to interpreter—leveraging sEMG-derived insights to guide individualized progression
while maintaining critical clinical judgment. The ultimate vision is a rehabilitation ecosystem in which real-time physiological data
drives safer, faster, and more reliable functional recovery.

7. Clinical Practice Guidelines (CPG)

Phase | (Protection): Activation <30% MVIC — prioritize SEMG-BF; limit load; focus on motor control over strength
Phase Il (Hypertrophy): Activation >60% MVIC — progressively increase resistance; monitor MDF for early fatigue
Phase Il (Return to Sport): Onset latency <15 ms — reactive neuromuscular training; integrate functional and sport-
specific drills
All Phases: MDF drop >15% — terminate set to prevent fatigue-induced maladaptive compensation
8. Conclusion
Surface electromyography represents a transformative evolution in orthopedic rehabilitation, shifting practice from time-based
art to criterion-based science. By directly addressing both cortical and spinal mechanisms of AMI and providing objective metrics
for timing and fatigue, SEMG ensures that functional recovery keeps pace with structural repair. This integration bridges the
critical gap between surgical intervention and independent function, offering patients a pathway to safer, more efficient, and
personalized rehabilitation outcomes. With continued technological advancement, sSEMG promises to redefine standard care,
placing neuromuscular fidelity at the center of evidence-based orthopedic rehabilitation.
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