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All mechanistic and therapeutic claims remain hypotheses requiring experimental validation.

Abstract

This is a conceptual hypothesis paper. The Composite Matrix-Afferent Reset (CMAR) Hypothesis proposes
that persistent alterations in extracellular-matrix (ECM) mechanics may modify the mechanical input
reaching proprioceptive endings by changing local force transmission and receptor deformation. The
strongest anatomical basis is the Golgi tendon organ (GTO), in which Group Ib sensory endings are
intertwined with collagen bundles and are mechanically deformed as those bundles are loaded
[35,36,56,57]. CMAR therefore asks whether pathological or experimentally altered matrix mechanics can
change the mapping between macroscopic muscletendon force and receptor-level deformation. The
framework explicitly separates this core mechanical-to-afferent proposition from downstream spinal
inhibitory and motor effects, parallel cellular mechanotransduction involving PIEZO-associated
mechanosensation and YAP/TAZ-associated remodeling, and a self-reinforcing mechanoepigenetic tissue-
memory loop that could, in principle, help maintain an altered mechanical state [1,7,11,38-43]. Muscle
architecture, pre-tension or “slack,” loading velocity, pathology, age, and chronicity are treated as
experimental moderators rather than universal assumptions. The proposed intervention sequence —
verified mechanical perturbation followed by standardized eccentric loading, with interferential current
therapy (IFC/IFT) considered only as an optional conditioning variable - is framed as a falsifiable
perturbation strategy. Validation requires objective mechanical, receptor-specific or carefully qualified
neurophysiological, motor, functional, and, where feasible, cellular measurements. No component is
presented as an established clinical reset mechanism. Keywords: Golgi tendon organ; Group Ib afferent;
extracellular matrix; mechanotransduction; PIEZO2; YAP/TAZ; mechanical memory; proprioception;
eccentric loading; interferential current.

Section I: Introduction

Classical proprioceptive models describe the Golgi tendon organ as a force-sensitive proprioceptor whose
Group Ib afferent endings are embedded among collagen bundles at myotendinous and myo-aponeurotic
junctions [35,36,56,57]. Loading straightens and tensions the collagenous elements and deforms the
sensory endings, providing a direct mechanical basis for force transduction [56,57]. CMAR builds on this
established receptor architecture but introduces a narrower, unproven question: can changes in the
mechanical properties of the tissue pathway that loads the receptor alter the mapping between
macroscopic muscle-tendon force and receptor-level deformation? Skeletal-muscle ECM participates in
force transmission and changes substantially with injury, disease, aging, and remodeling [4,44-48]. The
manuscript therefore treats altered ECM-to-receptor mechanical coupling as the central testable
proposition, not as an established cause of abnormal proprioception. The proposed sequence is: tissue
mechanical state -> local force transmission/receptor deformation -> afferent response -> sensorimotor
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consequences. Cellular mechanotransduction and longer- term remodeling are secondary extensions that
require separate evidence and experiments.

Section Il: The Core CMAR Hypothesis

The core CMAR hypothesis is that the mechanical state of the tissue pathway loading a proprioceptive
receptor can influence receptor deformation and thereby alter the relationship between external force and
afferent output. For the GTO, the anatomical plausibility of a mechanically mediated effect is supported by
the intimate relationship between Ib sensory endings and collagen bundles [35,36,56,57]. The additional
proposition that pathological ECM remodeling outside or contiguous with the receptor materially changes
GTO deformation has not been demonstrated and is the principal mechanistic gap that CMAR is designed
to test. The model therefore predicts, rather than assumes, that experimentally measured changes in local
stiffness, strain transfer, or tissue architecture will covary with changes in proprioceptive or reflex-related
outcomes under controlled loading. Neural state, muscle activation, tendon compliance, receptor anatomy,
and central processing remain competing or interacting determinants and must be measured or controlled.

The Composite Matrix-Afferent Reset (CMAR) Hypothesis Dr. Herbert Miller, B.A,, D.C.
A Testable Framework Linking Extracellular-Matrix Mechanics, Propnocepm'e Force Transduction, Neuramuscular Regulation, and Tissue Mechanical Memory Conceptual/ Hypothests “;”""“"” 4
From Mechanical Disturbance -+ Altered Receptor i ECM .. and How to Test and Potentially Reset It. SR 0
I. CORE CMAR HYPOTHESIS (PRIMARY MECHANISTIC PATHWAY) =
Allemd tissue rnechnmcs - almed receptor deformation — nlured afferent output - altered neuromuscular lunchon

Extracellular Matrix (ECM)
o Stiffness / viscoelasticity

X e Collagen architecture

« Hydration and cross-linking
_ « Force transmission

=« Changes with injury,
aging, disease

7. Golgi Tendon Organ (GTO)

can influence afferent signalling,
downstream neuromuscular
outcomes, and a self-reinforcing
tissue-memory loop.

——— 3 1|, The CMAR hypothesis builds on
Altered ECM Mechanics Altered Receptor-Region Altered Afferent Output ular Ce e blished anatomy and physics,
Force Transmission Deformation (GTO-! Focused) and Sensorimotor Processing (Downstream Extension) but proposes that altered ECM

o l > ‘ mechanics and GTO deformation

« Pathological or adaptive changes + Changed mechanical input and « Changes in reflex excitability

« Group Ib afferent endings in ECMh :"f:"e“ viscoelasticity, deformation of GTO endings * Modified Group Ib firing pattems | | Altered muscle activation and control | || All components are hypotheses
 Interwoven with collagen A %(‘:Ked' ce:":re oraanization) « Group Ib afferents interwoven « Changes in spinal interneurons « Impaired motor function requiring experimental validation.
« Forsettacemissial viiefCM s Modified lmge'an?;a’"s mlu otton with collagen bundles « Altered sensorimotor processing | | » Context dependent (e.q., spasticity, pain) ~
deformation to the GTO © Altered relationship between * May affect tone, reflex excitability, | | o Must not be used as evidence Il Not an established
« Influenced by injury, aging, external force and receptor strain | and motor control for the core mechanism clinical mechanism.
Ioadm velocity, etc. properties ‘
PIEZ02 Mechanosensor il 2 )
« Mechanosensitive ion channel 1Il. PARALLEL AND DOWNSTREAM MECHANISMS (EXPERIMENTAL EXTENSIONS) |
| * Rapd oricecialnpore | Biologically distinct but potentiolly interocting processes within a common ECM environment i
< preanti ‘ Plg‘oz Associated M Medhanosensation YAP/TAZ-Associated Mechanotransduction G ECM Remodeling & Tissue Adaptation [
et el P (Cellular / Non-neuronal) = (Longer-Term Extension)
‘  Mechriitor PIEZO2 Potentiol Mechanical
| YAP/TAZ Mechanotransduction| | | 3 e interaction force -
‘ « Mechanically regulated <+ - (cytoskeletal) =7 S <“«> _ S Z |
lvanmipﬁoqal <o-a(xivanl:rs o ECM force « ECM force issi ical force * Changes in ECM composition and structure |
« Involved in tissue adaptation| | e PIEZO2-associated Mechaiosariitiva signalling » YAP/TAZ regulation - rdes signalling / transcription * Altered collagen organization and cross-linking
and ECM remodeling « Rapid ionicfelectrical celullar response « Long cellular and ECM ¢ Viscoslastic changes and altered mechanics
« Primary role in acute mechanosensation « Mechanically regulated in fibroblasts, tenocytes, myocytes o ool o Eo2=anclov YATIIAZ Detiways
 Functions independently of YAP/TAZ « Functions independently of PIEZO2 5 R:g:l:; s:ga?:l:eipenﬁgzm m}ggmn JCHALES
P & .
///% Intervention (Hypothesis) ~ (NNNNRNNSNINY Il THE SELF-REINFORCING MECHANO-EPIGENETIC TISSUE-MEMORY LOOP [ —
J  Verified mechanical = - - How initial ical disturbance can lead to l © POTENTIAL ( @S‘E@ﬁ — )
o /, = R
/ perturbation e ; '""lA“NG,,FACf_""S = ~ M e SO e hamice ! « Persistent increases in ECM stiffness
(||| o Standardized loading o Injury (3‘“‘: or "eplel""ée’ Y gl K Al L it \ ‘ « Sustained altered GTO input
challenge (e.g,, eccentric « Overuse / abnormal loading . S~ — « Maladaptive reflex and motor patterns
Opti gl |£c/gFT (e Poor biomechanics / posture V5 Perslﬂentﬁssued\anges\ / 2. Changed GTO De'o W“O'N ‘ [ 5 Tisue hypo/hyperexcitability
* Optional IFC/IFT « Aging and degwerative changes [ (stiffer matrix, altered mechanics) SELF-REINFORCING (altered mechanical input) « Chronic pain and dysfunction
provmaemai | e T == MECHANO-EPIGENETIC \_ ;" siDffcultia reversswthout
 Controlled experimental ‘ | ¢ Systemic or metabolic factors R e = MEMORY LOOP = R S A S
testing required - ool PROPOSED CMAR INTERVENTION:
« Not an established Once established, this loop can T R structurol and functional TESTING V_VHE_rHER THE LQOP CAN BE DISRUPTED
Jinical I A bR ) ticAte ctite. 4, Cellular & Epigenetic Response impairment 3. Ahered Mfevem Signaling « Normalize tissue mechanics (manual therapy)
clinical sequence Sl Le e (1 YAP/TAZ, gene expression, (modified Group Ib output) « Modulate afferent input (mechanical perturbation)
Sustained atierent iUt anc s ECM remodeling) « Promote adaptive cellular remodeling
ongoing neuromuscular dysfunction s 6}  / ~ « Optional IFC/IFT (conditioning variable)
even after the initial insult has resolved. —'ﬂ:«%  Aim to restore more normal neuromuscular function
« Requires controlled experimental validation
IV. PROPOSED EXPERIMENTAL INTERVENTION SEQUENCE (TO TEST THE CMAR HYPOTHESIS)
- Hypothesized sequence. Timing and role of IFC/IFT have not been established and should be tested as an independent variable.
CMAR Test Phase Verified Mechanical Perturbation Standardized Loading Challenge o Optional Conditioning Variable ~ OVERALL GOAL
(Experimental, not established) (Manual therapy) (Eccentric or Controlled Loading) (Interferential Current Therapy ~ IFC/IFT) q-sn_:petd a me(harércally
« Modify local ECM mechanics 2223 « Targeted intervention to mod ES « Defined mechanical stimulus > ,  Tested as an adjunct (pre, during, maintained state and restore
o Alter viscoelastic behaviour /))}/ Tocetad tenton to o « Increases GTO mechanicalloading or post loading - timing not established) nore adantniciss, andtj ‘
« Prepare tissue environment : « e.g., joint/tissue mobilization #Eohances Groth b afferentactiy. < My syt ular function. |
g s . « Provides directional stimulus for testing « Requires independent evaluation | |
PREDICTED OUTCOMES (TESTABLE ACROSS MULTIPLE LEVELS)
Tissue Mechanics Neurophysiology Muscle Function Clinical 0"“0"'!5 —>  Hypothesized pathway ©  Core CMAR pathway (testable)
2 3‘3;":::&”'"9 applicable) ‘ %  Normalized reflex excitability % :zzzgwm;f‘w?;h ] :‘f:f‘ —  Potential interaction @  Secondarylextension pathway
+ More nommal coagen organizaton | LSS ® Improved sensorimotor integration « Enhanced strength and motor control . Eni‘ﬂ!&"ﬁﬂﬁ.@' ‘ﬂ‘ﬁlé“’ == Optional/ not established @ Celular process
Figure 1. [ d 1 model of the Ct ite Matrix-Afferent Reset (CMAR) Hypothesis. foa ouer AR po choed “Start with Reset the pathway. .

The core
Downaireom, celular, and IFC/IFT

Figure 1. Integrated conceptual architecture of the Composite Matrix-Afferent Reset (CMAR) Hypothesis. The model distinguishes
the core mechanical-to-afferent hypothesis (altered ECM mechanics and force transmission -> altered receptor-region deformation ->
altered afferent output) from downstream neuromuscular consequences, parallel PIEZO2-associated mechanosensory and YAP/TAZ-
associated cellular mechanotransduction pathways, and a proposed longer-term mechano-epigenetic tissue-memory loop. The intervention
sequence is presented as an experimental perturbation strategy rather than an established therapeutic mechanism. IFC/IFT is depicted as
an optional conditioning variable whose timing and mechanistic contribution require independent testing. All proposed causal relationships
remain hypotheses requiring experimental validation.
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Section lll: Evidentiary Boundaries and Discriminating Predictions

CMAR deliberately distinguishes established background biology from the novel causal links that require
testing. Established observations include collagen-coupled GTO architecture and force transduction
[35,36,56,57], PIEZO2-dependent proprioceptor mechanotransduction [34], mechanically regulated
YAP/TAZ signaling in nonneuronal cells [1-3,11,38-40], and ECM remodeling with loading, aging, injury,
and disease [4,10,44-48,59]. None of these observations demonstrates that pathological ECM remodeling
changes GTO deformation or Group Ib output in vivo. That ECM-to-GTO coupling is the novel CMAR
proposition.

A result supports the core mechanism only when a verified change in local mechanics precedes and
predicts a change in receptor-region deformation and/or afferent output under controlled loading. A change
in pain, tone, stiffness, EMG, reflex excitability, or function without that mechanical-to-afferent link may still
be clinically or physiologically important, but it does not validate the core CMAR mechanism.

Evidence hierarchy for interpretation: Established background - GTO collagen-afferent architecture;
PIEZO2 in proprioception; ECM force transmission/remodeling; YAP/TAZ mechanoregulation. CMAR core
hypothesis - altered local matrix mechanics change receptor-region strain transfer and afferent output at
matched external load. Downstream extensions - spinal inhibitory effects, motor consequences, residual
force/torque enhancement, and clinical phenotypes. Longer-term extension - self-reinforcing cellular/matrix
mechanical memory, including a possible mechano-epigenetic component. Optional intervention variable -
IFC/IFT conditioning, which is neither required by nor evidence for the core mechanism.

Prespecified directional predictions are: (1) at matched external load, measured receptor-region strain
and/or afferent output will covary with measured local mechanical state; (2) an intervention-related
neurophysiological effect attributed to CMAR will be contingent on a verified preceding mechanical change;
(3) architecture, pretension/slack, and loading velocity will moderate the mechanical-to-afferent
relationship; and (4) if a tissuememory loop exists, mechanical, cellular, and matrix measures will show a
temporally ordered feedback relationship rather than isolated cross-sectional associations.

Section IV: Composite Matrix Mechanism

3.1 Shielding premise. Chronic remodeling could alter the correspondence between macroscopic muscle-
tendon force and local GTO deformation, but direct evidence for this specific effect is presently lacking.
GTO sensory endings are mechanically coupled to collagen bundles [35,36,56,57], while skeletal-muscle
ECM contributes to force transmission and can remodel in disease and aging [4,44-48]. CMAR links these
established observations as a testable prediction: at a matched external load, an altered local mechanical
environment should produce a measurable difference in receptor-region strain and/or afferent output if the
proposed coupling effect is real.

3.2 Mechanical-fluidization premise. Controlled manual or mechanical intervention can acutely change
some measured tissue properties in selected experimental settings, including muscle stiffness and
microcirculatory variables, but these findings are tissue-, technique-, and time-dependent and do not
demonstrate ECM 'fluidization' or GTO resetting [9,49-52]. In CMAR, the intervention is therefore treated
only as a controllable perturbation intended to create a measurable change in local mechanics. A valid
experiment must verify that a mechanical change actually occurred before attributing any downstream
neurophysiological effect to the intervention.

3.3 Transduction premise. If local mechanical resistance is altered before eccentric loading, the same
macroscopic load may generate a different local mechanical stimulus at the receptor and surrounding cells.
This proposition also provides a possible conceptual connection to residual torque enhancement (rTE), a
documented history-dependent property of skeletal muscle. Following active eccentric loading, a muscle
may exhibit greater steady-state isometric torque than a muscle activated at the same length without prior
stretch [27,28,53-55]. The established phenomenon is relevant because it demonstrates that the
mechanical history of a muscle can influence subsequent force production. CMAR does not propose that
r'TE is caused by altered GTO signaling or that rTE validates the hypothesis. Rather, rTE may provide a
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measurable physiological outcome through which the effects of altered tissue mechanics, eccentric
loading, and subsequent neuromuscular responsiveness could be investigated [27,28].

3.4 Reprogramming premise. If a mechanically induced change in receptor input is demonstrated, a
corresponding change in sensorimotor processing or muscle activation would constitute the next level of
evidence [17,20,22,23]. CMAR uses the term 'reset' operationally to mean a reproducible transition from
one measured system state to another after a defined perturbation; it does not imply permanent
normalization, reversal of pathology, or restoration of a prior anatomical state. The broader recursive-state
concept described by Breuillaud [24] is used only as a conceptual analogy and provides no biomedical
evidence for CMAR. The model proposes two conceptually distinct but potentially interacting branches:

Branch A: PIEZO-associated mechanosensation.

ECM force transmission

!

membrane/cellular deformation

!

PIEZO-associated mechanosensitive signaling

!

Rapid ionic/electrical cellular response

Branch B: YAP/TAZ-associated Mechanotransduction

ECM force transmission

!

cytoskeletal/mechanical force transmission

!

YAP/TAZ regulation
!

nuclear signaling/transcriptional response

!

longer-term cellular adaptation and ECM remodelling

The two branches are biologically distinct and should not be presented as a demonstrated linear cascade.
PIEZO2 has direct evidence as a major mechanotransduction channel in mammalian proprioceptors,
including GTO and muscle-spindle endings [34]. YAP/TAZ, by contrast, are mechanically regulated
transcriptional coactivators with strong evidence in fibroblasts and other mechanically responsive cells
[1,11,38-40]. CMAR therefore predicts only that the same altered mechanical environment could influence
these systems in parallel. Demonstrating a PIEZO2-to-YAP/TAZ causal chain is not required for the core
hypothesis and would require dedicated cell- and tissue-specific experiments.
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The proposed feedback relationship is:

Altered ECM mechanics
!

altered force transmission

!

altered mechanosensory and cellular mechanotransduction

!

cellular/tissue adaptation

!
further ECM remodeling

!

persistent altered ECM mechanics

This feedback loop provides the mechanobiological context in which altered proprioceptive signaling may
be maintained [5].

Proposed H1-H5 Cascade
H1: ECM strain, stiffening, viscoelastic change, or architectural remodeling alters local mechanical force
transmission [4].

H2: Altered force transmission changes the mechanical coupling between the tendon matrix and
proprioceptive structures, including GTOs and potentially muscle spindles [4,5].

H3: Altered receptor deformation changes afferent input and downstream interneuronal regulation [5].

H4: If H1-H3 are demonstrated, persistent changes in sensorimotor regulation could contribute to
abnormal tone or movement resistance in selected neurological contexts; this is not required to validate the
core CMAR mechanism [15,17,20,58] in selected physiological or pathological contexts, i.e. spasticity
[15,17,20].

H1-H3 constitute the core mechanistic hypothesis. H4 is a downstream clinical extension and should be
tested only after the mechanical-to-afferent relationship is established.
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Proposed Mechanistic Cascade:

H1: ECM Strain/Stiffening

l
H2: Altered GTO/Spindle Mechanical Coupling

!

H3: Altered Afferent Input and Interneuronal Regulation

!
H4: Spasticity & Rigidity

!

Downstream structural outcomes: outside the core CMAR validation pathway
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A parallel cellular branch is proposed at H1/H2:

ECM mechanical alteration

!

PIEZO-associated rapid mechanosensory signaling & ECM mechanical alteration

!

YAP/TAZ-associated intracellular mechanotransduction

!

cellular adaptation / ECM remodeling’

These branches are not asserted to be identical or obligatorily coupled. Their proposed commonality is the

ECM derived mechanical input and their potential contribution to a mechanically maintained tissue state
[1,2,3,6].

Local ECM dysfunction
4

altered receptor/cellular mechanical coupling

!

altered sensory and cellular signaling

!

altered spinal regulation and tissue adaptation

!

persistent neuromuscular dysfunction [4,5,6].

Cellular Mechanotransduction Extensions

ECM mechanics may influence non-neuronal cells independently of, or in parallel with, receptor-mediated
neural signaling. For proprioceptors, PIEZO2 - not PIEZO1 - is the best-supported mechanotransduction
channel and is expressed in sensory endings innervating GTOs and muscle spindles [34]. PIEZO1/YAP
literature from other cell types can inform general mechanobiological plausibility [25], but it should not be
used as direct evidence for GTO signaling. YAP/TAZ-associated responses are therefore treated as a

separate tissue-remodeling extension involving mechanically responsive cells such as fibroblasts [1,11,38-
40].
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Section V: The Self-Reinforcing Mechano-Epigenetic Memory Loop

The self-reinforcing mechano-epigenetic memory loop is a central explanatory extension of the revised
CMAR framework because it addresses persistence: why might an altered structural and functional state
continue after the initiating injury, overload, inflammatory episode, immobilization, or other disturbance has
diminished? Mechanical-memory studies show that cells can retain responses to prior mechanical
environments, and fibrotic mechanosignaling can reinforce matrix deposition and stiffness [7,11,41-43].
CMAR applies this literature cautiously to skeletal-muscle/connective-tissue context as a testable
extension rather than an established GTO mechanism.

Initiating disturbance: injury, repetitive overload, disuse, inflammation, aging or abnormal loading

!

Altered ECM mechanics and force transmission

!

Altered mechanosensory input plus cytoskeletal/mechanical signaling

!

YAP/TAZ-associated transcriptional response and other mechano-responsive cellular programs

!

Fibroblast activation / altered matrix synthesis, organization and turnover

!

Persistent or increased local stiffness and altered strain transfer

!

Renewed mechanotransductive input - completing the self-reinforcing loop

A stronger version of the extension proposes that persistent mechanotransduction may be stabilized
through chromatin or epigenetic mechanisms, producing a mechanically maintained cellular phenotype
[7,42]. This is the “mechano-epigenetic memory” component. It should be tested independently with time-
resolved cellular and matrix measurements. The loop is weakened if mechanical state normalizes while the
proposed cellular signature persists unchanged, if the cellular signature changes without any
corresponding matrix change, or if disrupting the mechanical environment fails to alter the predicted
downstream state.
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Section VI: Spinal Inhibitory Circuitry as a Downstream Modulator

The expanded framework considers autogenic inhibition, reciprocal inhibition, and recurrent (Renshaw-cell)
inhibition in spasticity. These mechanisms are relevant to CMAR as downstream neural context, but none
should be declared the universal or dominant mechanism of spasticity. Spasticity is heterogeneous and
can involve altered stretch-reflex excitability, descending control, interneuronal circuitry, motoneuron
properties, and secondary muscular/connective-tissue changes [15,17,20,36,37,58].

» Autogenic/lb-related pathways: GTO-derived force feedback is directly relevant to CMAR because the
core hypothesis concerns mechanically altered input reaching the GTO. A change in Ib firing could, in
principle, modify spinal force-feedback networks, but the sign and functional consequence depend on task,
circuitry, pathology, and state [36,37].

* Reciprocal inhibition: altered la-mediated agonist-antagonist coordination can contribute to abnormal
cocontraction. CMAR does not assume that a peripheral mechanical intervention restores reciprocal
inhibition; this requires direct neurophysiological testing.

* Recurrent inhibition: Renshaw-cell circuits provide negative feedback to motoneuron pools. Their
function may be altered in neurological disease, but recurrent inhibition is not a substitute for measuring
GTO/Ib signaling.

* Interpretive rule: H-reflex, reciprocal-inhibition, recurrent-inhibition, EMG, and clinical tone measures are
complementary downstream readouts. None is a direct recording of GTO deformation or Group Ib firing.

Section VII: Muscle Architecture, Slack, Pre-Tension and Velocity as

Experimental Moderators the mechanical input reaching a GTO is unlikely to be identical across muscles,
joint positions, or loading velocities. Muscles differ in fascicle length, pennation, tendon/aponeurosis
architecture, baseline passive tension, and the amount of “slack” that must be taken up before force is
transmitted efficiently. These factors should be treated as moderators of the CMAR input-output
relationship rather than as fixed categories or universal muscle types [4,35,44,47,48,56,57].

+ Slack / low-pre-tension condition: early movement may first take up compliant tissue before receptor-
region tension rises substantially. The predicted afferent response may therefore be delayed or nonlinear. ¢
Pre-tensioned / low-slack condition: changes in length or velocity may be transmitted more rapidly into
local force, potentially producing earlier receptor deformation and afferent response.

* Velocity dependence: faster loading can change viscoelastic resistance, strain rate, muscle-spindle
input, reflex behavior, and motor output. A velocity effect cannot be attributed specifically to GTOs without
direct or validated receptor-specific measurements.

* Muscle-specific architecture: soleus, gastrocnemius, multifidus/longissimus, and biceps brachii may
provide useful contrasting models, but their classification must be based on measured architecture, joint
position, passive tension, and strain transfer rather than assumed “slack” labels. This refinement creates a
testable prediction: after controlling external load, joint angle, activation, and tendon compliance, the
magnitude and timing of receptorregion strain and afferent response should differ systematically with
measured pre-tension, architecture, and loading velocity if these variables materially govern the proposed
coupling.
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Section VIlI: Phenomenological and Biophysical Model

The mathematical component is intentionally phenomenological. It is intended to formalize predictions and
identify measurable variables, not to claim that the equations represent established physiological laws.
Local matrix stress may be represented conceptually as: 0 = Eg + 1p

where o is local stress, E is an effective elastic modulus, ¢ is local strain, and 1p represents additional
viscoelastic, fluid, or structural contributions.

A conceptual Group Ib relationship may be written: flbo = ace®(—BAE) where flb represents conceptual
afferent output, a is a scaling factor, and BAE represents a shielding term associated with altered matrix
mechanics.

This equation is a hypothesis-generating construct and requires empirical parameterization. Cellular
responses can be represented separately: P = F(o, €, membrane deformation)

Y = G(o, cytoskeletal force transmission, cellular state)
where P denotes a PIEZO-associated response and Y denotes a YAP/TAZ-associated response.
The model deliberately does not equate P and Y.

A simplified motor-output relationship can be represented as: 1(dVm/dt) =wD D + wS S — wl lIb and M =
H(Vm - 8)

where D, S, and llb represent conceptual excitatory/inhibitory inputs, Vm is membrane potential, 0 is a
threshold, and M is motor output.

These equations provide a framework for testing temporal and directional predictions rather than a
validated quantitative model. The distinction between mechanically gated ion-channel signaling and
mechanically regulated transcriptional responses is important for CMAR. A change in tissue mechanics
may influence rapid electrical or ionic responses, slower cellular adaptation, or both, but these processes
should not be treated as interchangeable.

Accordingly, PIEZO-related mechanotransduction and YAP/TAZ-related transcriptional regulation are
presented here as potentially interacting but experimentally separable pathways [1,6,25,38-40].

Extracellular-matrix remodeling may also influence cellular behaviour through changes in matrix
composition, stiffness, ligand presentation, and cell-matrix interactions. These changes can affect
mechanosensitive signaling and cellular adaptation, although the direction and magnitude of the response
are context-dependent [4,7,11].

Within CMAR, this literature provides a rationale for investigating whether altered matrix properties could
modify the mechanical environment experienced by proprioceptive structures and surrounding cells
[4,11,26].

Section IX: Sequential Mechano-Therapy and the Neuromuscular Window

Interferential current therapy (IFC; also termed interferential therapy, IFT) is an optional experimental
extension and is not part of the core CMAR mechanism. Existing studies support the possibility of short-
term clinical or physiological effects in some pain, stroke, and rehabilitation contexts, but they do not
establish direct effects on GTO deformation, PIEZO2, YAP/TAZ, or ECM remodeling [12-15,18-21,29].

Accordingly, IFC should be treated as an independently dosed conditioning factor in a factorial experiment,
not as a 'gain-of- function' manipulation or a mechanistically established step in a CMAR reset.

GIFT = (YCMAR+IFT - YCMAR) / [YCMAR| where Y is a predefined outcome.

Device parameters and safety conditions must be determined by appropriately qualified investigators and
device-specific protocols. Clinical evidence involving interferential current therapy provides a rationale for
investigating whether IFC may produce short-term changes in spasticity, balance, gait, or related functional
measures.
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Such findings would support the inclusion of IFC as an experimental conditioning intervention, but they
would not establish that IFC directly changes Golgi tendon organ signaling, extracellular-matrix mechanics,
or the proposed CMAR reset process.

The present hypothesis therefore treats any immediate clinical effect as an observable outcome requiring
mechanistic clarification [12- 15,18-21,29].

Section IX.A: Non-Invasive IFT Extension

Interferential current therapy (IFC; also termed interferential therapy, IFT) is an optional experimental
extension and is not part of the core CMAR mechanism. Existing studies support the possibility of short-
term clinical or physiological effects in some pain, stroke, and rehabilitation contexts, but they do not
establish direct effects on GTO deformation, PIEZO2, YAP/TAZ, or ECM remodeling [12-15,18-21,29].

Accordingly, IFC should be treated as an independently dosed conditioning factor in a factorial experiment,
not as a 'gain-of- function' manipulation or a mechanistically established step in a CMAR reset. GIFT =
(YCMAR+IFT - YCMAR) / [YCMAR| where Y is a predefined outcome. Device parameters and safety
conditions must be determined by appropriately qualified investigators and device-specific protocols.

Section IX.B: Evidence Hierarchy vs. Theoretical Superiority

No evidence currently establishes an optimal temporal position for IFC within a CMAR experiment. If IFC is
studied, timing should be randomized or otherwise prespecified as an experimental factor rather than
assumed to be therapeutically optimal. The core CMAR sequence to be tested is a verified mechanical
perturbation followed by a standardized loading challenge and objective measurement.

IFC can be added before or in a separate arm to test conditioning effects. Residual torque enhancement
may be included as a history-dependent muscle outcome, but it cannot serve as a surrogate for GTO
deformation or afferent resetting [27,28,53-55].

The Multi-Modal ‘Confounding’ Problem

A major methodological consideration arises when IFT/IFC is combined with the CMAR mechanical
sequence. A combined intervention may produce a clinically meaningful effect while making it difficult to
determine which component, or which interaction among components, is responsible for the observed
outcome.

The proposed IFC + CMAR process is inherently multi-modal when electrical preconditioning is combined
with targeted manual or mechanical tissue intervention and subsequent eccentric loading. These
components may influence different physiological variables and may also interact temporally.
Consequently, an observed reduction in abnormal muscle tone, rigidity, or spasticity cannot automatically
be attributed to the electrical stimulus, the mechanical intervention, the eccentric loading, or their
interaction.

For evidence classification, clinical utility and causal attribution must be separated. The IFC literature is
heterogeneous across indications and does not establish the proposed CMAR mechanism [12-15,18-
21,29]. Evidence summary TENS and other somatosensory electrical-stimulation approaches provide a
broader comparator literature for neuromodulation, but they do not establish the CMAR mechanism.
IFC/IFT alone has limited and heterogeneous evidence in spasticity-specific contexts.

The combined IFC/CMAR sequence remains hypothesis-generating; the independent contributions of
electrical stimulation, mechanical intervention, eccentric loading, and their temporal interaction require
controlled isolation [12-15,18-21,29].
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The important distinction is that formal evidence level and clinical utility are not necessarily equivalent. A
multimodal protocol may demonstrate substantial clinical utility while remaining difficult to classify
mechanistically because its individual components have not been independently isolated and replicated.
Conversely, a modality may possess a larger evidence base when studied independently without
demonstrating superiority when incorporated into a specific multi-modal sequence.

IFC differs physically from TENS in waveform generation: two medium-frequency alternating currents
interact to produce an amplitude-modulated beat frequency within the treatment field. However, available
clinical evidence does not establish selective stimulation of deep paraspinal afferents, muscle spindles,
Golgi tendon organs, or dorsal-ramus pathways [12-14,21].

Comparative evidence indicates broadly similar effects of TENS and IFC on pain and function, with
substantial heterogeneity in treatment parameters [12]. CMAR therefore has no basis for assuming that
IFC is clinically or physiologically superior to TENS. If IFC is studied, it should be justified as a distinct,
prespecified experimental perturbation rather than a preferred therapy [12-14,18,21]. In the context of
spasticity and neuromodulation, the evidence base should also be described more precisely.

A systematic review of somatosensory electrical stimulation in spasticity identified clinical benefits in some
studies but found inconsistent electrophysiological results across spinal and corticospinal measures,
including H-reflex and transcranial magnetic stimulation outcomes [15,20,33,55].

Thus, electrical stimulation can plausibly modify sensorimotor function, but the available literature does not
establish a uniform neurophysiological mechanism that can be directly mapped onto the CMAR model.
This uncertainty reinforces the need to measure the proposed sequence rather than infer it. Accordingly,
TENS/somatosensory stimulation should not be treated as a mechanistic surrogate for IFC, and neither
should be assumed to directly modify GTO mechanics.

The appropriate question for CMAR is whether a defined electrical preconditioning stimulus produces a
reproducible change in the subsequent mechanical, neurophysiological, and functional response. The
CMAR hypothesis should not state that IFC reaches or directly activates a GTO, PIEZO-associated
channel, or YAP/TAZ pathway. Instead, IFC should be conceptualized as a non-invasive electrical
conditioning stimulus whose measurable effects may include altered sensory input, neural excitability,
muscle activation, perfusion, or tissuelevel responses.

The critical question is whether any such change is temporally associated with, and experimentally
modifies, the response to the subsequent CMAR mechanical intervention. Importantly, the incorporation of
interferential current (IFC) into the CMAR framework should not be interpreted as establishing IFC as an
intervening step within the primary CMAR sequence.

The fundamental premise of CMAR remains that targeted manual or mechanical therapy is followed by
eccentric loading immediately, or as soon as reasonably possible, during the proposed period of altered
neuromuscular responsiveness. Introducing IFC between these two components could potentially interrupt
or otherwise alter the very sequence that the hypothesis proposes to investigate.

Accordingly, IFC is presently considered a potential adjunctive or preconditioning intervention rather than a
defined component of the CMAR sequence. The appropriate timing of IFC whether before
manual/mechanical therapy, after mechanical therapy, concurrently with treatment, or at another interval
remains an empirical question [12-15,18-21,29].

Because the physiological and mechanical consequences of IFC within the proposed CMAR framework
are not yet established, its timing should be determined experimentally rather than incorporated into the
core hypothesis a priori. This distinction is important because CMAR does not require IFC to produce its
proposed neuromuscular reset. Rather, IFC may represent an additional modality capable of influencing
the tissue, sensory, or neuromuscular environment in which the CMAR sequence operates.

Experimental investigation should therefore first determine whether IFC produces a measurable effect and,
if so, whether that effect is dependent upon its temporal relationship to the mechanical intervention and
subsequent eccentric loading.
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Summary of Evidence and Experimental Status

Modality / Combination Current Evidence Position Clinical / Experimental Interpretation

TENS / somatosensory More extensively studied than IFC in Provides a useful comparator for electrical

electrical stimulation several rehabilitation contexts, including | neuromodulation but should not be assumed to establish

spasticity-related research the mechanism proposed by CMAR.

IFC/IFT alone for Limited and heterogeneous SCl-specific | Supports investigation as an independent experimental

spasticity evidence variable rather than establishing superiority or a specific
mechanistic effect.

IFC/IFT + CMAR process | Preliminary / hypothesis-generating Potentially clinically useful multi-modal sequence, but the
independent contribution of electrical stimulation,
mechanical intervention, eccentric loading, and their
interaction requires controlled investigation.

Section X: Experimental Design and Component Isolation

For the IFT-preconditioning extension, electrical stimulation should be treated as an independently dosed
experimental factor [12,15,17,20]. The study should record carrier frequency, beat frequency, waveform,
electrode configuration, intensity, treatment duration, anatomical placement, and the interval between IFT
cessation and the mechanical intervention.

Because IFC and TENS have shown broadly similar effects on pain in the existing comparative literature,
this evidence should not be used to infer superiority for spasticity or for the CMAR mechanism. The study
should therefore prioritize objective outcomes relevant to the proposed CMAR sequence - such as tissue
stiffness, Hreflex or other reflex measures, surface EMG, force/torque, and functional performance rather
than analgesia alone [12,15]. Where appropriate, residual torque enhancement could be incorporated as
an additional outcome measure.

A standardized eccentric-loading protocol followed by isometric torque measurement could be used to
determine whether the preceding intervention changes the magnitude, time course, or persistence of
torque enhancement. Such measurements would not directly establish altered GTO deformation or afferent
resetting, but could provide a functional readout of the muscle’s response to mechanical history.

To distinguish a mechanical effect from a neural or conditioning effect, torque measurements should be
interpreted alongside tissue-stiffness measurements, reflex measures, surface EMG, and other predefined
neurophysiological outcomes [27,28,53-55].

A 2025 randomized controlled trial of intramuscular electrical stimulation in chronic low back pain also
illustrates that electrical stimulation can be studied against objective measures including muscle tension,
perfusion, pressure-pain threshold, ROM, and postural stability, although that study used IMES rather than
IFC and therefore should not be interpreted as direct evidence for the CMAR-IFT mechanism [16].

Experimental Isolation of Multi-Modal Components

To address the multi-modal confounding problem, the experimental design should distinguish the effects of
each intervention component from the effect of their combination. At minimum, a factorial or appropriately
controlled design should consider:

1. CMAR mechanical intervention alone

2. IFT/IFC alone

3. Eccentric loading alone

4. CMAR mechanical intervention + eccentric loading

5. IFT/IFC + CMAR mechanical intervention + eccentric loading

6. Sham or passive-control condition, where ethically and methodologically appropriate
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Such a design would allow investigators to determine whether the combined intervention produces an
effect greater than its individual components. It would also permit investigation of potential interaction
effects between electrical preconditioning and the subsequent mechanical-loading sequence [12,15,17,20].
The critical comparison is therefore not simply whether the combined protocol improves the outcome.

Rather, investigators should determine whether: Combined effect > effect of individual components and
whether any additional benefit is accompanied by the predicted changes in tissue mechanics, reflex
excitability, muscle activation, force production, and functional performance [12,15,17,20]. Where feasible,
objective neurophysiological measures such as the H-reflex, together with surface EMG, tissue-stiffness
measurements, force/torque measurements, and standardized functional measures, should be collected at
predefined time points.

This would allow the investigators to distinguish an immediate electrical or neuromodulatory effect from a
mechanical response and from a sequence- dependent interaction [15,17,20,22,23,30,31]. The
experimental design should therefore prioritize component isolation, temporal control, dose specification,
and mechanistic measurement rather than relying solely on the magnitude of clinical improvement.

Because IFC and TENS have shown broadly similar effects on pain in the existing comparative literature,
the study should prioritize objective outcomes relevant to the CMAR mechanism - such as tissue stiffness,
H-reflex or other reflex measures, EMG, force/torque, and functional performance rather than analgesia
alone [12,15].

Section XI: Etiology, Spasticity and Clinical Research Context

A similar clinical phenotype can arise from different etiologies.

CMAR should therefore not treat spasticity, rigidity, contracture, chronic hypertonicity, osteoarthritic
guarding, pediatric motor disorders, or musculoskeletal stiffness as interchangeable. Central lesions may
alter descending and spinal control first, with secondary peripheral remodeling; musculoskeletal disease
may begin with local tissue and nociceptive changes; chronic immobilization or contracture may produce
substantial structural resistance. The direction of causality can therefore differ across populations
[15,17,20,58].

For clinical translation, CMAR is best positioned as a mechanism-oriented stratification framework: identify
whether a measurable peripheral mechanical abnormality exists, determine whether it covaries with
afferent/reflex or motor measures, and only then test whether changing that mechanical state changes the
downstream response. Clinical improvement alone cannot establish the proposed mechanism.

Section Xll: Falsification Criteria

CMAR should be treated as a falsifiable hypothesis. The model would be weakened or falsified at specific
levels if:

1. The proposed intervention produces no measurable change in tissue mechanics.

2. Tissue mechanics change but no corresponding neurophysiological change occurs under controlled
conditions.

3. Neurophysiological changes occur without predicted changes in motor output or function.

4. The sequential intervention is not different from its individual components when timing an dose are
controlled. This criterion is particularly important for the multi-modal IFC/CMAR extension. If the combined
intervention does not produce an effect that exceeds the effects of its independently tested components
under controlled dosing and timing, the proposed synergistic or conditioning contribution of IFC would be
weakened. Conversely, a reproducible interaction effect would provide stronger evidence that the
sequence represents more than the additive effects of its individual components.

5. Functional improvement occurs without the predicted mechanical and neurophysiological sequence.
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6. The proposed cellular branch lacks reproducible relationships between mechanical state and PIEZO- or
YAP/TAZ-associated responses.

Divergent timing between PIEZO-associated and YAP/TAZ-associated responses would not necessarily
falsify CMAR because the framework predicts that these branches may operate on different timescales.

Section XllI: Tissue Memory Extension - Integration with the Self-Reinforcing
Loop

A longer-term extension of CMAR proposes a mechanically maintained tissue-memory loop [1-3,7,11,41-
45].

ECM stiffness/mechanical stress — mechanosensation and cytoskeletal force transmission —
YAP/TAZassociated nuclear signaling — fibroblast activation and ECM deposition — increased matrix
stiffness — renewed mechanotransduction.

This concept does not require a change in DNA sequence. It proposes that persistent mechanical
conditions may contribute to stable cellular and matrix states through mechanotransduction and potentially
mechano- epigenetic processes. This is a downstream hypothesis and is not required to establish the core
CMAR mechanism [7,11,26].
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The proposed relationship is:
Increased ECM stiffness / mechanical stress

I

PIEZO-associated mechanosensory signaling + cytoskeletal tension

J

YAP/TAZ nuclear localization and transcriptional activation

I

Fibroblast activation and increased ECM deposition

J

Further ECM stiffening and altered force transmission

I

Enhanced mechanotransductive signaling

The proposed sequence is:
Initial injury / abnormal mechanical loading

!

ECM remodeling and increased tissue stiffness

I

PIEZO-associated mechanosensation + YAP/TAZ activation

!

Fibroblast activation

I

Excessive ECM deposition and reduced matrix turnover

!

Further tissue stiffening

I

Persistent mechanotransductive signaling

!

Epigenetic/chromatin stabilization of the pro-fibrotic phenotype

I

Continued ECM deposition
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The proposed memory loop is:

Self-Reinforcing PIEZ01/2-YAP/TAZ Mechano-Epigenetic Tissue-Memory Loop

PIEZO1/2 Influx —P YAP/TAZ Nuclear Entry —P Epigenetic Marks Epigenetic Marks / Chromatin Uncoiling

!

Excessive Collagen & Matrix Deposition

l

Increased Local Stiffness

!

U back to PIEZO1/2 Influx

Section XIV: Aging and Other Clinical Extensions

Age-associated changes in collagen organization, cross-linking, tissue compliance, fluid handling, and
cellular mechanical responsiveness provide a potential context in which the CMAR framework could be
examined [10,4648]. The model does not imply that mechanical therapy is an anti-aging or tissue-
rejuvenation treatment. Potential clinical research contexts include chronic hypertonicity, selected forms of
spasticity, contracture, fascial or connective-tissue restriction, musculoskeletal dysfunction, functional
scoliosis, and aging-associated connectivetissue remodeling. These applications should be regarded as
hypotheses for investigation rather than established therapeutic indications.

Section XV: Methodological Precision and Measurement

The original notes emphasize that a mechanobiological hypothesis must convert subjective manual
technique into measurable variables. This is essential if the model is to move from conceptual proposal to
reproducible science. Mechanical intervention should be described by anatomical location, patient position,
direction of applied shear, contact area, duration, estimated force or pressure where measurable, and
timing.

Eccentric loading should specify exercise, joint position, intensity, repetitions, velocity, range, and time
interval after manual intervention. The distinction between reproducibility and validity is critical. A highly
standardized intervention can be reproducible without necessarily producing the hypothesized biological
effect. Conversely, a clinically meaningful intervention may be difficult to standardize if its relevant variable
is a force vector or tissuespecific deformation rather than a single scalar force.

For this reason, the preferred experimental approach is to measure the tissue response directly and relate
that response to the subsequent neurophysiological and functional response. The intervention becomes a
controlled perturbation of a measurable mechanical system rather than an unquantified manual procedure.
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Section XVI: Clinical and Conceptual Implications

Spasticity is a clinically complex phenomenon in which neural mechanisms coexist with secondary
muscular and connective-tissue changes that can contribute to movement resistance [15,17,20,58].
Consequently, a reduction in passive or velocity-dependent resistance after an intervention would not, by
itself, demonstrate altered GTO mechanics, ECM force transmission, or proprioceptive afferent signaling.
CMAR studies in spasticity must therefore separate neural measures from passive mechanical measures.

Section XVII: Limitations and Boundary Conditions

The decisive limitation is that no study currently demonstrates the complete CMAR causal chain from
altered local matrix mechanics to altered GTO deformation, altered Group Ib output, and a subsequent
motor effect. Direct receptor-level measurements under experimentally manipulated matrix conditions are
therefore the highest-priority test. H-reflex measurements are indirect and are not recordings of GTO/Ib
activity. Manual shear is nonspecific and may affect muscle, fascia, tendon, vascular, nociceptive, and
other sensory pathways. PIEZO2 is strongly supported in proprioceptor mechanotransduction [34], but its
role in any CMAR intervention has not been tested. YAP/TAZ involvement is a separate cellular-
remodeling hypothesis, not established GTO biology. IFC is an optional conditioning variable with no
demonstrated CMAR-specific mechanism. Clinical extensions such as spasticity, contracture, aging, or
structural deformity must not be used as evidence for the core mechanism.

Section XVIIl: Future Research Priorities

A publication-grade test of CMAR should proceed as a staged causal program rather than testing the
entire multimodal sequence at once.

Stage 1: Should determine whether controlled changes in local tissue mechanics alter strain transfer in the
GTO/tendon region at matched external load.

Stage 2: Should test whether those verified mechanical changes alter proprioceptive afferent activity or the
closest validated neurophysiological proxy.

Stage 3: Should test whether the afferent change predicts motor output under controlled activation.

Only after those steps should investigators test manual/mechanical interventions, eccentric-loading
sequence effects, IFC conditioning, or longer-term cellular remodeling. This ordering prevents a clinical
response from being mistaken for validation of the proposed mechanism.

Such findings would be informative even if they did not support the full CMAR mechanism, because they
could distinguish a measurable change in muscle force production from the more specific proposed
relationship between ECM mechanics, mechanosensory signaling, and motor regulation [27,28].

The critical objective is not simply to demonstrate that a treatment works. It is to determine whether the
predicted chain of mechanical — neurophysiological — motor — cellular events occurs in the proposed
order. The broader neuroscience literature also emphasizes that neuronal structure and function can
change in response to activity and environmental conditions. Such activity-dependent plasticity provides a
conceptual precedent for considering whether sustained changes in mechanical input, sensory feedback,
or neuromuscular activity could contribute to longer-term alterations in system responsiveness.

Within CMAR, however, this remains a proposed analogy and does not establish that the specific
intervention sequence produces structural or functional resetting [22,23,30,31,33]. These findings further
support the need to distinguish an immediate mechanical or electrophysiological response from a longer-
term adaptive response. CMAR may involve both timescales: an acute change in tissue or neuromuscular
responsiveness followed, potentially, by activity-dependent adaptation.

The proposed model therefore requires measurements taken immediately after intervention as well as at
later time points to determine whether any observed change is transient, persistent, or absent [22,23,33].
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The existence of an ongoing registered clinical investigation into peripheral modulation of muscle stiffness
and spasticity provides a relevant translational context for CMAR.

The registry has no posted efficacy results and does not validate the proposed mechanism, but it illustrates
that peripheral interventions aimed at modifying muscle stiffness and tone can be examined
experimentally.

CMAR could extend this line of inquiry by incorporating objective measurements of tissue mechanics,
reflex excitability, EMG, torque, and functional performance rather than relying exclusively on clinical
impressions of tone or movement resistance [15,17,20,29,32].

Conclusion

The Composite Matrix-Afferent Reset Hypothesis is best regarded as a focused mechanical-to-afferent
hypothesis with optional downstream extensions. Its central prediction is that a measured change in the
mechanical pathway loading a proprioceptive receptor particularly the collagen-coupled GTO can alter
receptor region deformation and afferent output at a matched external load.

GTO collagen-afferent architecture and PIEZO2-dependent proprioceptor mechanotransduction provide
biological plausibility [34-36,56,57], while skeletal-muscle ECM remodeling provides a plausible source of
altered force transmission [4,44-48]. None of these observations demonstrates the CMAR link itself.

The hypothesis will be strengthened only if mechanical change precedes and predicts afferent change
under controlled conditions; it will be weakened if receptor-region mechanics or afferent output remain
unchanged despite the proposed perturbation.

Manual therapy, eccentric loading, IFC, YAP/TAZ signaling, tissue memory, and clinical applications
should therefore be treated as separable experimental extensions rather than evidence that the core
mechanism already exists.
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