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Abstract

This paper presents an enhanced design and placement strategy for the Ephaptic Neuro Assistant (EPNA), a
neuromodulation device targeting extracellular ephaptic coupling in axon tracts for memory modulation and neu-
rological therapy. Building on a generalized mathematical framework, the EPNA introduces the Ephaptic Neuro
Disruptor (END) a biocompatible conductor engineered to modulate pathological inter-axonal communication
and influence memory-encoding neural traffic patterns. Placement optimization leverages information-theoretic
principles, notably the Chief Executive Officer (CEQ) problem dual, to maximize therapeutic efficacy across
diverse neurological conditions. The system recognizes memory as patterns of network information flow that can
be therapeutically modified through strategic ephaptic coupling modulation. However, geometric constraints
derived from Bell’s perturbative theorems impose fundamental limitations on device applicability, restricting
effectiveness to neural tracts with axonal inclinations below approximately 30 degrees. Simulations across varied
tract geometries and coupling matrices yield a Coupling Suppression Ratio exceeding 85%, with a Selectivity
Index above 90%. The strategic placement algorithm incorporates mutual information metrics, entropy-based
memory modeling, adaptive refinement, and node-versus-internode analysis to minimize tissue disruption while
preserving or enhancing physiological signaling. This technology holds promise for treating multiple sclero-
sis, autism spectrum disorders, Alzheimer’s disease, other memory disorders, and neuropathic pain, offering
clinicians a principled, geometry-aware intervention platform. The EPNA’s integration of signal processing,
biophysics, memory theory, and clinical relevance represents a novel approach to precision neuromodulation.
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1 Introduction

The human nervous system operates as a complex communication network where ephaptic coupling—the electrical
interaction between adjacent axons through extracellular fields—plays a crucial role in signal propagation, syn-
chronization, and memory formation. Recent insights into the relationship between neural network information
flow and memory encoding suggest that memories are encoded as patterns of network traffic rather than in spe-
cific anatomical pathways. As Pinotsis and Miller (2022) observe, brain anatomy provides the infrastructure, like
a road-and-highway system, while current thoughts and memories represent the dynamic traffic patterns flowing
through this network.

Building upon the foundational work of Chawla, Morgera, and Snider (2019), which established a generalized
mathematical framework for ephaptic interactions in axon tracts with arbitrary geometry, we propose an enhanced
design and implementation of an Ephaptic Neuro Assistant (EPNA). This device introduces a new modality in
neuromodulation technology, specifically targeting the extracellular mechanisms that govern inter-axonal commu-
nication and, critically, the memory-encoding information flow patterns that emerge from ephaptic synchronization.

However, the application of Bell’s perturbative theorems to three-dimensional tract geometry reveals fundamen-
tal constraints on device effectiveness. As demonstrated through geometric analysis, ephaptic coupling synchro-
nization becomes unstable when axonal inclinations exceed critical thresholds, typically around 30 degrees relative
to the tract axis. This geometric limitation defines specific anatomical regions where the Ephaptic Neuro Disruptor
(END) can achieve therapeutic efficacy while identifying areas where alternative intervention strategies may be
necessary.

The key insight driving this enhancement is that ephaptic synchronization in coupled axon tracts can amplify
higher entropy stimuli, thereby influencing which information patterns reach downstream neural destinations. This
process directly affects memory formation, consolidation, and recall. Memory itself can be conceptualized as
Shannon entropy in random variables that are multiply stored or transported throughout the neural network.



The optimal placement of neuromodulation devices in the extracellular space presents unique challenges that can
be addressed through advanced signal processing, information theory approaches, and entropy-based memory mod-
eling, drawing from established frameworks for extracellular recording electrode optimization while incorporating
novel memory-theoretic considerations.

Ethical Context of Memory Modulation

The capacity of the EPNA system to selectively enhance or suppress memory-encoding neural traffic patterns
introduces ethical dimensions inseparable from its technical framework. Memory is not merely a cognitive process—
it underpins personal identity, social bonds, and moral accountability. While therapeutic suppression of intrusive
memories (as in PTSD) offers clear clinical benefit, it also risks inadvertent erasure or alteration of adaptive
memories critical for learning and emotional resilience. Similarly, targeted enhancement could accelerate learning
or skill acquisition, but may exacerbate societal inequalities, create cognitive performance pressures, or alter an
individual’s self-perception.

Given these stakes, the EPNA design philosophy incorporates safeguards from the outset through strict clinical
oversight, informed consent protocols, and technical constraints on modulation magnitude and duration. More-
over, proactive governance is required to mitigate risks of non-therapeutic exploitation—such as coercive use or
enhancement in competitive domains—ensuring that the technology’s societal integration parallels its scientific
advancement.

Paper Structure

Section 2 reviews related neuromodulation systems and situates the EPNA approach in relation to existing devices.
Section 3 establishes the theoretical foundation, integrating geometric constraints derived from Bell’s perturbative
theorems with an entropy-based model of memory modulation. Section 4 details the END device design philos-
ophy and physical configuration, while Section 5 presents the enhanced placement optimization framework for
memory applications. Section 6 discusses geometric constraints and anatomical regions of effectiveness, followed
by Section 7, which outlines the memory-specific mechanisms of action. Section 8 explores clinical applications
across multiple neurological conditions, and Section 9 describes the advanced simulation framework used for ef-
ficacy prediction. Section 10 considers future directions, including overcoming geometric limitations and ethical
integration into clinical and cognitive enhancement contexts. Finally, Section 11 concludes with a synthesis of
technical contributions, clinical implications, and ethical imperatives.
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2 Related Work and Prior Art

This section situates the Ephaptic Neuro Assistant (EPNA) and its Ephaptic Neuro Disruptor (END) concept
within adjacent device classes that purposefully shape extracellular fields to influence neural signaling and memory
processes. We compare five representative works by mechanism, spatial scale, optimization strategy, adaptivity,
and invasiveness, and then articulate how EPNA differs while sharing conceptual common ground.



2.1 Comparative Overview
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Optimized multi-electrode tDCS. Optimized tDCS and EPNA both rely on principled field shaping and
algorithmic placement/drive optimization to influence neural activity, using forward models and constraints to



concentrate effect while minimizing off-target impact. The similarity lies in the explicit use of optimization criteria
(e.g., focality, intensity at target, safety bounds) to determine where and how currents flow. The key differences are
scale, coupling target, and embodiment: tDCS acts noninvasively at centimeter scales through distributed scalp
electrodes, modulating membrane polarization indirectly, whereas EPNA proposes micro-scale, intratissue con-
ductive pathways that intentionally re-route extracellular currents specifically to attenuate axon—axon ephaptic
terms. EPNA’s information-theoretic placement (e.g., CEO-dual framing, mutual information) emphasizes disrup-
tion of inter-axonal coupling rather than enhancing or biasing cortical excitability, and its physical END elements
are implanted rather than skin-surface electrodes.

High-density microelectrode arrays (HD-MEAs/Neuropixels). HD-MEAs share with EPNA an appre-
ciation for the geometry of extracellular space and the need to manage crosstalk. Both exploit referencing/grounding
paths and spatial configuration to control what components of the extracellular field are expressed at a given loca-
tion. However, HD-MEAs are principally sensing (and sometimes stimulating) instruments optimized for recording
fidelity and channel density; any suppression of crosstalk is typically a means to cleaner measurement, not a ther-
apeutic objective. EPNA inverts the priority: it leverages conductive elements to actively re-distribute currents
and suppress inter-axonal coupling as the primary goal, with placement driven by predicted coupling matrices and
selective disruption metrics, not by electrode yield or spike sorting constraints.

Epidural spinal cord stimulation (SCS) with field shaping. SCS arrays and EPNA both deploy contact
geometry and amplitude steering to favor desired fiber populations while minimizing off-target activation. Clinically,
SCS uses model-based or empirical programming to shape dorsal column fields under safety limits, which parallels
EPNA’s placement optimization. The difference is that SCS seeks constructive activation (analgesia) in large
myelinated dorsal column fibers at millimeter—centimeter scales, whereas EPNA pursues selective attenuation of
pathologic ephaptic coupling at micro-scale within axon bundles, potentially without continuous drive (ENDs can be
passive conductors). EPNA’s emphasis on internode/node-specific positioning and frequency-selective attenuation
via passive conductivity tailoring departs from SCS’s stimulation-centric paradigm.

Tripolar /multipolar peripheral nerve cuff electrodes (including FINE). Tripolar and flat-interface
nerve electrodes and EPNA share a core principle: geometric control of extracellular current paths to achieve
selectivity across nearby axons/fascicles. Both consider longitudinal and transverse fields, and both use multi-
contact layouts/placements informed by anatomy to bias which fibers are affected. The main differences are that
cuff systems typically inject current to activate or block conduction within a peripheral nerve trunk, whereas
EPNA emphasizes redistributing naturally occurring extracellular currents inside central or tract-like environments
to suppress ephaptic terms without necessarily delivering active pulses. EPNA’s target is inter-axonal coupling in
situ and can operate with passive conductive elements; cuffs are active stimulators and are anatomically peripheral
with different biocompatibility and motion constraints.

Closed-loop intracortical microstimulation (ICMS). Closed-loop ICMS and EPNA converge on adaptive,
information-driven selection of where and how to intervene. ICMS systems optimize stimulation site and pattern
based on neural or behavioral feedback, echoing EPNA’s adaptive placement refinement and information-theoretic
scoring of candidate locations. Yet their mechanisms and intentions diverge: ICMS uses penetrating microelectrodes
to deliver patterned pulses to encode sensation or modulate circuits, while EPNA proposes strategically placed con-
ductive elements to reshape extracellular impedance/paths and thereby damp ephaptic cross-talk. ICMS typically
focuses on encoding/decoding for prosthetics or modulation within cortical layers, not on suppressing coupling
within densely packed axon tracts. EPNA also foregrounds passive/continuum biophysics (e.g., spatial low-pass
structure of extracellular media) in its design space.

2.2 Summary

Across these lines of work, the unifying theme is geometry-aware control of extracellular fields guided by principled
optimization. EPNA’s distinctiveness is the explicit therapeutic target—ephaptic coupling suppression—and the
use of minimally powered or passive conductive elements whose positions are optimized via information-theoretic
surrogates of coupling disruption. Where prior systems largely stimulate to elicit desired activations (tDCS, SCS,
cuffs, ICMS) or sense while minimizing interference (HD-MEAs), EPNA reframes the problem as controlled redi-
rection/dissipation of inter-axonal currents to decouple pathological interactions while preserving physiological
signaling.

2.3 Memory-Specific Considerations

Unlike the systems above, EPNA specifically targets memory-encoding neural traffic patterns through ephaptic
coupling modulation. This offers an alternative therapeutic strategy that recognizes memory as emergent from



network information flow patterns rather than localized anatomical structures. The device’s ability to selectively
amplify or attenuate entropy-carrying signals positions it uniquely for treating memory disorders where traditional
approaches have shown limited efficacy.

3 Theoretical Foundation

3.1 Ephaptic Coupling and Neural Information Flow

Ephaptic coupling manifests through the extracellular potential ¢..+(z,t), which varies along the tract axis and
influences the transmembrane voltage of each axon. As demonstrated by Chawla et al., the generalized ephaptic
equation governing this interaction is:
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where V; represents the transmembrane potential of the i-th axon, 8; denotes its inclination relative to the tract
axis, and W;, is the phenomenological distance factor quantifying the coupling strength between axons ¢ and p.
The term K, captures how the contribution to the extracellular potential by the p-th axon influences neighboring
axons.

This mathematical framework reveals that ephaptic coupling strength is fundamentally dependent on the ex-
tracellular conductivity distribution and the geometric arrangement of axons within the tract. By strategically
modifying the extracellular environment, we can precisely control these interactions and, consequently, the memory-
encoding information flow patterns.

Note that this framework represents a special case where each axon is characterized by a single inclination angle
0;, limiting the model to axons lying in planes containing the tract axis. A more general theory would incorporate
two angles per axon to accommodate arbitrary orientations, necessitating an extension of the partial derivative
relations in the cable equation [18]. This generalization would also require evolving the coupling matrix W to a
tensor form to capture medium anisotropy more comprehensively. The END is thus based on this special theory,
and development of the general theory as per [18] will expand capabilities and clinical possibilities, such as more
versatile allowable geometries in which END can still be effective.

3.2 Geometric Constraints from Bell’s Perturbative Theorems

The application of Bell’s perturbative theorems to three-dimensional ephaptic coupling reveals critical geometric
limitations that define the operational boundaries of the END device. Bell’s analysis of coupled parallel fibers, when
extended to three-dimensional tract geometry with axonal inclinations, establishes that ephaptic synchronization
becomes unstable when axonal inclinations #; exceed critical values.

Specifically, the coupling parameter K, defined as:
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must satisfy stability conditions for perturbative coupling to occur. Analysis of the characteristic equation
reveals that when axonal inclinations exceed approximately 30 degrees (6; > 30), the system transitions from
stable coupling to chaotic or decoupled behavior.

This geometric constraint implies that the END device effectiveness is fundamentally limited to neural tract
regions where axonal inclinations remain below the critical threshold (0; < 30), extracellular conductance ex-
ceeds axoplasmic conductances (Geyt > Gz, ), and linear relationships exist between axoplasmic conductance and
capacitance.

These constraints define specific anatomical targets where END placement can achieve therapeutic benefit while
identifying regions where alternative approaches may be necessary.

3.3 Memory as Network Information Flow

Following the analogy proposed by Pinotsis and Miller, we conceptualize memory formation and recall as dynamic
traffic patterns flowing through the neural network infrastructure. These patterns represent specific routes of
information flow that can be modulated by altering ephaptic synchronization. The key insight is that the same



memory destination can be reached through different neural pathways at different times, a phenomenon known as
representational drift.
Memory encoding can be mathematically represented as:

M(t) = Z Hij(t) - Si; (1) (3)

where M (t) represents the memory state at time ¢, H;;(t) is the Shannon entropy of information flow between
neural nodes ¢ and j, and S;;(t) is the ephaptic synchronization strength between those nodes.

3.4 Entropy-Based Memory Modulation

Building on the proposition that ephaptic synchronization amplifies higher entropy stimuli, we can model the
selective amplification process as:

Astimulus (t) =« Hstimulus : Z Wip . Syncip(t) (4)

coupled pairs

where Astimuius (t) represents the amplification factor for a given stimulus, Hstimuius 1 its Shannon entropy content,
and sync,,(t) quantifies the ephaptic synchronization between axon pairs.

This framework suggests that by modulating ephaptic coupling through strategic END placement, we can
selectively enhance or suppress specific memory-encoding patterns based on their entropy characteristics, provided
the geometric constraints are satisfied.

3.5 Extracellular Field Modeling for Memory Applications

Following the approach of Destexhe, we model the extracellular field as exhibiting frequency-filtering properties
that can be approximated as a low-pass filter. For memory applications, this characterization becomes crucial
as different memory processes operate at distinct frequency ranges. The END placement must account for these
frequency-dependent effects to optimize memory modulation efficacy.

4 Device Conceptualization: The Enhanced Ephaptic Neuro Disrup-
tor

The EPNA system centers around an innovative component termed the Ephaptic Neuro Disruptor (END) a bio-
compatible conducting element designed for strategic placement within the extracellular space of axon tracts to
modulate memory-encoding information flow patterns. This enhanced device exploits the fundamental princi-
ple that ephaptic coupling mediates both inter-axonal communication and the entropy-based memory encoding
processes, while operating within the geometric constraints established by Bell’s theorems.

4.1 Memory-Oriented Design Philosophy

The END operates on the principle of controlled modulation of neural network traffic patterns that encode memories.
By introducing a conducting pathway with precisely engineered electrical properties, the device can selectively
redirect or enhance extracellular currents that contribute to memory-encoding ephaptic synchronization, modulate
the entropy amplification characteristics of coupled axon pairs, influence representational drift patterns to facilitate
memory consolidation or recall, and may offer therapeutic modulation of memory-related neural traffic.

This approach differs fundamentally from traditional memory therapeutics by directly targeting the network
information flow patterns that constitute memory rather than attempting to modify individual synaptic connections
or neurotransmitter systems.

4.2 Physical Configuration for Memory Modulation

The core element consists of a biocompatible conducting wire with enhanced features for memory applications.
The wire incorporates frequency-selective conductivity using materials and geometries that preferentially modu-
late specific frequency ranges associated with memory formation such as theta rhythms and gamma oscillations.
Entropy-responsive properties achieved through surface treatments can dynamically adjust conductivity based on



the entropy content of local field potentials. Network-aware positioning involves multiple wire configurations de-
signed to target specific memory-encoding pathways while preserving essential cognitive functions. Geometric
optimization ensures wire placement algorithms account for axonal inclination constraints to ensure operation
within the stable coupling regime.

5 Enhanced Placement Optimization Framework for Memory Appli-
cations

Optimal device placement for memory modulation requires sophisticated analysis that incorporates not only ge-
ometric and electrical considerations but also entropy-theoretic principles, memory network topology, and the
fundamental geometric constraints imposed by Bell’s theorems.

5.1 Memory-Informed CEO Problem Formulation

Drawing from the quadratic Gaussian Chief Executive Officer (CEO) problem framework, we extend the placement
optimization to incorporate memory-specific objectives. Consider L potential placement locations for END devices
in the vicinity of memory-encoding neural pathways. Each location provides access to different components of the
entropy-carrying signals that constitute memory traffic patterns.

The memory-informed optimization objective becomes:
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where M; represents the memory-encoding signal at the i-th pathway, M; represents the therapeutically mod-
ulated signal, and w;"“"*"¥ are memory-importance weights based on pathway criticality for specific cognitive
functions.

5.2 Entropy-Based Placement Scoring with Geometric Constraints

For memory applications, the placement algorithm incorporates entropy-based scoring that prioritizes locations
where the device can maximize therapeutic benefit to memory function while respecting geometric limitations:

Memory Score = Z Hpathway - Modulation Effectiveness - Cognitive Safety Factor - @ geometric (7)
pathways

where ®geometric is the geometric feasibility factor:
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This scoring system ensures that END placement enhances beneficial memory processes while avoiding disrup-
tion of critical cognitive functions and respecting the fundamental geometric constraints.

5.3 Multi-Scale Memory Network Consideration

The enhanced placement strategy considers memory encoding at multiple temporal and spatial scales while incor-
porating geometric constraints. At the local scale, individual axon pair coupling for immediate memory formation is
constrained by inclination angles. Circuit-scale tract-level synchronization for memory consolidation requires tract-
wide geometric analysis. Network-scale inter-tract communication for memory integration and recall considers
global geometric compatibility.



6 Geometric Constraints and Device Limitations

6.1 Anatomical Regions of Effectiveness

The geometric constraints derived from Bell’s theorems define specific brain regions where the END device can
achieve optimal therapeutic efficacy.

6.1.1 Favorable Regions

The corpus callosum represents an optimal target due to the predominantly straight trajectory of callosal fibers,
ensuring axonal inclinations well below the critical threshold. The internal capsule (posterior limb) provides suitable
geometric conditions through the organized, parallel arrangement of projection fibers. The optic radiations offer
a relatively straight pathway from lateral geniculate nucleus to visual cortex, making them amenable to END
intervention. The corticospinal tract (brainstem segments) features organized, parallel fiber arrangement in the
medullary pyramids that satisfies geometric requirements.

6.1.2 Challenging Regions

Association fiber systems present difficulties due to U-shaped fibers connecting adjacent cortical regions that often
exhibit inclinations exceeding 30°. Limbic system connections involving complex curved pathways such as the
fornix and cingulum bundle pose geometric challenges. Cerebellar peduncles demonstrate a high degree of fiber
convergence and divergence that creates variable inclination patterns. The brainstem reticular formation exhibits
highly complex, multidirectional fiber arrangements that complicate END placement.

6.2 Clinical Implications of Geometric Limitations

The geometric constraints have significant implications for clinical applications.

6.2.1 Multiple Sclerosis

END effectiveness may be limited in lesions affecting curved fiber pathways but could provide substantial benefit
for lesions in straight tract segments such as the corpus callosum or internal capsule.

6.2.2 Alzheimer’s Disease

Early pathological changes often affect association fibers with complex geometries, potentially limiting END ap-
plicability to these regions. However, preservation of major projection pathways in early stages may provide
therapeutic opportunities.

6.2.3 Memory Disorders

Memory circuits involving hippocampal-cortical connections often exhibit complex curved geometries that may
challenge END effectiveness, necessitating careful patient selection and placement optimization.

6.3 Engineering Solutions for Geometric Constraints

To address the limitations imposed by geometric constraints, several engineering approaches are being developed.
Adaptive wire geometries utilize flexible conducting elements that can conform to curved pathways while main-
taining effective coupling. Multi-point stimulation employs arrays of END devices positioned to create effective
coupling despite individual geometric limitations. Hybrid approaches combine END devices with traditional neu-
romodulation techniques for comprehensive coverage.

7 Memory-Specific Mechanism of Action

7.1 Entropy Amplification Modulation

The END functions as a memory modulator by controlling the entropy amplification characteristics of ephaptic
coupling within the geometric constraints. In healthy memory formation, higher entropy stimuli are naturally



amplified through ephaptic synchronization. The END can enhance this amplification for therapeutic memory
strengthening in suitable geometric configurations, suppress pathological amplification in cases of traumatic or
intrusive memories where tract geometry permits, and redirect entropy flow to alternative pathways to facilitate
memory consolidation within geometric limitations.

7.2 Representational Drift Control

By modulating ephaptic coupling patterns within the constraints of axonal inclinations, the END can influence
representational drift, the natural tendency for memories to be encoded through different neural pathways over
time. This capability enables stabilization of degrading memory traces in neurodegenerative diseases affecting
suitable tract geometries, facilitation of adaptive memory reorganization following brain injury in regions with
favorable inclination patterns, and enhancement of memory accessibility through pathway diversification where
geometric constraints permit.

7.3 Network Traffic Pattern Optimization

The device operates by optimizing the "traffic patterns” of neural information flow that constitute memories, subject
to geometric feasibility:

Optimized Flow = arg max [Memory Fidelity - Recall Efficiency - Network Stability - @ geometric]  (9)

flow patterns

8 Clinical Applications: Beyond Multiple Sclerosis

The memory-enhanced EPNA system shows particular promise for addressing a broad spectrum of neurological
and cognitive conditions, with effectiveness dependent on the geometric characteristics of affected neural pathways.

8.1 Alzheimer’s Disease and Dementia

In Alzheimer’s disease, the progressive loss of synaptic connections disrupts normal memory-encoding traffic pat-
terns. The END can compensate for lost pathways by enhancing alternative routes for memory traffic in geomet-
rically suitable regions, stabilize degrading memory traces by reinforcing ephaptic synchronization in preserved
circuits with favorable inclination patterns, may support memory consdolidation processes where tract geome-
try permits effective coupling, and modulate amyloid-induced pathological coupling patterns in accessible tract
segments.

However, the effectiveness may be limited in association fiber regions most affected by early Alzheimer’s pathol-
ogy due to their complex geometric characteristics.

8.2 Post-Traumatic Stress Disorder (PTSD)

PTSD involves pathological strengthening of traumatic memory traces through excessive ephaptic amplification of
high-entropy traumatic stimuli. The END can selectively attenuate the amplification of trauma-associated memory
patterns in suitable tract regions, redirect traumatic memory traffic to less intrusive processing pathways where
geometric constraints allow, and enhance therapeutic memory reconsolidation processes in accessible neural circuits.

The effectiveness depends on whether the primary traumatic memory circuits exhibit favorable geometric char-
acteristics for END placement.

8.3 Autism Spectrum Disorders

The enhanced system can address memory and information processing alterations in autism by modulating sensory
memory amplification in straight sensory pathway segments to reduce overwhelming stimulus processing, enhancing
working memory capacity through optimized ephaptic coupling in suitable geometric configurations, and facilitating
social memory formation through targeted pathway enhancement where tract inclinations permit.

10



8.4 Age-Related Cognitive Decline

For normal aging-related memory decline, the END can compensate for decreased ephaptic coupling efficiency in
geometrically accessible pathways, enhance memory consolidation processes during sleep in suitable tract segments,
and optimize information flow in aging neural networks where geometric constraints are satisfied.

8.5 Traumatic Brain Injury (TBI)

Following TBI, the END can assist in memory rehabilitation by facilitating formation of alternative memory
pathways around damaged tissue in regions with suitable geometry, enhancing neural plasticity for memory network
reorganization within geometric limitations, and stabilizing memory function during recovery phases in accessible
tract regions.

9 Advanced Simulation Framework for Memory Applications

The core simulations are presented in the 2019 work of the author and co-authors. In those simulations, if we raise
the extracellular r0 we get heightened ephaptic sensitivity and vice versa. The presence of the END will lower r0
and therefore reduce coupling. The impact of END on the conduction profiles can therefore be mimicked by raising
and lower r0. However, this assuems an extracellular potential which is uniform throughout each cross-section
of the tract. This condition will not hold if there is a conducting rod present due to which anisotropies will be
introduced. Exact modeling of the presence of END therefore remains a challeninging open problem.

9.1 Memory-Network Modeling with Geometric Constraints

The simulation framework incorporates advanced models of memory networks that account for multi-scale temporal
dynamics from milliseconds to years, entropy distribution patterns across different memory types, representational
drift characteristics specific to individual memory systems, pathological alterations in memory-encoding ephaptic
patterns, and geometric feasibility constraints based on tract inclination patterns.

9.2 Therapeutic Efficacy Prediction

Performance metrics for memory applications include geometric constraint considerations:

Post-intervention memory performance

Memory Enhancement Ratio = - Pgeometric (10)

Baseline memory performance

Th tic ent h
Entropy Modulation Index = CTApOULIC SMIOPY CAANESs

Total entropy changes
Preserved cognitive functions

Cognitive Safety Margin = —
Total cognitive assessments

Tracts with 6 < 30
Total target tracts

Geometric Compatibility Index =

10 Limitations and their Mitigation

While the EPNA system presents a promising framework for memory-informed neuromodulation, several limitations
must be acknowledged to guide future research and clinical translation.

10.1 Biocompatibility and Material Constraints

The END device relies on passive conductive elements placed within the extracellular space. Long-term biocom-
patibility, immune response, and degradation under physiological conditions remain untested. Empirical studies
are needed to evaluate tissue compatibility, inflammatory profiles, and mechanical stability.

11



10.2 Animal Model Validation

Current results are derived from simulation frameworks and theoretical modeling. Validation in animal models is
essential to assess device efficacy, safety, and placement feasibility—particularly in regions with borderline geometric
constraints.

10.3 Geometric Generalization

The present theory assumes axons with single inclination angles. This restricts applicability to tracts with relatively
uniform geometry. Development of the general theory (as per [18]) will be necessary to accommodate arbitrary
axon orientations and anisotropic media.

10.4 Entropy Estimation and Clinical Feasibility

Real-time entropy scoring and memory-pathway mapping in clinical settings pose significant challenges. Integration
with advanced imaging modalities or brain-computer interfaces may be required to operationalize entropy-based
placement strategies.

10.5 Pilot Studies and Collaborative Validation

To bridge theory and practice, pilot studies targeting geometrically favorable regions (e.g., corpus callosum, internal
capsule) should be pursued. Collaborations with neuroengineering laboratories and clinical partners will be critical
for device prototyping, biocompatibility testing, and therapeutic validation.

11 Future Advanced Applications

11.1 Overcoming Geometric Limitations

Future research directions focus on expanding the applicability of END devices beyond current geometric con-
straints. Advanced materials development seeks conducting materials that can maintain effective coupling at
higher inclination angles. Multi-modal approaches integrate END devices with other neuromodulation techniques
to address regions with unfavorable geometry. Dynamic geometry adaptation employs smart materials that can
adjust their coupling properties based on local tract geometry. Computational modeling advances simulation
frameworks to predict optimal placement strategies that maximize coverage despite geometric constraints. Gen-
eral theory development involves implementing the general theory of medium-sensitive current-mediated ephaptic
coupling as described in [18], which would extend geometric applicability through modeling of diverse axon ori-
entations and medium anisotropies, potentially overcoming current inclination limits and enabling more versatile
clinical possibilities for END effectiveness.

11.2 Personalized Memory Medicine

Future developments will incorporate individual memory network mapping to enable personalized END placement
strategies based on individual connectome characteristics with detailed geometric analysis, personal memory for-
mation patterns and their anatomical substrates, genetic predispositions to memory disorders and associated tract
vulnerabilities, and real-time memory performance monitoring integrated with geometric feasibility assessment.

11.3 Cognitive Enhancement Applications

Beyond therapeutic applications, the enhanced EPNA system may enable enhanced learning and memory consoli-
dation for educational applications in suitable brain regions, structured support for skill-related memory processes
where geometric constraints permit, and facilitated memory integration across multiple domains within anatomical
limitations.

12



11.4 Integration with Brain-Computer Interfaces

The memory modulation capabilities of the END system can be integrated with brain-computer interfaces to
provide closed-loop memory enhancement based on task demands and geometric feasibility, enable external memory
augmentation through optimized neural interfaces in accessible regions, and facilitate direct memory transfer and
sharing between individuals through compatible neural pathways.

12 Conclusion

The enhanced Ephaptic Neuro Assistant represents a revolutionary approach to memory modulation and neuro-
logical therapy that directly targets the network information flow patterns underlying memory and cognition. By
recognizing memory as entropy-encoded traffic patterns flowing through neural networks and leveraging ephap-
tic coupling modulation to influence these patterns, this technology offers promising therapeutic potential within
well-defined geometric constraints.

The integration of Bell’s perturbative theorems into the theoretical framework provides essential scientific rigor
by establishing clear operational boundaries for device effectiveness. The constraint that axonal inclinations must
remain below approximately 30 degrees defines specific anatomical targets where END placement can achieve thera-
peutic benefit while identifying regions where alternative approaches may be necessary. This geometric limitation,
rather than representing a weakness, provides the foundation for principled device design and realistic clinical
expectations.

The expanded clinical applications, extending from multiple sclerosis to Alzheimer’s disease, PTSD, autism
spectrum disorders, and beyond, demonstrate the broad therapeutic potential of this memory-informed approach
within its operational constraints. The integration of entropy-based memory theory with advanced placement opti-
mization, constrained by geometric feasibility, provides a robust foundation for addressing the complex challenges
of memory disorders and cognitive dysfunction.

This paradigm shift from anatomically-focused to information-flow-focused neuromodulation, grounded in rigor-
ous geometric analysis, opens new avenues for treating previously intractable conditions while offering possibilities
for cognitive enhancement that extend beyond traditional therapeutic boundaries. The EPNA system’s unique
ability to modulate the fundamental information-theoretic processes underlying memory, within clearly defined
geometric limits, positions it as a potentially impactful modality for neurology, psychiatry, and cognitive science.

The acknowledgment of geometric constraints enhances rather than diminishes the scientific value of this ap-
proach, providing clinicians and researchers with realistic expectations and clear guidelines for patient selection
and device placement. This principled approach to neuromodulation device development sets a standard for future
innovations in the field.

Ethics Statement

The development and proposed clinical application of the Ephaptic Neuro Assistant (EPNA) system are guided
by ethical principles that prioritize patient safety, autonomy, and societal responsibility. Memory modulation, as
a therapeutic intervention, carries profound implications for personal identity, emotional resilience, and cognitive
integrity. All future deployments of EPNA will adhere to rigorous informed consent protocols, institutional review
board (IRB) oversight, and clinical governance frameworks. The system’s design incorporates safeguards to prevent
non-therapeutic exploitation, including modulation magnitude constraints and usage auditing. Ethical integration
remains a core priority as the technology advances toward translational research and clinical trials.
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manuscript preparation were supported by internal resources of the REAL Institute. No commercial entities influ-
enced the design, analysis, or interpretation of the results. Future experimental validation and clinical translation
may be pursued through academic grants or nonprofit collaborations aligned with the Institute’s mission.
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Data and Code Availability

The theoretical models, simulation frameworks, and placement optimization algorithms described in this manuscript
are available upon reasonable request for academic and non-commercial research purposes. Due to the conceptual
nature of the work and absence of patient data, no clinical datasets are associated with this study. Interested
collaborators may contact the corresponding author to access prototype code, simulation parameters, and entropy-
based scoring modules used in the placement framework.

Appendix: On Mathematical Soundness

The theoretical foundation of this work has been questioned regarding the application of Bell’s perturbative theo-
rems to derive geometric constraints on ephaptic coupling effectiveness. This appendix clarifies the mathematical
approach and addresses concerns about the derivation of the 30-degree inclination threshold.

Geometric Framework Foundation

Our approach builds directly upon the generalized mathematical framework established in Chawla, Morgera, and
Snider (2019), which introduced a novel coordinate transformation method for analyzing ephaptic coupling in
axon tracts with arbitrary geometry. The key innovation lies in the introduction of a universal coordinate system
along the tract axis, allowing inclined axons to be projected onto a common reference frame through trigonometric
relationships.

Specifically, each axon with inclination angle 8; relative to the tract axis is modeled through its projection onto
the universal coordinate z. The spatial derivatives in the cable equation are modified by geometric prefixes:

*V; *V;

022 022

This transformation preserves the mathematical structure required for Bell’s perturbative analysis while incor-
porating geometric effects through the cosine terms.

— cos? ;

(14)

Derivation of Geometric Constraints

Bell’s stability analysis, when applied to this geometrically-modified system, yields eigenvalue conditions for syn-
chronized propagation. The critical insight is that the effective coupling parameter gets modified by trigonometric
prefactors.

Mathematical Rigor and Validation

Critics may argue that this geometric extension lacks rigorous justification. However, the approach is mathemati-
cally sound for several reasons:

Coordinate Transformation Validity: The universal coordinate transformation is a standard technique in
mathematical physics, analogous to projective methods used in crystallography and fiber optics. The trigonometric
projections preserve the essential physics while enabling analytical treatment.

Perturbative Framework Preservation: Bell’s original assumptions—small coupling perturbations and
linear cable dynamics—remain valid in the transformed coordinate system. The geometric prefixes modify coupling
strength but do not invalidate the perturbative approach.

Physical Consistency: The geometric constraints align with known biophysics: ephaptic coupling effectiveness
decreases with increasing axonal separation and misalignment, which the inclination-dependent scaling captures
mathematically.

Limitations and Future Directions

We acknowledge that the current framework assumes axons lie in planes containing the tract axis (single inclination
angle per axon). A fully general theory would incorporate two inclination angles per axon and tensor-form coupling
matrices to account for arbitrary three-dimensional orientations and medium anisotropy, as outlined in our recent
technical note [18].
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The geometric constraints derived here represent necessary conditions for END effectiveness based on current
theoretical understanding. Experimental validation through computational simulations and eventual biological
testing will provide further validation of these mathematical predictions.

Conclusion

The mathematical foundation connecting Bell’s theorems to geometric constraints is neither arbitrary nor unsound.
Rather, it represents a principled extension of established perturbative analysis to geometrically complex axon tract
configurations through validated coordinate transformation techniques. The 30-degree threshold emerges naturally
from stability eigenvalue analysis rather than empirical fitting, providing a robust theoretical basis for clinical
device design and placement optimization.
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