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Abstract 

The traditional understanding of electroencephalogram (EEG) genesis and propagation center on the summation of neuronal 

field potentials transmitted to the scalp via passive volume conduction. While this neurocentric view has dominated EEG 

interpretation for decades, certain bioelectrical observations—such as the abrupt disappearance of EEG activity following 

cerebral circulatory arrest—suggest that a more nuanced mechanism may underlie the transmission of brain-derived electrical 

signals to the body surface. This paper introduces a novel vascular-electrical hypothesis termed Encephalocutaneous Electrical 

Pathways (EEP), which proposes that specialized, non-neuronal electrical conduits—distinct from classical axonal 

pathways—exist within both intracranial and extracranial compartments and serve to transmit bioelectrical activity from the 

brain to the skin surface. EEP comprises two structurally integrated components: an intracranial network of microscopic 

electrical pathways, hypothesized to propagate bioelectricity independently of synaptic transmission and aligned with 

perivascular microenvironments, and an extracranial extension of these pathways that follows vascular channels through the 

meninges and connective tissues to terminate in the skin. These encephalocutaneous terminations constitute the interface through 

which EEG signals emerge on the scalp. Although closely associated with vascular architecture, EEP structures are not vascular 

themselves, but anatomically distinct entities that utilize the vascular corridors for spatial orientation. This hypothesis accounts 

for EEG disappearance following loss of cerebral perfusion and posits a direct, vascular-aligned but non-vascular electrical 

continuum from brain to skin. If validated, the EEP model would challenge conventional views of EEG signal origin and 

propagation and establish a foundation for exploring extracranial bioelectric communication. It opens new directions for 

anatomical mapping, electrophysiological validation, and the development of novel EEG technologies that account for 

encephalocutaneous bioelectricity. 
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1. Introduction 

Electroencephalogram (EEG) recordings are widely inter-

preted as reflections of cortical neuronal activity, primarily 

arising from the summation of postsynaptic potentials in 

pyramidal neurons, transmitted passively to the scalp via 
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volume conduction through cerebrospinal fluid, skull, and 

skin layers [1]. This classical neurocentric model, though 

foundational in neurophysiology, fails to fully explain certain 

phenomena—most notably the abrupt and complete cessation 

of EEG signals following cerebral circulatory arrest [2, 3]. 

Such observations suggest that bioelectrical signal transmis-

sion from the brain to the scalp may depend on more than just 

neuronal activity and passive conduction. 

The proposed Encephalocutaneous Electrical Pathways 

(EEP) hypothesis introduces a vascular-electrical continuum 

for brain-skin signal transmission. EEP consists of two 

structurally distinct but spatially integrated components: In-

tracranial EEP and Extracranial EEP. 

Intracranial EEP refers to a hypothetical network of mi-

croscopic, non-axonal pathways aligned with perivascular 

structures and neuroglial interfaces. These conduits may 

transmit bioelectrical activity through non-synaptic mecha-

nisms such as ionic flow and ephaptic interactions [4-6]. This 

internal circuitry is theorized to operate independently of 

classical neuronal conduction. 

Extracranial EEP, on the other hand, represents an ana-

tomical and functional continuation of these pathways 

beyond the cranial vault. These structures are proposed to 

follow vascular and connective tissue channels across the 

meninges and through subcutaneous layers, ultimately 

terminating at the skin. These terminations may serve as 

the encephalocutaneous interface through which EEG 

signals emerge [7-9]. 

EEP structures, though aligned with vasculature, are pos-

ited to be distinct from it. If confirmed, this framework would 

broaden understanding of EEG signal origin and enhance the 

anatomical and electrophysiological basis of non-invasive 

brain monitoring [10]. 

2. Chronological Odyssey of 

Encephalogram: Historical 

Exploration from Brain to the Skin 

The history of the electroencephalogram (EEG) is deeply 

intertwined with the evolving understanding of the brain itself, 

whose exploration dates back over 3,000 years. The Edwin 

Smith Surgical Papyrus (~1600 BCE) first recognized the 

brain’s clinical relevance [11], while Galen in the 2nd century 

CE proposed early physiological theories of brain function 

[12]. During the Renaissance (14th-17th centuries), detailed 

neuroanatomical illustrations by Vesalius and others revolu-

tionized brain studies [13]. These historical milestones laid 

the groundwork for identifying the brain as the origin of 

consciousness and bioelectrical signaling. 

In 1875, Richard Caton by the use of sensitive galvanom-

eter observed fluctuating electrical potentials in the brains of 

rabbits and monkeys [14]. This seminal discovery was ex-

tended by Hans Berger in 1929, who recorded the first human 

EEG, linking rhythmic cortical activity to states of con-

sciousness [15, 16]. By the 1950s, the volume conduction 

theory gained traction, positing that EEG signals reflected 

passive propagation of cortical field potentials through cere-

brospinal fluid, bone, and skin [17, 18]. 

Yet, observations such as the rapid disappearance of 

EEG following circulatory arrest have revealed limitations 

in this model [19]. Recent advances in neuroscience have 

elucidated the roles of endothelial cells, astrocytic endfeet, 

and vascular conduction in shaping brain bioelectric dy-

namics [20-22]. These findings support the plausibility of 

vascular-aligned transmission systems, laying the con-

ceptual foundation for hypotheses like the Encephalocu-

taneous Electrical Pathways (EEP), which propose distinct 

intracranial and extracranial conduits for EEG signal 

emergence from brain to skin. 

3. Framework Description: 

Encephalocutaneous Electrical 

Pathways (EEP) - A Novel Concept 

The Encephalocutaneous Electrical Pathways (EEP) con-

stitute a novel, specialized anatomical and physiological 

framework that redefines the origin and transmission of EEG 

(Figure 1). Unlike the traditional view that attributes EEG to 

summated neuronal discharges propagated via volume con-

duction, EEP introduces a dual-component, non-neuronal 

electrical system aligned with but distinct from the vascular 

architecture of the brain and body. 

3.1. Intracranial EEP Component 

This component comprises microscopic intracranial electrical 

pathways that originate within the brain. These are non-neuronal 

bioelectrical structures, structurally distinct from neural tissue, 

and are hypothesized to conduct electrical activity independent-

ly of synaptic transmission or neuronal field potentials. They are 

thought to align closely with intracranial vascular channels, 

particularly within perivascular microenvironments, where their 

positioning may facilitate the organization and guidance of bio-

electrical flow, without forming part of the vessels themselves. 

3.2. Extracranial EEP Component 

Extending from the intracranial domain, these specialized 

extracranial electrical pathways travel alongside vascular 

routes through the meninges, cranial emissary veins, connec-

tive tissues, and subdermal layers. They project to the skin 

surface as encephalocutaneous electrical pathways, termi-

nating in cutaneous microstructures capable of radiating 

brain-derived bioelectrical activity outward. These dermal 

terminations constitute the functional interface through which 

EEG become detectable by scalp electrodes. 

The EEP framework proposes that EEG waveforms rec-

orded at the skin surface originate from non-neuronal elec-
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trical currents transmitted through anatomically discrete, 

microscopic encephalocutaneous electrical pathways. These 

pathways, like intracranial component, while following vas-

cular channels, remain structurally and functionally distinct 

from the circulatory system itself. Importantly, the disap-

pearance of EEG signals following cerebral circulatory arrest 

provides indirect evidence of the dependence of these spe-

cialized conduits on vascular integrity, indicating a close 

functional relationship between EEP structures and the brain’s 

blood supply. 

This hypothesis presents a paradigm shift in understanding 

both the origin and the anatomical pathways through which 

brain-derived bioelectrical activity is transmitted and ulti-

mately culminates in EEG signals at the body surface. It opens 

new frontiers for anatomical, physiological, and bioengi-

neering research into encephalocutaneous bioelectricity. 

 
Figure 1. Hypothetical framework for the Encephalocutaneous 

Electrical Pathways (EEP) linking the heart with the skin in Elec-

troencephalogram (EEG) generation. 

4. Discussion 

The Encephalocutaneous Electrical Pathways (EEP) hy-

pothesis introduces a transformative perspective in the field of 

neurophysiology by proposing a vascular-aligned, 

non-neuronal mechanism for electroencephalogram (EEG) 

signal propagation. The traditional view, rooted in volume 

conduction theory, posits that EEG signals are the summation 

of cortical postsynaptic potentials that diffuse passively 

through cerebrospinal fluid, dura mater, skull, and skin [17, 

18]. While this paradigm has guided EEG interpretation for 

nearly a century, it fails to fully explain several critical 

physiological and clinical observations—most notably, the 

immediate loss of EEG signals following cerebral circulatory 

arrest [19]. The EEP framework offers a novel and integrative 

model to bridge these gaps, incorporating recent advances in 

vascular electrophysiology, glial signaling, and perivascular 

conduction [4, 20-22]. 

4.1. Intracranial EEP Component: 

Microvascular-Aligned Electrical 

Transmission 

The intracranial component of EEP hypothesizes the ex-

istence of microstructural electrical conduits that align with 

perivascular spaces, including astrocytic endfeet and endo-

thelial membranes. This anatomical arrangement is supported 

by emerging evidence showing that capillary endothelial cells 

and astrocytes are not merely passive components of the 

neurovascular unit but are electrically active [21, 22]. For 

example, Longden and Nelson (2021) demonstrated that en-

dothelial cells can propagate hyperpolarization signals across 

cerebral capillaries via gap junctions, effectively transmitting 

electrical information independent of neuronal activity [20]. 

Similarly, astrocytic calcium waves have been shown to co-

ordinate blood flow and influence neurovascular coupling 

[22]. These findings validate the plausibility of a microvas-

cular-aligned electrical architecture capable of conducting 

signals from deeper brain structures toward the cortical sur-

face. 

Moreover, the recent concept of electrocalcium coupling in 

brain capillaries, as described by Mughal et al. (2024), offers 

mechanistic insight into how electrical signals may be ampli-

fied and directed within the neurovascular network [4]. Such 

conduction may occur through perivascular glial pathways, 

forming a parallel yet complementary route to classical neu-

ronal axonal transmission. The intracranial EEP framework 

thus introduces a previously unrecognized layer of complexity 

in understanding how the brain organizes and communicates 

its electrical output. 

4.2. Extracranial EEP Component: 

Vascular-Tissue Electrical Continuity to the 

Skin 

The extracranial component of EEP extends this vascu-

lar-aligned conduction pathway beyond the cranial cavity. It 

proposes that electrical signals originating within the brain 

may follow vascular corridors—particularly those traversing 

the dura mater, subcutaneous tissue, and connective fascial 

planes—towards the scalp. While these pathways are ana-

tomically distinct from vasculature, they may utilize similar 

conduits for spatial orientation. This idea is not without 

precedent. Historical studies have noted the presence of 

low-resistance pathways along blood vessels and connective 

tissues, facilitating the preferential movement of electrical 

currents [14, 18, 23]. 

Furthermore, clinical EEG recordings demonstrate that 
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signals can be detected at the scalp even when significant 

portions of cortical activity are subdued or anatomically dis-

tant. This supports the notion that additional, possibly vascu-

lar-guided, mechanisms contribute to signal emergence on the 

skin. The distinct anatomical properties of connective tissues 

and their embedded collagen fibrils—known to possess pie-

zoelectric characteristics—may further support signal con-

duction from vascular-aligned intracranial origins to extra-

cranial dermal terminations [16, 24]. 

4.3. Revisiting Volume Conduction Theory 

Volume conduction, while robust in accounting for cer-

tain EEG patterns, does not sufficiently address the rapid-

ity and spatial coherence of EEG changes observed in 

acute clinical conditions, such as cardiogenic shock or 

global hypoxia [19, 25]. Nor does it explain how 

scalp-recorded signals persist in certain neurosurgical 

procedures where cortical surface exposure is minimal. 

The EEP model, by suggesting a continuous bioelectrical 

axis aligned with vascular and connective architectures, 

offers an elegant explanation that preserves and extends 

current understanding rather than discarding it entirely. 

It is plausible that both models operate concurrent-

ly—volume conduction governing bulk field potentials, 

while EEP structures allow for directed, high-fidelity bio-

electrical signaling. The identification and validation of 

EEP pathways may therefore resolve long-standing dis-

crepancies between theoretical EEG models and clinical 

observations [26]. 

4.4. Historical Precedents and Conceptual 

Parallels 

The notion of electrical continuity from the brain to the 

skin is not novel, though it has lacked formal anatomical and 

physiological substantiation. Richard Caton’s 1875 experi-

ments demonstrated cortical currents in animal models [14], 

while Hans Berger’s pioneering human EEG studies in 1929 

firmly linked mental activity to scalp-measurable rhythms 

[15]. These early observations, although interpreted through 

a neurocentric lens, align with the core assertion of EEP: that 

the brain communicates with the body surface through 

measurable electrical outputs. The discovery of astrocytic 

and endothelial contributions to brain signaling affirms and 

extends these classical insights [12, 13, 27]. 

4.5. Anatomical and Biophysical Corroboration 

Recent studies using advanced imaging techniques, such as 

two-photon microscopy and high-resolution electron mi-

croscopy, have revealed intricate neurovascular and peri-

vascular networks capable of mediating electrical, chemical, 

and mechanical interactions [4, 21, 22, 28]. The anatomical 

plausibility of EEP is strengthened by these findings, which 

demonstrate that electrical signals in the brain are not exclu-

sively confined to neurons. Collagen-rich perivascular spaces, 

abundant in both intracranial and extracranial regions, offer 

conductive channels potentially suitable for EEP-mediated 

signaling [29, 30]. 

Biophysical modeling of brain tissues further supports the 

feasibility of such pathways. Studies have shown that aniso-

tropic conductivity in brain and skull tissues can produce direc-

tional biases in electrical propagation [18, 31]. The alignment of 

vascular and connective tissue fibers could thus provide a path 

of least resistance for signal transmission, consistent with EEP 

architecture. 

4.6. Clinical Implications and Future Directions 

The EEP hypothesis has profound implications for both 

clinical practice and biomedical engineering. First, it opens a 

new avenue for interpreting EEG, particularly in cases of 

unexplained scalp electrical activity or paradoxical EEG pat-

terns. Understanding EEP structures may also improve the 

diagnostic accuracy of EEG in cerebral perfusion monitoring, 

epilepsy localization, and neurodegenerative disease assess-

ment [19, 25, 32]. 

Second, the validation of EEP pathways could revolution-

ize non-invasive brain-computer interface (BCI) technologies. 

By targeting specific extracranial electrical conduits, signal 

acquisition could become more efficient, precise, and resistant 

to noise. Similarly, EEG electrode designs might evolve to 

accommodate the spatial distribution of EEP termini rather 

than relying solely on the traditional 10-20 system [33, 34]. 

Recent discoveries in brain tissue imaging, as well as 

studies highlighting the influence of glial and vascular struc-

tures on signal propagation, provide the empirical foundation 

for pursuing this paradigm [23]. 

Future studies should focus on mapping EEP structures 

using electrophysiological tracing, immunohistochemistry, 

and in vivo voltage-sensitive dye imaging. Genetic or phar-

macologic disruption of candidate cellular components (e.g., 

endothelial gap junctions or astrocytic channels) may provide 

causal evidence for EEP functionality. Moreover, biophysical 

simulations incorporating vascular alignment and tissue 

conductivity could quantify the contribution of EEP to overall 

EEG signal strength [35, 36]. 

5. Conclusion 

The Encephalocutaneous Electrical Pathways (EEP) hy-

pothesis introduces a paradigm shift in our understanding of 

EEG origin and propagation. By identifying a du-

al-component structure—an intracranial, microvascu-

lar-aligned electrical network and an extracranial microvas-

cular-aligned electrical conduit system—the EEP model 

proposes an anatomically coherent and physiologically plau-

sible mechanism for brain-to-skin bioelectricity. 

EEP does not negate the established principles of volume 
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conduction; rather, it enriches them by adding depth to the 

anatomical and functional substrate of EEG generation. The 

alignment of EEP with vascular and connective tissue archi-

tecture offers a compelling explanation for phenomena un-

explained by traditional models. If validated through empiri-

cal research, EEP will not only redefine EEG physiology but 

also open transformative avenues for diagnostics, therapeutics, 

and electrophysiology interface technologies. 

In the spirit of scientific exploration exemplified by Caton, 

Berger, and contemporary neurovascular pioneers, the EEP 

framework invites a renewed inquiry into the electrical con-

versation between the brain and the skin. The journey from 

encephalon to epidermis, once viewed through a limited lens, 

may now be illuminated by a vascular-electrical continuum 

that challenges, complements, and expands the boundaries of 

neurophysiology. 
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