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ABSTRACT
Transient ischemic attacks (TIAs) and secondary ischemic strokes remain heavily burdened by delayed microvascular failure occurring 
downstream of patent epicranial arteries. While clinical protocols prioritize macrovascular recanalization and systemic antiplatelet 
therapy, they overlook the hydrodynamic and electrodynamic breakdown of the neurovascular unit (NVU). In this paper, we formulate 
a non-equilibrium hydrodynamic and information-theoretic model governing the mechanical shielding of the blood-brain barrier 
(BBB). We model the luminal endothelial glycocalyx layer (EGL) as an active, fractional viscoelastic porous matrix operating under 
Brinkman-extended momentum transport coupled to pulsatile Navier-Stokes luminal flow. Under physiological conditions, the EGL 
acts as a mechanical low-pass filter, dissipating high-frequency systolic wall shear stress (WSS) harmonics and preserving eNOS 
phosphorylation (Ser1177) and trans-endothelial electrical resistance (TEER). When the glycocalyx sheds under acute oxidative 
or hemodynamic stress, apical lipid bilayers are directly subjected to destructive high-shear spikes. This mechanical denudation 
triggers an immediate drop in the bioenergetic Signal-to-Noise Ratio (SNR_bio < 3.0 dB), collapses Shannon channel capacity (C → 
0), and exposes sub-endothelial ligands, precipitating platelet adhesion, leukocyte plugging, and delayed micro-thrombosis. Within 
the Science 4.0 framework, we propose targeted pre-reperfusion electrodynamic shielding and nano-vectorized matrix restoration to 
quench mechanical entropy production, prevent BBB disruption, and eradicate the biophysical triggers of secondary TIA cascades.
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Introduction: The Biophysical Dimension of 
Neurovascular Relapse
A transient ischemic attack (TIA) is clinically defined as a 
temporary episode of neurological dysfunction caused by focal 
cerebral, spinal, or retinal ischemia without acute permanent 
infarction. However, up to 15-20% of TIA patients suffer an 
overt, disabling ischemic stroke within 90 days, with the highest 
risk clustered in the first 48 hours. Current therapeutic paradigms 
rely on rapid platelet inhibition, statin therapy, and blood pressure 

regulation. Yet, recurrent ischemic episodes frequently occur 
despite optimal systemic pharmacological management.

From the standpoint of Science 4.0 biophysical systems 
engineering [1], cerebral microvessels do not operate as rigid, 
inert conduits governed by pure no-slip boundary conditions (u 
= 0). Instead, the luminal boundary of the brain microvasculature 
is cushioned by a dense, negatively charged macromolecular 
mesh: the endothelial glycocalyx layer (EGL) [2]. In the cerebral 
microcirculation, where shear rates and pulsatile gradients are 
extreme, the EGL functions as a non-linear viscoelastic damper 
and an electrodynamic transducer.

Under systemic inflammatory, metabolic, or post-ischemic 
reperfusion stress, enzymatic shedases (matrix metalloproteinases, 
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heparanases) rapidly degrade this luminal coat [3,4]. The loss of 
this hydrodynamic shield exposes the fragile cerebral endothelial 
lining directly to high-amplitude, high-frequency shear waves, 
initiating microvascular stasis, junctional breakdown (Claudin-5, 
ZO-1), and focal micro-thrombi. Resolving this clinical bottleneck 
requires extending beyond classical pharmacodynamics to 
formalize the non-equilibrium hydrodynamic and informational 
laws governing blood-brain barrier preservation.

Mathematical Formulation: Coupled Non-Equilibrium 
Hydrodynamics
The luminal domain of a cerebral microvessel (radius R) is modeled 
as a two-phase continuum [5]: a central luminal core governed by 
pulsatile Newtonian flow (Navier-Stokes) and a peripheral porous 
matrix of thickness h ≈ 0.8 µm occupied by the EGL, governed by 
the Brinkman momentum equation.

Luminal Core Flow (Navier-Stokes)
In the inner core (0 <= r < R - h), the fluid velocity vector u(r, t) 
obeys:
ρ · [∂u/∂t + (u · ∇)u] = -∇p + μ_b · ∇²u
Where:
●	 ρ is blood density (1050 kg·m⁻³).
●	 μ_b is plasma dynamic viscosity (0.0012 Pa·s).
●	 ∇p(t) is the pulsatile arterial pressure gradient:

∇p(t) = G_0 + Σ [G_n · cos(n · ω · t - φ_n)]

Porous Matrix Transport (Brinkman Equation)
Within the glycocalyx mesh (R - h <= r <= R), fluid filtration 
through the proteoglycan fibers is governed by the Brinkman 
extension:
ρ · (∂u_m / ∂t) = -∇p + μ_e · ∇²u_m - (μ_b / K) · u_m

Where:
●	 μ_e is the effective viscosity within the porous layer.
●	 K is the hydraulic permeability of the glycocalyx matrix [2]: 
K = (r_f² / [4 · φ_f]) · [-ln(φ_f) - 0.739 + φ_f]

Here, r_f ≈ 1.5 nm represents the radius of heparan sulfate and 
syndecan-1 fibers, and φ_f denotes the matrix solid volume 
fraction (φ_f ≈ 0.02).

Fractional Viscoelasticity and Shear Attenuation
The strain response ε(t) of the syndecan-1 core proteins under 
pulsatile shear stress τ(t) exhibits power-law mechanical memory, 
modeled via the Caputo fractional differential operator [6]:
τ(t) = E_α [D_t^α ε(t)] + η_β [D_t^β ε(t)]

Where:
●	 0 < α, β <= 1.
●	 E_α is the fractional elastic modulus.
●	 η_β is the fractional viscous coefficient.
●	 D_t^α represents the Caputo fractional derivative:
D_t^α f(t) = (1 / Γ(1 - α)) · ∫₀ᵗ (t - s)^(-α) · f'(s) ds

The phase lag:
δ(ω) = arctan[(η_β · ω^β · sin(β · π / 2)) / (E_α · ω^α · cos(α · π / 2))]

dampens the high-frequency harmonics of the systolic wave. When 
the EGL is intact, the peak shear stress transmitted to the apical 
endothelial cell membrane is attenuated by over 78%, preventing 
membrane mechanoporation.

Information-Theoretic Formulation: Bioenergetic 
Signal-to-Noise Ratio (SNR)
Within the Science 4.0 paradigm, the neurovascular unit is analyzed 
as a communication channel transmitting steady-state homeostatic 
instructions against thermal, oxidative, and hydrodynamic noise 
[7].

The cellular Bioenergetic Signal-to-Noise Ratio (SNR_bio) is 
defined as [8]:
SNR_bio = 10 · log10 [S_coherent / (N_thermal + N_shear + N_
ROS)] 

Where:
●	 S_coherent = k_kin · [ATP]_cyt coherent signaling power 

mediated by steady shear-induced eNOS phosphorylation 
(Ser1177) and tight junction clustering.

●	 N_thermal = k_B · T · Δf is baseline Nyquist thermal noise 
across signaling bandwidth Δf.

●	 N_shear = ζ · |∂τ_w / ∂t| represents stochastic stress-wave 
noise resulting from high-frequency unattenuated systolic 
peaks impacting the bare membrane.

●	 N_ROS = ξ · [ROS]_cyt represents oxidative free-radical 
noise generated by cellular hypoxia and uncoupled respiration 
[3].

The maximum Shannon channel capacity (C) of the endothelial 
regulatory network is [9]: 

C = B · log2 [1 + S_coherent / (k_B · T · Δf + ζ · |∂τ_w / ∂t| + ξ · 
[ROS]_cyt)]

When glycocalyx degradation occurs (h → 0), N_shear rises by 
more than an order of magnitude. Consequently, SNR_bio drops 
below the critical thermodynamic survival boundary [10]:
SNR_crit = 3.0 dB

Below this threshold, channel capacity collapses (C < 1.0 
bits·s⁻¹). Intracellular regulatory signaling undergoes stochastic 
decoherence, driving loss of trans-endothelial electrical resistance 
(TEER) and junctional disassembly.

(Left) Cerebral microvessel cross-section showing pulsatile 
blood flow coupled to the endothelial glycocalyx matrix (0.8 
µm). Parabolic velocity vectors are dampened within the porous 
mesh, shielding apical Claudin-5 tight junctions while dense 
electronegative surface charges electrostatically repel resting 
platelets. Pericytes, basement membrane (ECM), and astrocytic 
end-feet preserve blood-brain barrier structural integrity.



Volume 3 | Issue 4 | 3 of 4J Chronic Dis Prev Care, 2026

Figure 1: Non-equilibrium hydro-electrodynamic model of the 
neurovascular unit and biophysical engineering of shear filtering.

(Right, Top) Viscoelastic low-pass response (Bode plot) showing 
significant high-frequency shear stress attenuation (> 100 Hz) in 
healthy glycocalyx compared to failure under denuded conditions.

(Right, Bottom) Bioenergetic Information Signal-to-Noise Ratio 
(SNR_bio) as a function of frequency. Glycocalyx shedding 
precipitates an informational collapse dropping below the 
critical failure threshold (SNR_crit = 3.0 dB), driving junctional 
disassembly and microvascular stasis.

Biophysical and Rheological Parameters
Table 1 outlines the baseline versus pathological parameters 
governing blood-brain barrier micro-hemodynamics.
Mechanistic Cascade: From Glycocalyx Erosion to TIA and 
Secondary Stroke
The progression toward delayed cerebral microvascular occlusion 
operates through a four-stage biomechanical cascade:
1.	 Viscoelastic Uncoupling: Degradation of the syndecan-1 and 

heparan sulfate matrix eliminates the low-pass mechanical 
filtering of pulsatile flow.

2.	 Apical Shear Fatigue: Raw pulsatile wall shear stress strikes 
the endothelial membrane directly. Mechanical disruption of 

caveolae domains decouples the caveolin-1/eNOS complex, 
halting endothelial nitric oxide release [4,11].

3.	 Barrier Degradation: Depleted NO and high shear stress 
trigger protein kinase C-alpha (PKC-α) activation, driving 
phosphorylation and endocytosis of Claudin-5 and Occludin 
tight junctions [4]. Interstitial cerebral edema begins.

4.	 Thrombo-Inflammatory Occlusion: The loss of 
surface negative charge (removal of sialic acids and 
glycosaminoglycans) permits platelet glycoprotein Ib (GPIb) 
to bind von Willebrand factor (vWF). Platelet-leukocyte 
aggregates form focal micro-thrombi, establishing intermittent 
capillary plugging, episodic cerebral hypoperfusion, and 
clinically manifest TIAs.

Science 4.0 Translational Protocol: Pre-Emptive Neurovascular 
Shielding
Preventing post-ischemic TIA relapse requires therapeutic 
interventions aimed directly at restoring microvascular 
hydrodynamics rather than relying exclusively on downstream 
enzymatic anticoagulation:
●	 Pre-Emptive Matrix Reconstruction: Administration of 

nano-vectorized, sulfated oligosaccharide mimetics and lipid-
matrix carriers delivers targeted building blocks directly to 
the ischemic microvascular lumen [12], re-establishing an 
artificial Brinkman porous layer (h > 0.6 µm).

●	 Electrodynamic Repolarization: Restoring the negative 
surface charge

●	 (zeta-potential ≈ -25 mV) electrostatically repels circulating 
platelets and deactivated neutrophils, raising the barrier 
activation threshold and preventing micro-thrombus 
nucleation.
●	 Hydrodynamic Wave Windowing: Pharmacological 
attenuation of central pulse pressure steepness (dP/dt) during 
the critical 72-hour vulnerable window reduces N_shear, 
keeping SNR_bio > 3.0 dB while endogenous endothelial 
repair machinery stabilizes junctional seals.

Discussion and Clinical Perspectives
Conventional neuro-interventional cardiology and neurology 
primarily evaluate macrovascular luminal patency (e.g., via 

Table 1: Non-Equilibrium Hydrodynamic and Biophysical Parameters in Neurovascular Resilience.

Parameter Description Symbol Physiological 
Baseline

Glycocalyx Decoupling (Pre-
TIA State)

Science 4.0
Shielded State Physical Unit

Glycocalyx Layer Thickness h 0.7 - 0.9 < 0.15 0.65 - 0.85 µm
Hydraulic Permeability K 1.2 - 2.5 x 10⁻¹⁶ 1.8 x 10⁻¹⁴ 2.0 x 10⁻¹⁶ m²
Peak Membrane Shear Stress τ_max 1.2 - 1.8 > 8.5 1.5 - 2.1 Pa
High-Frequency Shear Damping ΔΦ_att 75 - 85 < 10 70 - 80 %
Nitric Oxide Bioavailability [NO] 150 - 250 < 25 180 - 220 nM

Trans-Endoth elial Resistance TEER 1200 - 1800 < 350 1100 - 1500 Ω·cm²
Cytosolic ATP Concentration [ATP]_cyt 4.5 - 5.5 < 0.8 3.5 - 4.5 mM
Bioenergetic SNR SNR_bio 18.0 - 26.0 < 1.5 14.0 - 18.0 dB
Critical Failure Boundary SNR_crit 3.0 3.0 3.0 dB
Shannon Channel Capacity C 14.0 - 20.0 < 1.2 10.5 - 15.0 bits·s⁻¹
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CTA or DSA). However, clinical recurrence of ischemic 
symptoms under patent large vessels is directly explained by 
this microvascular hydrodynamic failure. When the glycocalyx 
is destroyed, antiplatelet agents (aspirin, clopidogrel) attempt to 
stop aggregation in an environment where the biophysical and 
thermodynamic triggers for clotting are massively amplified by 
shear-induced membrane damage.

The framework developed here demonstrates that preserving 
cellular Shannon channel capacity (C > 10 bits·s⁻¹) is fundamentally 
linked to mechanical shear filtration. Integrating non-equilibrium 
hydrodynamics and fractional viscoelastic shielding within the 
Science 4.0 paradigm provides a quantitative roadmap [1,13] 
for developing next-generation neuroprotective therapies that 
effectively seal the microvascular bed against secondary ischemic 
events.

Conclusion
Transient ischemic attacks and secondary microvascular 
occlusions are fundamentally physical failures of hydrodynamic 
damping and biological information routing. Restoring the 
endothelial glycocalyx as an active viscoelastic filter maintains the 
cellular Signal-to-Noise Ratio (SNR_bio) above 3.0 dB, prevents 
mechanical disruption of the blood-brain barrier, and halts the pro-
thrombotic cascade at its biophysical origin.
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