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Abstract

Background: Transcranial ultrasound has emerged as a promising non-invasive
neuromodulation modality for Alzheimer’s disease (AD). However, its clinical translation
is hindered by inconsistent biophysical classification between quasi-linear low-intensity
focused ultrasound (LIFU) and nonlinear pulse-based approaches.

Objective: To propose a Transcranial Nonlinear Ultrasound Stimulation (TNUS)
framework for the formal reclassification of Transcranial Pulse Stimulation (TPS),
enabling clear differentiation of nonlinear wave mechanics from quasi-linear acoustics.
Methods: This perspective review integrates biophysical modeling within the nonlinear

Westervelt regime, critically appraises recent clinical trial data, and conducts a comparative
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analysis of acoustic dosimetry by contrasting the periodic waves characteristic of linear
LIFU with the shock-front dynamics of TPS.

Results: TPS is characterized by an extreme pressure gradient (dP/dt ~ 102 Pa/s),
representing a five-order-of-magnitude divergence from LIFU. This regime facilitates a
Volume Force model and Ballistic Gating of ion channels via displacement currents, a
mechanism distinct from the steady-state pathways of intramembrane cavitation. In the
atrophied AD brain, pathological expansion of the cerebrospinal fluid (CSF) compartment
induces focal displacements and compromises wavefront integrity through refractive
aberrations at the CSF—parenchyma interface. While the Glassy Regime of tissue provides
a biomechanical safety buffer, the compromised compliance in Cerebral Amyloid
Angiography (CAA) requires TPS protocols to remain below the vascular ultimate tensile
strength (UTS).

Conclusions: Future clinical optimization of TPS necessitates a transition toward structure-
aware dosimetry. The implementation of adaptive beamforming (e.g., TUSNet) and
individualized impulse titration is essential to mitigate refractive aberrations and vascular
failure risks in the pathologically heterogeneous aging brain.

Key words

Alzheimer's Disease; Dementia; Low-intensity focused ultrasound; Transcranial pulse

stimulation; Transcranial focused ultrasound stimulation

1. Introduction

The therapeutic landscape for Alzheimer’s disease (AD) remains at a pivotal juncture.

While amyloid-beta (48) monoclonal antibodies have secured regulatory approval, their
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clinical utility is limited by suboptimal blood-brain barrier (BBB) penetration and modest
clinical benefits in cognitive function®2. This limitation has catalyzed a shift toward
physical neuromodulation, with transcranial ultrasound emerging as a leading modality due

to its non-invasive nature and millimetric precision®**,

The rapid clinical translation of transcranial ultrasound has engendered a significant
methodological inconsistency (Figure 1). Current literature frequently conflates the quasi-
linear periodic waves of Low-Intensity Focused Ultrasound (LIFU) with the nonlinear
shockwaves characteristic of Transcranial Pulse Stimulation (TPS)*'?78,  This
terminological ambiguity obscures a fundamental biophysical reality: the atrophied AD
brain functions as an aberrating medium. The expansion of the cerebrospinal fluid (CSF)
layer induces significant refractive shifts, leading to a loss of wavefront integrity before

the acoustic energy reaches the targeted focus®2°,

To achieve biophysical transparency, we propose a reclassification of TPS as
Transcranial Nonlinear Ultrasound Stimulation (TNUS). Although the clinical term TPS is
retained for continuity, this redefinition is essential for establishing safety and efficacy
standards distinct from linear acoustics?*?. This review evaluates the translational gap in
AD therapy across four biophysical domains: (1) the paradigm shift from steady-state
acoustic radiation force to impulsive momentum transfer; (2) the technical inadequacy of
linear dosimetry (I,¢,) in strictly nonlinear regimes; (3) a mechanistic audit of recent
clinical evidence; and (4) the transition toward refraction-aware, adaptive neuromodulation
(see Table 1 and Table 2 for abbreviations and symbols). We aim to establish a rigorous

TNUS framework to synchronize nonlinear wave mechanics with clinical neurophysiology.
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2. Biophysical Reclassification: TPS as TNUS
2.1 Reclassifying TPS as TNUS

To enhance clinical precision, it is necessary to rectify a persistent methodological
oversight: the classification of TPS as a conventional form of pulsed ultrasound. From the
perspective of nonlinear wave mechanics, TPS is more accurately classified as TNUS?6-30,
Unlike the infinitesimal displacements characteristic of linear acoustics, TPS is governed
by the nonlinear parameters of the Westervelt equation, where wave propagation is
dominated by shock-front steepening?-28293L32(Figure 2). While the nomenclature "TPS"
IS maintained herein to ensure bibliographic continuity with current clinical literature, we
propose that the underlying energy-tissue interactions are more accurately interpreted
through a nonlinear framework?!®23-2531.3334 Consequently, we suggest the designation
TNUS as a more biophysically precise descriptor for future classification. Adopting this
terminology would effectively distinguish the unique impulsive physics of this modality

from the mechanisms of conventional linear neuromodulation.

2.2 The Nonlinear Threshold: dP/dt vs. I,

The fundamental divergence between LIFU and TPS resides in the pressure gradient
(dP/dt) and the resulting harmonic bandwidth*183>-4°_ |IFU typically operates within a
quasi-linear regime (dP/dt ~ 108 Pa/s), where bioeffects are primarily attributed to time-
averaged acoustic radiation force (ARF) under periodic oscillation?®4:4_In this context,
the spatial-peak temporal-average intensity (I,,.,) serves as a reliable metric for evaluating

thermal and steady-state mechanical loads*>.
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Conversely, TPS operates in a strictly nonlinear regime, with peak positive pressures
reaching 25 MPa and microsecond rise times, dP/dt scales to 1013 Pa/s—five orders of
magnitude greater than that of LIFU'32:-223347 In this transient state, I, loses its
dosimetric utility; a shockwave with a minimal duty cycle (e.g., 0.01%) but extreme peak
gradients can trigger neuronal activation via instantaneous mechanical impulse,
irrespective of its low time-averaged energy!821-233439.404849  The efficacy of TPS is
governed not by average power, but by the high-frequency harmonics (f,4x > 10 MHz)
generated through wavefront steepening?236:3750-52 To illustrate these fundamental
differences in wave propagation, Figure 3 compares the time-domain pressure waveforms
of linear LIFU, nonlinear LIFU with extreme peak sharpening, and the characteristic

single-impact shock wave of TPS.

2.3 Momentum Transfer and the VVolume Force Model

It is imperative to transition beyond the archaic “lithotripsy-based” destruction
narrative33°3-_Instead, TPS should be characterized by unidirectional momentum transfer

facilitated by nonlinear absorption?6282%31  According to the Volume Force (F,) model:

c
where a represents the absorption coefficient, I denotes the instantaneous intensity,
and c is the speed of sound. As the wavefront steepens, energy spectral density shifts
toward high-frequency harmonics, where a increases quadratically (or near-quadratically)
with frequency?%2641-43% This mechanism results in a massive “injection” of momentum
into the tissue on a nanosecond scale, generating a unidirectional mechanical impulse rather

than symmetric oscillation®>4157% At the cellular level, this impulse induces a high
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displacement current (i = V - dC/dt) across the neuronal membrane—a kinetic signature
that is fundamentally distinct from the quasi-static deformation observed in LIFU®80-6262-65

(Table 3)

2.4 Diverging from the ITRUSST Framework

The physical idiosyncrasies necessitate the exclusion of TPS from the International
Transcranial Ultrasonic Stimulation Safety and Standards (ITRUSST) reporting
framework®#, ITRUSST was fundamentally designed for quasi-continuous or long-pulse
waves, with a primary focus on monitoring thermal index (TI) and steady-state
cavitation*°46:626667 ' Applying ITRUSST metrics to TPS is methodologically inconsistent,
as time-averaged parameters inherently fail to capture the maximal mechanical impulse
generated by transient nonlinear events®182224334546 ~Consequently, a physics-honest
standard for TPS must prioritize ballistic parameters—specifically peak pressure gradients
(dP/dt) and pulse energy-flux density (pEFD)—rather than metrics derived from

thermodynamic equilibrium.

3. Mechanistic Divergence and Safety Assessments
3.1 LIFU: ARF and Bilayer Sonophores

LIFU-mediated neuromodulation is fundamentally anchored in steady-state
mechanical coupling between the acoustic field and the cellular bilayer®°%6266.68 Unlike
high-amplitude impulse techniques, LIFU employs a periodic ARF that exerts quasi-static
pressure, effectively acting as a steady-state energy transducer %8°9%°, This process is best
elucidated by the Bilayer Sonophore (BLS) model, where cyclic pressure oscillations
(0.5 MHz) drive intramembrane cavitation—periodic expansion and contraction of the

intramembrane space 58°96266.68.70 These sub-micrometer dynamics modulate lipid bilayer
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tension, thereby lowering the thermodynamic energy barrier for the gating of
mechanosensitive ion channels, specifically the Piezol and TREK/TRAAK families %%
857175 'From a translational perspective, the recruitment of TRPV4 channels in astrocytes
suggests a neurovascular coupling pathway, potentially explaining the sustained functional
connectivity changes observed in Alzheimer’s pilot trials %%, However, the transition
from these biophysical micro-deformations to long-term clinical outcomes remains a

critical gap requiring rigorous, sham-controlled validation.

3.2 TPS: The Impulsive Momentum Paradigm and Ballistic Gating Hypothesis

TPS represents a divergence from steady-state acoustics, operating instead on an
impulsive momentum paradigm 3. We propose a “Ballistic Gating” hypothesis to describe
its unique mechanism: given that the ultra-short TPS pulse (= 3 us) is significantly faster
than the viscoelastic relaxation time of neuronal membranes, the extreme pressure gradient
(dP/dt ~ 1013 Pa/s) delivers a localized mechanical impulse that bypasses slow-acting
mechanotransductive pathways®!"¢"8, This transient stimulus induces a rapid oscillation
of membrane capacitance (dC,,,/dt), generating a substantial displacement current (i =V -
dC/dt) as characterized by the Neuronal Intramembrane Cavitation Excitation (NICE)

model2:68,

Although the Ballistic Gating hypothesis provides a physics-honest explanation for
the rapid depolarization observed with TPS, direct validation in humans remains pending.
Existing resting-state EEG and somatosensory evoked potential (SEP) studies have shown
post-TPS changes in power spectra, coherence, and entropy, but these measurements lack
the temporal resolution to capture the sub-millisecond displacement current transients

induced by individual TPS pulses'®%®,
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To rigorously substantiate the hypothesis and establish its mechanistic distinction
from classic LIFU, we propose the following experimental roadmap performed in the same
subjects under matched targeting and focal energy conditions: (i) high-density scalp EEG

(=128 channels, sampling rate =10 kHz) or MEG with real-time pulse triggering and
advanced artifact suppression to compare time-locked evoked responses—specifically the

latency, amplitude, and waveform of displacement-current-mediated transients (expected
sub-millisecond for TPS) versus the slower oscillatory modulation induced by LIFU ARF
(tens to hundreds of milliseconds)?:"®8%; (ii) simultaneous ultrafast functional ultrasound
(FUS) neuroimaging to co-register local hemodynamic responses and disentangle neuronal
from vascular contributions between the two modalities®>83; (iii) in ethically approved
cohorts already undergoing intracranial EEG (IEEG/SEEG) for clinical indications,
opportunistic recording of local field potentials and multi-unit activity during interleaved
TPS and LIFU sessions at the same cortical target®8; and (iv) complementary ex vivo
human brain-slice patch-clamp recordings to directly quantify capacitive versus
mechanosensitive ion channel currents under matched acoustic parameters of both

techniques®8’,
3.3 Safety Assessment: The Biomechanical Boundary of Momentum Transfer

A fundamental paradox in TPS involves the efficient delivery of extreme acoustic
momentum without inducing microstructural damage to the cerebral parenchyma. The

resolution to this challenge lies in the nonlinear viscoelasticity of brain tissue*162.76.88.89,

Under the extreme strain rates (€ > 10°s~1) characteristic of TPS, the tissue

undergoes a rapid transition from a dissipative fluid-like state to a solid-like regime. Within
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this transient timescale, the shear modulus approaches its high-frequency limit G,
effectively entering a glassy regime**"®88_ This high-strain-rate stiffening ensures that
the acoustic momentum is coupled into localized elastic work—sufficient to trigger
ballistic channel gating—rather than being dissipated into destructive shear flow or

inducing significant viscous heating’®#-0,

This stiffening-mediated coupling constitutes the physical foundation of the
exceptional safety profile of TPS, maximizing mechanotransductive efficiency while
maintaining structural integrity*-%. However, this safety remains context-dependent; in the
presence of anatomical instabilities within the targeted region, therapeutic mechanical

impulses may transition into risks of structural compromise®°-°¢
3.3.1 Vascular Fragility: The Failure of Brittle Structures

In pathological environments characterized by Cerebral Amyloid Angiopathy (CAA)
and severe white matter hyperintensities (Fazekas Grade 3), the viscoelastic properties of
the vascular wall undergo significant degradation®®%-°", The deposition of amyloid-beta
within the tunica media replaces resilient smooth muscle fibers with rigid yet brittle
structures, thereby impairing the vessel’s capacity to buffer high-frequency acoustic

impulses?398:%°,

A Biophysical Model of Vascular Instability: Under the extreme pressure gradients
characteristic of TPS (dP/dt ~ 103 Pa/s), tissues are subjected to a high-rate dynamic
loading environment. We hypothesize that while healthy vasculature maintains structural
integrity through transient elastic coupling, the compromised compliance of vessels

affected by CAA predisposes them to mechanical failure. In this pathological state, the
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inability of the brittle vascular wall to dissipate rapid acoustic energy may lead to an
instantaneous exceedance of the Ultimate Tensile Strength (UTS) as the stress wave
propagates, potentially triggering microvascular rupture. This theoretical framework
provides a mechanistic rationale for the conservative exclusion of patients with pre-existing
microbleeds in current clinical protocols®?96:100-103,

Mechanistic Validation of Clinical Contraindications: From a biomechanical
perspective, the classification of CAA, multiple cortical microbleeds, and severe small
vessel disease as formal contraindications for ultrasound neuromodulation is highly
rational*®2425353640.52.78 ‘Both the transient ballistic impulses characteristic of TPS and the
sustained ARF inherent in LIFU represent potent mechanical triggers®3"194-1% For the
high-fragility vascular architectures observed in these pathologies, such energetic inputs
pose a non-negligible risk of structural failure®+100103107.108 "Qyr piophysical model thus
provides a robust mechanistic justification for these established clinical safeguards,
framing them not merely as empirical precautions but as essential protections against
stress-induced vascular rupture.

3.3.2 The Therapeutic Gap: A Future Research Challenge

A significant proportion of the Alzheimer’s disease population presents with
concomitant vascular pathology. While current clinical screening protocols ensure safety
by strictly excluding patients with suspected CAA, they inadvertently create a substantial

therapeutic gap4,6,7,9,11,22,23,50,109.

The primary challenge lies in engineering kinetic sub-threshold stimulation protocols
specifically tailored for high-risk cohorts with vascular fragility. Future research must

explore micro-pulse waveforms with enhanced harmonic coherence or develop acousto-
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elasticity feedback systems capable of real-time monitoring of micro-strain responses
within the vascular wall. Bridging the therapeutic access for this substantial sub-population
is not merely a clinical ethics mandate; it represents the most formidable physical barrier
for ultrasound neuromodulation to transcend from feasibility validation toward universal

precision medicing??3>110,

As illustrated in Figure 4, the nonlinear TNUS regime offers a substantially wider
biophysical window between neuromodulatory efficacy and vascular safety limits
compared with quasi-linear LIFU. The clinical TPS operating point resides near the upper
boundary of the glassy regime while still maintaining adequate safety margin even in

vessels with compromised compliance.

4. Precision Dosimetry: From Standards to Feedback
4.1 Ballistic Metrics: A New Reporting Standard

Given the fundamental nonlinear kinetics established in Section 2, maintaining TPS
within the conventional ITRUSST framework is no longer scientifically justifiable!8:3345,
While linear metrics, such as I,,,,, excel at monitoring the thermal indices of LIFU, they
fail to capture the transient mechanical impulses that define TPS'?45, To bridge this
dosimetric mismatch, we must pivot from time-averaged power toward ballistic parameters,

establishing a reporting protocol specific to the nonlinear paradigm.

As a primary contribution of this review, we propose a minimum reporting list for
TPS (Table 4). This framework is designed to provide a reproducible biophysical
foundation for future clinical trials, ensuring complete physical honesty. Incorporating
Fazekas scores or CAA status into the standardized reporting items signifies a paradigm

shift from parameter-driven to structure-driven dosimetry. As demonstrated in Section 3.3,
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any dosimetric characterization that neglects tissue integrity in patients with structural
instabilities is inherently flawed. Mandatory reporting of vascular grading serves a dual
purpose: it mitigates immediate clinical risk and facilitates the development of Kkinetic
curves correlating pressure gradients with vascular tolerance. This evidentiary base
ultimately paves the way for adaptive therapeutic pathways tailored for the high-proportion

Alzheimer’s sub-populations currently underserved due to the existing therapeutic gap.

4.2 Adaptive Compensation and Closed-Loop Titration

Future dosimetric standards must transition from static protocols to refraction-aware,
adaptive systems'!?, The implementation of deep-learning solvers, inspired by TUSNet 2
could enable real-time acoustic field compensation with 21-ms latency. Adapting these
end-to-end frameworks enables TPS systems to dynamically compensate for focal shifts
induced by heterogeneous media—such as CSF-filled sulci—thereby optimizing targeting
accuracy. Furthermore, integrating biophysical feedback—specifically EEG-derived
oscillations or fMRI connectivity shifts—allows dosimetry to evolve from fixed-parameter
stimulation into target-effect titration. This closed-loop architecture effectively bridges the

disparity between nonlinear acoustics and clinical neurophysiology?3:1949.113-115
5. Clinical Audit: The JAMA RCT Analysis

The randomized clinical trial (RCT) published in 2025 provides a critical auditing
point for TPS®. Although the study did not achieve statistical significance in its primary
endpoint for the total population (P = .68), the age-interaction effect (P = .003) revealed
a profound clinical stratification: the younger subgroup (< 70 years) demonstrated
significant and sustained cognitive improvements in CERAD CTS scores, whereas the

older subgroup (> 70 years) exhibited negligible benefits®. This heterogeneity is partially
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attributed to the carryover effect inherent in the crossover design, where the therapeutic
impact of the initial active phase persists into the second period, thereby diluting group

differences.

From a biophysical perspective, a plausible contributing factor is the mismatch
between biological brain age and physical energy distribution. While clinical discourse
often attributes the diminished response in the elderly cohort to proteopathic burden or
neurodegenerative attrition, refractive fidelity may represent an important physical
bottleneck. In advanced AD, pathological expansion of the CSF compartment functions as
a low-impedance refractive aberrator, driven by the acoustic velocity mismatch at the CSF—
parenchyma interface (c.gr = 1500 m/s VS. Cpyqin = 1550 m/s )?>88116  According to
Snell’s law, the increased depth and heterogeneous geometry of sulcal CSF in atrophied

brains induce substantial phase aberrations'!®(Figure 5).

Critically, the TPS focal zone exhibits a mirrored-meniscus geometry—a direct
spatial manifestation of its ultrashort pulse duration?. In this temporal regime, the
transverse width of the impulse significantly exceeds its axial extent, rendering the focal
spot exceptionally sensitive to lateral refractive shifts. Computational models confirm that
CSF expansion in atrophied brains induces millimeter-scale focal displacements at the
CSF—parenchyma interface, an effect that applies to both linear LIFU and nonlinear TPS
in their current single-element implementations!?1*?°, However, due to its narrow
mirrored-meniscus focal geometry versus the larger elliptical profile of LIFU, TPS exhibits
substantially greater refractive vulnerability to phase aberrations'?. In younger patients
with preserved brain volume, wavefront integrity remains robust. Conversely, in

pronounced atrophy, the wavefront may undergo fragmentation and momentum dilution,
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potentially causing the in situ mechanical impulse to fall below the activation threshold for

mechanosensitive ion channels and thereby limiting nonlinear mechanotransductiont’:18,

The observed heterogeneity may also reflect baseline cognitive reserve, concomitant
pharmacotherapy, or other unmeasured clinical confounders, underscoring the need for

stratified randomization and covariate-adjusted analyses in future trials®>.

Despite the age-dependent variance in clinical scores, the fMRI data from the
randomized clinical trial provide direct evidence for the underlying mechanisms of TPS:
active stimulation significantly upregulated activation within core memory networks—
specifically the precuneus and parahippocampal gyrus—and enhanced functional
connectivity within the dorsal attention network®. These findings suggest that when
acoustic energy effectively bypasses anatomical barriers, TPS can precisely modulate

cognitive circuits?-243352,
6. Future Directions

The reclassification of TPS as TNUS necessitates a systematic realignment of research
trajectories. To address the therapeutic gap identified in Section 3.3.2, the field must
transition toward an integrated framework of hardware optimization, patient-specific

modeling, and biological synergies.

6.1 Hardware Optimization: High-Density Phased Arrays and Adaptive

Beamforming

The primary physical barrier in treating advanced AD remains the refractive
aberration induced by CSF expansion and sulcal heterogeneity?2233%3.52114 = Cyrrent

single-element systems lack the adaptive capacity to compensate for the focal shifts caused
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by these high-impedance interfaces'®343%4049.50 Fytyre TPS platforms must prioritize
high-density phased arrays to enable real-time wavefront correction!®2777.117.119 By
integrating deep-learning solvers such as TUSNet, these systems can perform end-to-end
phase compensation with sub-30ms latency, neutralizing aberrations prior to shock-front
steepening®*?. This computational transparency ensures that even in atrophied brains, peak
pressure gradients (dP/dt) are maintained with millimetric precision within target

cognitive hubs, such as the precuneus or entorhinal cortex!!/120121,
6.2 Personalized Dosimetry: Structure-Aware Parameter Titration

Standardized stimulation parameters fail to account for the substantial anatomical
variability in AD populations®??2, We advocate for a dynamic dosimetry model that
calibrates acoustic energy based on a patient’s structural impedance profile. This profile
integrates (1) the atrophy-refraction index, derived from voxel-based morphometry, and (2)
the vascular fragility map, based on Fazekas grading and susceptibility-weighted imaging
(SWI). Under this framework, the TPS pulse sequence is transformed from a fixed output
into an impulse-titrated parameter set. For younger patients with robust tissue elasticity,
the system maximizes dP/dt to drive synaptic plasticity; for older patients with
microvascular compromise, the system employs micro-pulse trains to optimize harmonic

coherence while remaining below the ultimate tensile strength UTS of the vascular

wall 11,23,123—126_

7. Conclusion

This perspective review demonstrates that the future of ultrasound neuromodulation

depends on a fundamental shift from empirical observation toward deterministic, structure-
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aware physical precision. Conventional dosimetric standards based on linear acoustic
metrics, such as spatial-peak temporal-average intensity, are inadequate for characterizing
the therapeutic mechanisms of TPS. By reclassifying TPS as TNUS, we identify its
defining biophysical signature as the extreme pressure gradient and the resulting ballistic
gating of mechanosensitive ion channels, a process governed strictly by the nonlinear

Westervelt regime.

This mechanistic framework provides a biophysical basis for interpreting the age-
dependent efficacy observed in recent clinical trials. In advanced Alzheimer’s disease,
pathological expansion of the cerebrospinal fluid compartment induces refractive
aberrations that compromise wavefront integrity and focal targeting, particularly for the
narrow mirrored-meniscus geometry characteristic of TPS. These findings suggest that
refractive failure may contribute to the reduced response in older cohorts, beyond

proteopathic or neurodegenerative factors alone.

To bridge this therapeutic gap, the field must transition toward structure-aware
dosimetry. The integration of high-density phased arrays with physics-based deep-learning
solvers, such as TUSNet, offers a pathway for real-time wavefront correction. By
incorporating voxel-based morphometry and vascular fragility mapping, TPS protocols can
evolve into individualized, impulse-titrated regimens that maximize efficacy in younger
patients while maintaining mechanical stress below the ultimate tensile strength of
compromised vessels in high-risk populations. Ultimately, recognizing the aging brain as
a complex aberrating medium is essential for advancing ultrasound neuromodulation from

empirical approximation toward reproducible clinical precision.
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793 Table 1. Abbreviations

Abbreviation
AD

AB
BBB

BLS
CAA

CERAD CTS

CSF
EEG

Fazekas

fMRI

ITRUSST

LIFU

Definition

Alzheimer’s Disease

Amyloid-beta

Blood-Brain Barrier

Bilayer Sonophore (Model)
Cerebral Amyloid Angiopathy

Consortium to Establish a
Registry for AD Cognitive Test
Score

Cerebrospinal Fluid

Electroencephalography

Fazekas Scale (for white
matter hyperintensities)

Functional Magnetic
Resonance Imaging

Int. Transcranial Ultrasonic
Stimulation Safety and
Standards

Low-Intensity Focused
Ultrasound

Abbreviation
NICE

RCT
SWI

Tl
TNUS

TPS

UTS
TREK-1

TREK-2

TRAAK

TRPV4

Piezo1/2

Definition

Neuronal Intramembrane
Cavitation Excitation (Model)
Randomized Clinical Trial

Susceptibility-Weighted
Imaging

Thermal Index

Transcranial Nonlinear
Ultrasound Stimulation

Transcranial Pulse Stimulation

Ultimate Tensile Strength
Twik-Related Potassium
Channel 1

Twik-Related Potassium
Channel 2

Twik-Related Arachidonic
Acid-Activated Potassium
Channel

Transient Receptor Potential
Vanilloid 4

Piezo-type Mechanosensitive
lon Channel Component 1/2



Abbreviation
SEP

fus

SEEG

Definition
Somatosensory Evoked
Potential

functional Ultrasound

Stereoelectroencephalography

794  Table 2. Summary of Biophysical Symbols

Symbol
dP/dt

Ispta

Definition Unit / Type
Peak pressure Pa/s
gradient

Spatial-peak W/cm?
temporal-average

intensity

Volume force N/m?3
Absorption Np/m
coefficient

Instantaneous W/m?
intensity

Speed of sound m/s
High-frequency Pa

shear modulus

Abbreviation
MEG

iEEG

Symbol

fmax

pEFD

Definition

Magnetoencephalography

intracranial
Electroencephalogram

Definition Unit / Type
Displacement A
current

Maximum MHz
harmonic

frequency

Strain rate s71
Pulse energy-flux mJ/mm2
density

Scalar potential Vv
Del/Gradient Operator
operator

Stress (Internal Pa

force)



Symbol Definition Unit / Type Symbol Definition Unit / Type
Cn Membrane F/m2 n Dynamic viscosity Pa-s
capacitance
795
796

797 Table 3. Biophysical Taxonomy and Mechanistic Divergence: LIFU vs. TPS (TNUS)

Category

Acoustic
Kinetics

Tissue
Rheology

Cellular
Dynamics

Biophysical
Parameter

Peak Pressure
Gradient (dP/dt)

Wave Mechanics

Governing
Equation
Dynamic
Coupling

Interaction
Modality

Refractive
Vulnerability
Biophysical
Model

LIFU (Linear/Quasi-
linear)

~ 108 Pa/s (Low-
gradient)

Periodic sinusoidal
oscillations

Linear Wave Equation

Viscoelastic
dissipative regime

Acoustic Radiation
Force (ARF)

Low (Minimal phase
aberration)

Bilayer Sonophore
(BLS)

TPS / TNUS
(Nonlinear/Impulsive)

~ 1013 Pa/s (Shock-front)

Nonlinear wavefront
steepening

Westervelt Equation

High-strain-rate “Glassy”

regime

Unidirectional Momentum

Transfer
High (Sensitivity to CSF
interfaces)

NICE Model / Ballistic
Gating

Translational Implications

Defines the transition from steady-state
energy transduction to ballistic impulse.

Nonlinear harmonics (fj,qx > 10 MHz)
dominate energy deposition.

Necessitates accounting for cumulative
nonlinear distortion during propagation.

Explains the safety profile: tissue
stiffening converts momentum into
elastic work, preventing shear damage.

Shifts the focus from time-averaged push
to instantaneous mechanical injection.

Critical for AD: explains focal shifts and
efficacy loss in atrophied brains.

Distinguishes between slow mechanical
strain and rapid capacitive charging.



798

799
800

801
802
803

804
805
806
807

808
809
810

Biophysical LIFU (Linear/Quasi- TPS / TNUS

Category Parameter linear) (Nonlinear/Impulsive) Translational Implications
Primary Mechanosensitive Displacement Current (i = Provides a physical basis for direct
Mechanism channel gating V-dC/dt) electrical activation via ultra-short
pulses.
Dosimetric Framework ITRUSST-compliant Post-ITRUSST (Physics- Lspeq is an obsolete metric for TPS;
Standard Alignment honest) requires ballistic parameters (dP/dt,
pEFD).
Mandatory Ispeq, Duty Cycle, dP/dt, Pulse Rise Time, Establishes a reproducible standard for
Reporting TI/MI pEFD nonlinear neuromodulation trials.

Notes and Definitions for Table 3:

Peak Pressure Gradient (dP/dt): Represents the temporal steepness of the acoustic wavefront. The five-order-of-magnitude
difference between LIFU and TPS marks the transition from linear mechanical oscillations to nonlinear shock-wave kinetics.

Westervelt Equation: The governing equation for nonlinear acoustic propagation. Unlike the linear wave equation used for
LIFU, it accounts for the cumulative harmonic distortion and energy redistribution that occur as TPS shock-fronts steepen
during cranial penetration.

High-strain-rate “Glassy” Regime: A biomechanical state where brain tissue transitions from a dissipative viscoelastic fluid to
a solid-like elastic regime under extreme strain rates (¢ > 10° s™). This stiffening effect ensures that acoustic momentum is
coupled into elastic work (triggering ion channels) rather than being lost to destructive shear flow, explaining the high safety
profile of TPS.

NICE (Neuronal Intramembrane Cavitation Excitation) Model: A biophysical framework describing how acoustic energy
induces intramembrane capacitive charging. In the context of TPS, it facilitates “Ballistic Gating,” where the pulse is too rapid
for conventional viscoelastic relaxation, leading to direct electrical depolarization.



811
812
813

814
815
816

817

818
819

820
821
822

e Displacement Current (i = V - dC/dt): The current generated by the rapid change in membrane capacitance. This is the
primary neurophysiological trigger for TPS, distinguishing it from the slower, strain-mediated mechanotransduction (e.g.,
Piezo1 gating) typically observed in LIFU.

e Refractive Vulnerability: The susceptibility of the acoustic focus to spatial shifting and energy dispersion. Nonlinear
shockwaves are highly sensitive to the low-impedance interface of expanded cerebrospinal fluid (CSF) in atrophied brains,
which induces phase aberrations that can lead to sub-threshold energy delivery at the intended target.

Table 4. Proposed Minimum Reporting List (MRL) for Transcranial Pulse Stimulation (TPS): A Hybrid Standard for Nonlinear
Neuromodulation

The proposed MRL builds upon the ITRUSST framework by retaining its core safety indices (Tl and Ml) as a foundational layer while
supplementing it with TNUS-specific ballistic and structural parameters. This hybrid approach ensures general safety screening,
multi-center comparability, and clinical continuity while addressing the unique nonlinear mechanics of TPS.

Audit Dimension Core Reporting Parameters Biophysical & Clinical Rationale

1. Source Dynamics e Thermal Index (TI) and Mechanical Tl and Ml provide essential general safety
Index (MI) (retained from ITRUSST) screening for thermal and cavitation risks,
Peak Pressure Gradient (P) & Rise Time ensuring continuity with existing clinical
(At,.) ® Pulse Energy Flux Density (pEFD)  practice. P and rise time define the
e Total Energy Load (TEL) impulsive momentum threshold critical

for Ballistic Gating. pEFD serves as the
primary dosimetric substitute for Igpra,
guantifying instantaneous mechanical
work. TEL monitors cumulative
mechanical stress to prevent structural
fatigue.




823

824
825
826

827
828
829

Audit Dimension

Core Reporting Parameters

Biophysical & Clinical Rationale

2. Structural Sensing

3. Propagation Fidelity

4. Biological Verification

e Atrophy Grading (GCA Scale)
Neurovascular Status (Fazekas / CAA
Grading)

e Focal Depth & Ray-Path Drift e
Estimated In Situ Peak Negative Pressure
(p~) ® Skull-Insertion Loss (dB) (retained
from ITRUSST)

e Target-Effect Titration (EEG / fMRI)

Quantifies the “Refractive Barrier” and
accounts for energy dispersion and focal
shifts induced by expanded CSF
interfaces. Defines the biomechanical
“Red Line” for brittle, amyloid-laden
vascular architectures under high P.

Corrects for spatial mismatch between
nominal targeting and actual in situ
energy deposition caused by tissue
heterogeneity. Estimates effective
intracranial pressure after frequency-
dependent skull attenuation. Skull-
insertion loss ensures compatibility with
existing ITRUSST reporting.

Validates the successful translation of the
physical impulse into a
neurophysiological response (closed-loop
verification).

Notes and Definitions for Table 4

P (Peak Pressure Gradient): The maximum rate of pressure change during the rising phase of the acoustic pulse. In the
TPS/TNUS regime, this value typically reaches 1013 Pa/s, serving as the definitive physical metric distinguishing nonlinear

impulsive stimulation from quasi-linear periodic waves.

At (Rise Time): The temporal interval required for the pressure to increase from 10% to 90% of the peak positive pressure.
An ultra-short rise time (microsecond scale) is essential for efficient momentum transfer before viscoelastic relaxation occurs
in the neuronal membrane.



830
831

832
833

834
835
836

837
838

839
840

841
842
843

844

PEFD (Pulse Energy Flux Density): The acoustic energy delivered per unit area per pulse (expressed in mJ/mmZ). Within the
nonlinear framework, pEFD is mandated as the primary dosimetric substitute for Ipra.

TEL (Total Energy Load): The cumulative mechanical energy exposure over a treatment session, calculated as
PEFD X total pulse number. This metric is utilized to assess long-term tissue safety and structural fatigue limits.

GCA (Global Cortical Atrophy): A clinical scale used to quantify the expansion of the cerebrospinal fluid (CSF) compartment.
Due to sound speed heterogeneity and impedance mismatch, GCA scores serve as a structural proxy for predicting Ray-Path
Drift.

Ray-Path Drift: The physical phenomenon where the acoustic beam deviates from the nominal anatomical target due to
refractive shifts at heterogeneous interfaces (e.g., expanded sulci).

p~ (In Situ Peak Negative Pressure): The estimated intracranial peak negative pressure after correcting for frequency-
dependent skull attenuation, reflection, and scattering (skull-insertion loss, typically reported in dB).

Target-Effect Titration: The use of real-time neurophysiological feedback (e.g., EEG-evoked oscillations or fMRI functional
connectivity shifts) to verify that the delivered physical impulse has surpassed the biological threshold for neuroplastic
induction.



Figure legends

Fig. 1 | System architecture and operational principles of TPS and LIFU platforms
Both TPS and LIFU require an acoustic coupling hydrogel between the transducer and
scalp to ensure efficient acoustic transmission. The TPS platform integrates optical
tracking with a head-mounted guidance frame and handheld applicator, enabling real-
time navigation relative to individual MRI anatomy. In contrast, modern LIFU systems
employ frameless stereotactic navigation combined with infrared tracking to achieve
precise alignment of the transducer with targeted brain regions. TPS delivers
microsecond-scale pressure pulses (~3 pus duration), whose extremely brief duration—
far shorter than that of LIFU—prevents any measurable temperature rise while
producing spatially focused mechanical stimulation. Both systems incorporate real-
time monitoring modules for acoustic output parameters to ensure procedural safety

and reproducibility.

Fig. 2 | Comparative acoustic waveforms of LIFU and TPS stimulation paradigms
The schematic illustrates the contrasting waveform characteristics of theta-burst
transcranial ultrasound stimulation (tbTUS, representing LIFU; Fig. 2A) and
transcranial pulse stimulation (TPS; Fig. 2B). TPS generates monophasic high-pressure
shock waves with an ultrashort 3 ps pulse width and nanosecond-scale rise time (peak
pressure 10—100 MPa). The biphasic waveform comprises a brief compressive phase
followed by a tensile wave and minor oscillations, producing mechanical bioeffects

primarily via direct mechanotransduction and cavitation without thermal accumulation.



In contrast, tbTUS delivers 5 Hz pulse trains of 20 ms continuous-wave bursts, resulting

in sustained neuromodulation accompanied by minor thermal and mechanical effects.

Fig. 3 | Comparative Acoustic Waveform Analysis: Linear vs. Nonlinear vs. TPS.

Normalized pressure waveforms (time in microseconds) for three regimes. (1) Linear
transcranial focused ultrasound (tFUS) exhibits smooth harmonic oscillation with
periodic positive and negative phases. (2) Nonlinear tFUS shows extreme peak
sharpening and high-harmonic saturation due to cumulative distortion. (3) TPS
produces a single ultrashort impact pulse with a prominent positive pressure peak (p+)
followed by a long rarefaction tail (p—) characteristic of viscoelastic recoil. These
profiles highlight the transition from steady-state periodic forcing in LIFU to impulsive
momentum transfer in TPS, directly supporting the proposed Ballistic Gating

mechanism. Scale bar: 1 ps (horizontal).

Fig. 4 | Biophysical Windows: Efficacy Thresholds vs. Vascular Failure Limits

Peak pressure gradient (logio scale) is plotted against neuromodulatory efficacy
(precuneus activation relative to CERAD CTS percentage, left axis) and vascular safety
margin (percentage of ultimate tensile strength, UTS, right axis). Blue curves represent
quasi-linear LIFU; red curves represent nonlinear TNUS. The plot delineates the sharp
efficacy increase once the system enters the high-strain-rate glassy regime, marks the
clinical TPS operating point, and contrasts safety margins in healthy vasculature versus

compromised vessels in cerebral amyloid angiopathy (CAA) with microbleeds. This



visualization underscores the distinct therapeutic window of TNUS and the necessity

of structure-aware dosimetry in pathologically heterogeneous brains.

Fig. 5 | Impact of AD-related cortical atrophy on acoustic focal fidelity and spatial
targeting

In healthy controls (left), the relatively uniform intracranial environment and minimal
cerebrospinal fluid (CSF) layers allow for ideal focusing of TPS. This results in a high
Focal Fidelity Index (FFI > 0.9), ensuring that the peak mechanical impulse is
accurately delivered to the intended neural target. Conversely, in Alzheimer’s disease
(right), severe cortical atrophy creates widened CSF gaps that function as low-
impedance refractive aberrators. The sound velocity mismatch at these expanded fluid-
tissue interfaces induces significant phase aberrations, leading to focal collapse (energy
smearing) and a lateral focal shift. This "refractive gap" causes the actual mechanical
impulse to deviate from the planned target, potentially resulting in a sub-threshold
dP/dt at the intended site and contributing to the age-dependent variance in clinical

efficacy observed in recent trials.
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