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ABSTRACT: Temporal interference (TI) electrical stimulation is promising for noninvasive
neuromodulation with the potential advantages of deep brain targeting. This technique uses
high-frequency electric fields applied transcranially, which intersects within the brain to
generate a low-frequency modulation field. This intersection enables precise, noninvasive
targeting of deep brain regions, addressing a major limitation of typical noninvasive
neuromodulation methods, which often yield scattered effects and reduced precision in deep
tissue. Recent advances in TI stimulation, supported by computational models and
behavioral studies, have demonstrated efficacy in targeting the hippocampus and modulating
neuronal activity without notably affecting cortical regions. Its noninvasive nature, coupled
with high energy efficiency and precision, positions TI stimulation as a potential tool for
activating deep brain regions crucial for behavior and cognition. This review explores the
recent developments in TI stimulation, highlighting its mechanisms and pivotal role in
precise, noninvasive neuromodulation. The potential of TI stimulation in treating
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neurological and psychiatric disorders is emphasized, setting the stage for future advances in neurotherapy.
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INTRODUCTION

Neuromodulation has advanced remarkably over the past few
decades, offering a promising alternative for managing a wide
range of disorders, including depression, Parkinson’s disease,
chronic pain, obsessive-compulsive disorder, and treatment-
resistant epilepsy.' "' This approach modulates neural activity
directly through physical interventions like electrical or
magnetic stimulation and chemical methods like targeted
drug delivery, representing a major advance over conventional
pharmacological treatments, which typically rely on oral or
systemic drug administration.”'”"> These treatments often
come with side effects, including gastrointestinal distress,
cognitive impairment, and systemic toxicity, and often cannot
target the neural pathways involved in the disorder, providing
transient relief without addressing the underlying disease
mechanisms.'* In contrast, neuromodulation directly targets
and modulates specific brain areas, allowing for precise
modulation and offering a targeted, lasting effect. The ability
to intervene directly at the neural source represents a shift
toward personalized and effective treatment strategies in
neurology and psychiatry.

Advances in neuromodulation have deepened our under-
standing of brain function and dysfunction and have driven the
development of implantable neural interfaces, including
electrocorticography (ECoG) grids, microelectrode arrays
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(MEAs), and deep brain stimulation (DBS) electro-
des.'"¥">~'% Parallel progress in neuroimaging has provided
essential complementary tools, with positron emission
tomography (PET) enables in vivo assessment of metabolic
dynamics and neurotransmitter activity, while functional
magnetic resonance imaging (fMRI) maps brain activity by
measuring blood-oxygen-level-dependent (BOLD) signals that
reflect neurovascular coupling. Optical imaging techniques
such as near-infrared luminescence and bioluminescence,
extensively used in preclinical models, allow visualization of
cellular and molecular processes within neural circuits and have
contributed to linking structural substrates with functional
outputs.'”™*’ Translationally, DBS has emerged as a clinically
established neuromodulation approach, in which electrodes are
stereotactically implanted to deliver targeted electrical
stimulation to deep brain nuclei"”**** (Figure 1A). DBS is
approved by the U.S. Food and Drug Administration for
Parkinson’s disease and obsessive—compulsive disorder,"”*
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Figure 1. Overview of neurostimulation techniques. (A) Schematic representation of neurostimulation methods: DBS, TMS, FUS, tACS/
tDCS, and T1. LIFUS, low-intensity focused ultrasound. (B, C) Comparative analysis of TI and tACS. (B) Simulations of electric fields using
the Montreal Neurological Institute (MNI) standard brain model, specifically targeting the hippocampus with TI and tACS techniques. (C)
Comparisons of field strength across the regions of interest (ROIs) and the broader gray matter (GM), reproduced from ref 44. Available

under a CC-BY 4.0. Copyright [2021] [Springer Nature].

and ongoing investigations are expanding its potential
indications to Alzheimer’s disease and treatment-resistant
depression.”””® Nonetheless, as an invasive neurosurgical
procedure, DBS carries risks including infection and intra-
cranial hemorrhage, necessitating careful patient selection,
long-term follow-up, and comprehensive risk—benefit anal-
ysis 252

To overcome the limitations and risks associated with
invasive neuromodulation, a range of noninvasive strategies has
been developed, most prominently in transcranial electrical
stimulation (tES). This family of techniques includes trans-
cranial direct current stimulation (tDCS), transcranial
alternating current stimulation (tACS), and the more recently
introduced temporal interference (TI) stimulation.”* ™’ These
approaches deliver low-intensity electrical fields through
surface electrodes placed on the scalp, enabling the modulation
of neural activity without the need for surgical implantation.
tDCS applies a constant direct current to modulate cortical

excitability, whereas tACS delivers oscillatory currents to
entrain or disrupt neural rhythms in a frequency-specific
manner. Despite demonstrated clinical potential, conventional
tES methods are constrained by limited depth penetration,
typically influencing only superficial cortical layers within 1-2
cm of the scalp.**~*

TI stimulation addresses this key limitation by using two or
more high-frequency carrier currents that intersect within the
brain to generate a low-frequency envelope capable of
modulating neural activity at depth.”’ This mechanism enables
focal stimulation of deep brain targets while maintaining
noninvasiveness and avoiding the diffuse current spread
characteristic of tDCS and tACS. Compared to transcranial
magnetic stimulation (TMS), TI offers improved spatial
selectivity without requiring bulky coil systems. Although
focused ultrasound stimulation (FUS) achieves high spatial
precision and deep penetration,™ its sensitivity to skull-
induced attenuation and thermal effects poses safety and
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Medium-frequency sinusoidal currents
in physical therapy for deep tissue
penetration

2017

Tl developed by Lee et al for overactive
bladder transcutaneous modulation

2021

Tl modulated the primary M1 to
improve reaction times and learning
abilities (Ma et al.); sciatic nerve motor
fibers stimulation for peripheral motor
control (Botzanowski et al.)

2023

Tl improved motor performance and
neural plasticity in the M1 (Liu et al.)

Computations explored the trade-offs
between deep brain stimulation and
cortical modulation (Yatsuda et al.)

1950s

Tl developed by Grossman et al. for non-
invasive modulation in the hippocampus

2020

Tl triggered seizures in epileptogenic zones,
demonstrating potential for epilepsy treatment
(Collavini et al.);

Tl enabled spatially selective retinal stimulation
using extraocular electrodes (Su et al.)

Tl in superior colliculus induced eye movements
(Song et al.), while seizure-like events were
triggered in the CA3 (Missey et al.);

Tl influenced diaphragm activity in drug overdose
for respiratory stimulation (Sunshine et al.)

2022

Tl enhanced episodic memory through targeted
hippocampal stimulation (Violante et al.)

2024

Figure 2. Timeline of milestones in TI stimulation. Red, mouse studies; orange, human trials.

feasibility challenges for repeated clinical use. In contrast, TI
provides adjustable depth selectivity through electrode
configuration and frequency tuning, while minimizing off-
target effects and hardware complexity.”” This review examines
the biophysical principles, computational foundations, and
emerging therapeutic applications of TI stimulation. By
integrating evidence from modeling studies and early clinical
investigations, it outlines the potential of TI to enable precise,
noninvasive network-level modulation, positioning it as a
promising direction for treatment of neurological and
psychiatric disorders.

EVOLUTION OF NONINVASIVE ELECTRIC
NEUROMODULATION

Tl Stimulation versus tDCS and tACS. TI stimulation
offers advantages over conventional transcranial -electrical
stimulation techniglues by combining adjustable depth
penetration®”*"**~* yith the ability to modulate deep brain
regions through overlapping high-frequency electric fields.
Unlike tDCS, which induces diffuse cortical polarization, or
tACS, which primarily entrains superficial oscillations and is

limited to cortical modulation,”” TI generates a low-frequency
modulation envelope that can selectively reach subcortical
targets such as the hippocampus and striatum with minimal
activation of surrounding tissues.”"*> This spatial precision
allows TI to flexibly engage functionally relevant neural
rhythms, enabling protocols that entrain hippocampal theta
oscillations to enhance memory,’”*® induce y-dependent
synaptic plasticity,” or suppress pathological f rhythms
associated with motor disorders.** Compared with established
noninvasive brain stimulation modalities such as tDCS and
TMS, both of which are restricted by shallow penetration
depths (<2 cm) and broad field dispersion, TI demonstrates
superior ability to engage deep brain structures including the
hippocampus.***” The spatial focusing of TI arises from its use
of two or more high-frequency carriers that interfere to
generate a focal low-frequency modulation field (Af = 5—10
Hz), enabling targeted subcortical stimulation with improved
selectivity over conventional tACS.”" Although mean electric
field strengths in TI are comparable to those of tACS, TI
achieves a more concentrated field distribution (Figure 1B),
making it advantageous in clinical contexts where minimizing
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Table 1. Overview of TI Stimulation

frequency
subjects technique intensity (kHz)
mouse cranial electrodes 125 pA 2
mouse cranial electrodes 1 mA 2
mouse subdural electrodes 600 yA 12
mouse epidural electrodes  8—10 mA S
mouse transcutaneous 64+ 135V 2
electrodes
patient cannula electrodes 1 mA 10
modeling extraocular 1 mA NA
electrodes
mouse cranial electrodes 0.9 + 0.1 mA 2
mouse transcutaneous 350 uA 3
electrodes
human transcutaneous 2 mA 2
electrodes
mouse cranial electrodes 1 mA 2
human transcutaneous 1 mA 2
electrodes
human computational NA 2
modeling
human transcutaneous 0.9 mA cm™? for TI 1:1, 2
electrodes 0.45 mA cm™ for TI 1:3
human (PD  scalp Ag/AgCl 1.5 mA 2
patients) (4 x 4 HD array)
human transcutaneous 1.0 mA 1.5
(healthy) bipolar (7 cm?®)

Af (Hz) target outcomes refs
10 hippocampus first TT electrical stimulation 41
10 superior colliculus ~ causing eye movements S8
S0 CA3 evoking seizure-like events 59
hippocampus
S diaphragm respiratory stimulation after drug N
overdose
10 bladder treating overactive bladder with high 63
penetration and effectiveness.
10 epileptogenic triggering spontaneous seizures 61
zones
NA retina realizing spatially selective retinal 62
stimulation
3/5/10  primary M1 inducing movements 139
motor cortex
0.5—4 sciatic nerve activating motor fibers 65
70/20  left primary 70 Hz improved reaction time; 20 Hz 177
motor cortex facilitated learning
10/20 primary motor improved motor performance; 64
cortex enhanced plasticity
130 hippocampus better penetration compared to 93
traditional tACS
10/20 deep brain areas  trade-offs between deep and cortical 69
neuromodulation
N hippocampus enhancing memory performance 45
20 globus pallidus 40% tremor reduction 66
internus (GPi)
S nucleus disrupted reinforcement learning of 68
accumbens motor skills

off-target cortical effects is essential®® (Figure 1C). Nonethe-
less, T1 is not without its limitations. Its spatial resolution (~1
cm) remains inferior to that of FUS, which achieves
submillimeter precision through acoustic beam focusing.’"**
Moreover, high-definition tACS (HD-tACS) surpasses TI in
cortical applications, producing more localized excitability
changes through optimized electrode montages.”' Achieving
cortical modulation with TI often requires higher current
intensities, increasing the risk of skin discomfort and reducing
tolerability, which constrains its utility for superficial cortical
targets. Consequently, TI occupies a unique and comple-
mentary niche within the neuromodulation landscape: it is
particularly suitable for disorders requiring subcortical
precision, such as Parkinson’s disease and epilepsy, where
human studies have demonstrated clinically meaningful tremor
reduction and seizure suppression using subthreshold
intensities (<1 V m™) to avoid adverse sensory effects. By
contrast, HD-tACS remains preferable for cortical modulation,
and FUS remains the method of choice for ultrafocal
stimulation, underscoring the role of TT as a targeted solution
for deep, noninvasive neuromodulation.

Historical Evolutions of Tl Stimulation. TI stimulation
is pivotal in noninvasive brain stimulation, building on the
concept of interferential currents recognized in the 1950s.>>°
Initially, medium-frequency sinusoidal currents were used to
achieve a deeper tissue penetration with minimal surface
discomfort. A significant advancement came with amplitude-
modulated tACS (am-tACS),”*>® which employed kilohertz
carrier frequencies to sculpt low-frequency cortical modulation.
This approach laid the groundwork for TI, which extends the
principle to deep brain targets by leveraging intersecting high-
frequency fields. A breakthrough occurred in 2017 when

Grossman et al.*' introduced the use of two high-frequency
currents to generate a low-frequency envelope within the brain,
enabling targeted neuronal modulation (Figure 2). By
exploiting the neural membrane’s inherent high-frequency
filtering, TT ensures only the low-frequency envelope interacts
with neural tissue, achieving precise deep brain stimulation
without invasive procedures. Subsequent research has revealed
that TI modulates neural activity through ion-channel-
mediated rectification, where voltage-gated channels filter
high-frequency inputs into biologically relevant low-frequency
signals. These signals selectively tune neuronal excitability
based on the ion channel composition and spatial distribution
of target neurons, enabling depth-specific neuromodulation.
The evolution of TI stimulation from a theoretical concept
to a practical application highlights its versatility and efficacy,
as demonstrated by various studies with mouse models and
human subjects‘”’d's’y_é2 (Table 1). Initial research in mouse
models revealed TI stimulation’s ability to precisely activate
hippocampal neurons,*’ while subsequent mouse studies
explored applications in controlling eye movements,” inducin
seizure-like events,” and modulating respiratory functions.’
By 2020, preclinical studies demonstrated TI's potential in
transcutaneous settings for treating overactive bladder in
rodent models, achieving high penetration and effective
peripheral nerve modulation.”> The transition to human trials
in 2020—2021 marked a milestone for TI stimulation, with
initial studies targeting the primary M1 motor cortex to
validate its clinical potential, demonstrating enhanced motor
performance and neural plasticity.°”®* Further research
expanded applications to epilepsy treatment through focal
modulation of epileptogenic zones®' and spatially selective
retinal stimulation using extraocular electrodes.” TI's
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Figure 3. Electric field propagation of TI stimulation. (A) Varying conductivity across different tissue layers in anatomical structures of
standard head models, reproduced with permission.”” Copyright 2024, Frontiers. (B) Biochemical dynamics of T stimulation in neuronal
activation: High-frequency electric fields penetrate the scalp and skull, facilitated by the conductive properties of electrolytes and ions like
Na*, K*, Ca**, and CI™. The neural membrane responds to this stimulation as ion channels manage the flow of these ions, initiating action
potentials and synaptic transmission. Additionally, the induction of electric fields by TI stimulation influences neural activity by interacting
with cerebral electrolytes. This interaction alters membrane potential, resistance, and capacitance within the lipid bilayer and protein matrix.
The differential conductivity of cerebrospinal fluid and myelinated fibers enhances targeted neuromodulation.

versatility was further evidenced in peripheral neuromodula-
tion, including sciatic nerve activation® and respiratory
function restoration in opioid overdose models.”” Beyond
motor and sensory domains, TI improved episodic memory via
hippocampal targeting® and showed promise in Parkinson’s
disease through striatal f-band modulation, reducing tremors,
and pathological synchronization.®® Thalamic TI protocols also
restored functional connectivity in essential tremor, offering
noninvasive alternatives to surgical interventions.”’ Psychiatric
and cognitive applications emerged with TI modulating
putamen activity to enhance motor skill learning®® and
prefrontal circuits to alleviate depressive symptoms. Safety
and tolerability were underscored in studies addressing
cutaneous sensations and optimizing sham protocols, ensuring
reliable blinding in clinical trials. Computational models
refined parameter selection, balancing depth penetration and
cortical sparing for disorders like Alzheimer’s and chronic
pain.”” By integrating adaptive algorithms and multimodal
biomarkers, TI positions itself as a tool for personalized
neuromodulation, bridging gaps in noninvasive deep brain
therapy.

BIOLOGICAL PRINCIPLES: SELECTIVE NEURONAL
STIMULATION

Despite the skull acting as a barrier to electric fields, especially
at low frequencies, its impedance is less restrictive for high-
frequency fields. This characteristic allows the high-frequency
components of TI stimulation to penetrate the skull effectively
and reach deep brain targets with sufficient intensity to induce
the desired low-frequency modulation. The varying con-
ductivity across different tissue layers further influences this
penetration, as gray matter, white matter, and blood have
higher conductivity (1.654 S m™" for blood and 0.275 S m™!

for gray matter) than the skull (0.008 S m™" for compact bone
and 0.025 S m™" for spongy bone)®’ (Figure 3A).

The biological efficacy of TI arises from the neural
membrane’s low-pass filtering properties, which render
neurons responsive to the low-frequency envelope generated
by interfering high-frequency fields. These low-frequency
oscillations (e.g, theta, ) modulate synaptic transmission
and action potential dynamics by altering neurotransmitter
release, receptor sensitivity, and ion channel kinetics”® (Figure
3B). Low-frequency modulation (<10 Hz) suppresses neuro-
nal firing in the subthalamic nucleus (STN), mimicking the
inhibitory effects of DBS used in Parkinson’s disease.® This
suppression disrupts pathological  synchronization, alleviating
tremors without the use of invasive electrodes. Conversely,
high-frequency modulation (>50 Hz) enhances synaptic
plasticity in cortical regions, akin to excitatory protocols in
tACS.>” Due to this filtering mechanism, the high-frequency
components of TI stimulation penetrate deeply but do not
directly activate neural tissue. Instead, the low-frequency
envelope, produced by the interference of two high-frequency
fields within the targeted area, modulates the neuronal activity
effectively. This can enhance the selectivity of neuronal
stimulation by exploiting the differential activation thresholds,
defined as the minimum stimulation intensity required to
depolarize neurons and trigger an action potential, between
neurons located in deep brain regions and those in cortical
areas. Theta-frequency TI (S Hz, Af) entrains hippocampal-
cortical networks, enhancing memory consolidation through
synchronized oscillations.”" Similarly, TI-induced p-band
modulation (20 Hz, Af) disrupts pathological synchronization
in the subthalamic nucleus, suppressing Parkinsonian trem-
ors,”® while theta-modulated protocols reduce maladaptive
decision-making by destabilizing striatal circuits.” Beyond
entrainment and disruption, TI enhances synaptic plasticity:
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Figure 4. Neuron dynamics and response to TI stimulation: Isolation effects and firing patterns. (A) Isolation effects: Under independent
stimulation (no network influence), PV neurons (parvalbumin-positive inhibitory interneurons) in off-target regions fire at high rates under
suprathreshold pure sinusoids (high-intensity, direct activation; animal studies), while Pyr neurons (pyramidal excitatory neurons) in target
regions synchronize via subthreshold modulated sinusoids (low-intensity, network-driven modulation; human studies). (B) Excitatory
effects (high-frequency, >50 Hz): High-frequency TI enhances Pyr neuron firing through direct depolarization, mimicking tACS-like cortical
plasticity. Inhibitory effects (low-frequency, < 10 Hz): Low-frequency TI suppresses PV neuron activity, reducing inhibitory tone and
enabling disinhibition of Pyr neurons. In off-target regions, suprathreshold pure sinusoids hyperactivate PV neurons, suppressing Pyr
activity. In target regions, subthreshold modulated sinusoids reduce PV-mediated inhibition, enabling Pyr neurons to fire at lower
thresholds. Reproduced from ref 78 Available under a CC-BY 4.0. Copyright [2024] [Springer Nature]. (C) Conduction block test: Under
suprathreshold stimulation (high amplitude), test pulses at node 0 fail to propagate, indicating conduction block. (D) Activation mapping:
Subthreshold amplitude modulation peaks along the axon midline (low-intensity), while extracellular voltages show suprathreshold
intensities near electrodes (high-intensity) and subthreshold decay with distance. (E) Axon response: Passive axons (no ion channels) act as
low-pass filters, unresponsive to TI. Active axons exhibit subthreshold oscillations (low-intensity modulation) via voltage-gated channels.
(C—E), reproduced from ref 85 Available under a CC-BY NC-ND. Copyright [2020] [Elsevier].

motor cortex stimulation with y-modulated TI (50 Hz, Af)
elicits LTP-like plasticity, improving motor learning,”’ and
striatal-targeted protocols strengthen corticostriatal connectiv-
ity, rescuing dopamine-dependent plasticity in Parkinsonian
models.”” Low-frequency oscillations can enhance or inhibit
synaptic strength by affecting the neurotransmitter release and
receptor sensitivity.

Additionally, the generation of action potentials can be finely
tuned, enabling precise control over neuronal firing patterns.
By exploiting differential activation thresholds and neuronal
orientation, TI achieves selective neuromodulation, balancing
excitation and inhibition to fine-tune neural circuit dynamics.
Subthreshold TI protocols, typically applied in humans,
modulate excitability without inducing action potentials,

relying on synaptic plasticity (e.g,, hippocampal theta entrain-
ment for memory consolidation)”' or task-concurrent
coactivation (e.g,, motor learning via y-driven plasticity).”* In
contrast, suprathreshold TI, used in animal studies to directly
evoke action potentials,”* risks discomfort and tissue damage
in humans. Mechanistically, suprathreshold intensities can
induce conduction blocks to silence pathological circuits,”
while subthreshold regimes require precise parametrization to
balance efficacy and safety, as demonstrated in Parkinson’s
trials, which achieved tremor reduction wvia striatal f
modulation.”® By leveraging frequency-specific interference
and differential activation thresholds, TI fine-tunes neural
dynamics, offering a versatile tool for disorders demanding
depth-specific neuromodulation.
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Spatial Configuration of Neurons. The spatial config-
uration and orientation of neurons relative to the applied
electric field influence their activation threshold.”” Neurons
aligned with the electric field’s longitudinal axis experience
efficient depolarization along their length, making them
sensitive to electric stimulation at lower intensities. Pyramidal
neurons (Pyr) in the cerebral cortex, which are often aligned
with the electric field, can be easily activated. Conversely,
interneurons oriented perpendicularly to the electric field, like
parvalbumin-positive (PV) inhibitory neurons, require higher
stimulation intensities to reach the activation threshold due to
less effective depolarization along their length”® (Figure 4A).
The structural organization of neuronal networks in regions
such as the motor cortex, where neurons are more uniformly
aligned, allows for effective and selective TI stimulation. In
contrast, regions such as the hippocampus, with more
heterogeneous neuronal orientations, show greater variability
in activation thresholds, requiring more precise and higher-
intensity stimulation for effective modulation. This structural
variance contributes to the differential activation thresholds
observed between and within brain regions, thereby affecting
the selectivity and effectiveness of TI stimulation in targeting
specific neuronal populations.

In isolated conditions, where neurons are stimulated
independently, PV neurons in off-target regions respond to
pure high-frequency sinusoids with high firing rates, inhibiting
Pyr neurons, which fire at lower rates. Conversely, in target
regions, modulated sinusoids synchronize the firing of both PV
and Pyr neurons, reducing inhibition and allowing Pyr neurons
to fire at lower thresholds. When neurons are isolated, most
Pyr neurons cease to exhibit TI stimulation (Figure 4A). This
phenomenon reveals that the network interactions rather than
purely electrical properties govern neuronal responses to
stimulation. However, some Pyr neurons still exhibit TI
stimulation even in isolation (Figure 4B), indicating that
neuronal dynamics and ion channel activity may also play a
role. These findings reveal that modulated sinusoids, generated
by the interference of high-frequency waves, can induce firing
at the modulation frequency, while pure sinusoids alone do not
elicit firing. By modulation of the ion-channel-mediated
rectification, TI enables selective excitation of neurons based
on their ion channel composition and distribution.

Deep brain neurons can respond to the targeted, low-
frequency modulation field generated by intersecting high-
frequency electric fields,”” owing to their strategic positioning
within interconnected neuronal networks, which facilitate low
activation thresholds for synchronous activity. In contrast,
cortical neurons, which have varied functions and connections,
typically require extensive or synchronized inputs to reach the
activation threshold. The physical properties of neurons,
including the size of their soma, axons, and dendritic
arborization, influence their electrical characteristics and
activation thresholds.**~** Neurons with large cell bodies or
extensive dendritic networks generally require stronger
electrical stimuli for depolarization due to their increased
surface area and capacitance. Additionally, neurons exhibit
unique subthreshold dynamics, largely governed by the kinetics
of their ion channels, leading to diverse responses to the same
electrical stimulus. Neurons with prominent subthreshold
conductances are sensitive to low-intensity stimuli but display
variability in reaching the activation threshold due to
differences in membrane properties, including ion channel
types, densities, and kinetics.*>®* This variability can be

attributed to distinct electrochemical characteristics, including
membrane resistance and capacitance, which influence each
neuron’s response to electrical stimulation.

This subthreshold modulation presents a promising
approach for conditions that require gradual, lasting effects,
including the enhancement of hippocampal-cortical connec-
tivity in Alzheimer’s disease and the stabilization of mood
regulation in mood disorders while minimizing the risk of
overstimulating the target regions. Leveraging the interactions
of neuronal orientation, field geometry, and network
connectivity to selectively target specific neural populations
while minimizing off-target effects, TI stimulation demon-
strates promise for targeted brain stimulation through ion-
channel-mediated rectification, selective firing dynamics, and
subthreshold modulation.

Electrical Conductivity of Surrounding Tissue. The
“sandwich hypothesis” suggests that while TI stimulation
effectively targets deep brain regions like the subthalamic
nucleus and holds potential for treating Parkinson’s disease, it
also carries inherent risks of inducing tonic firing or
conduction blocks in superficial neural layers.”> This arises
from the inverse distance relationship characteristic of
electromagnetic radiation within a conductive medium,
where the high amplitudes necessary to reach deep tissues
inadvertently impact superficial neurons. In human studies,
subthreshold TI protocols modulate the subthalamic nucleus
without inducing cortical conduction blocks or tonic ﬁring.66
Suprathreshold stimulation, which risks discomfort or tissue
damage, is restricted to animal models.** These effects are
further complicated by variability in conductivity across
different tissues. Cerebrospinal fluid, which has high
conductivity, and myelinated fibers,**~** which have relatively
low conductivity, influence the distribution and attenuation of
electric fields. This variability can alter the efficacy of
stimulation and activation thresholds, making it challenging
to achieve precise targeting without affecting the surrounding
tissues. Moreover, conductivity variations affect the propaga-
tion of TI stimulation. Cerebrospinal fluid with a high
conductivity enables a consistent distribution of the electric
field, potentially improving the efficacy of deep brain
stimulation while minimizing the impact on superficial layers.
Conversely, myelinated fibers with low conductivity can cause
attenuation and scattering of the electric field, complicating the
delivery of effective stimulation to the intended deep brain
regions.

Furthermore, the neuron’s response to TI stimulation
extends beyond the previously theorized envelope-based
processing.”” "' Recent findings from firing threshold and
undermodulation studies demonstrate that neurons integrate
the total amplitude of the stimulation signal, rather than just
the low-frequency modulation envelope.” Neurons may
respond with initial activation, sustain continuous firing
throughout the stimulation, or experience conduction blocks,
where high-frequency stimuli inhibit the propagation of action
potentials. This complexity was demonstrated through
conduction block tests® (Figure 4C), which determine
whether neurons that appear inactive are undergoing
inhibition.

Passive and Active Neural Membrane Filtering. The
intrinsic properties of neural membranes are pivotal in
determining their responsiveness to electrical stimuli, which
affects the depolarization level required for triggering action
potentials and thus influences activation thresholds.”” Neuro-
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Figure S. TI stimulation mechanisms: from phantom models to brain activation and connectivity. (A—C) Electric field vectors and envelope
modulation. (a) Analysis of electric field vectors E,, E, with magnified views and waveforms, combined envelope Elj,(t) + Ey, (t) (red), and
modulation Euy (£) (black dashed). The color map shows the spatial distribution of modulation amplitude in the model setup. (B, C) A
cylindrical phantom model is stimulated with different numbers of alternating current fields through equally spaced electrodes, producing
electric field amplitudes Eljz(t)l E,_;,(t), vy E,,j,(t) and their cumulative waveform Y% | Ey (t) in red. The black dashed line indicates the
waveform’s envelope, E,,5(t), and color maps display the maximal envelope amplitude, |E,, ;.43 (%,9)| normalized to the maximum. For 1 = 4,
frequencies range from 1.04 to 100 kHz, with a HWHM of 0.23 (B). For n = 2, frequencies are 1 kHz and 1.04 kHz, with an HWHM of the
main peak at 0.49 (C). (A—C), reprinted from ref 41 Available under a CC-BY 4.0. Copyright [2017] [Cell Press]. (D—F) BOLD signal
changes and brain functional connectivity. (D) BOLD signal changes in the brain: TI 1:1 stimulation enhances activity in the left
hippocampus during encoding, similar to sham, unlike TI 1:3. (E) Adjusting TI stimulation (1:1 for central, 1:3 for anterior hippocampus)
by varying electrode currents for targeted focus control. (F) During encoding, TI 1:3 and 1:1 stimulation reduce FC compared to sham, with
TI 1:1 favoring midregion connectivity and TI 1:3 favoring the anterior region. (G) Depth-dependent enhancement of envelope modulation
in TI stimulation: Envelope modulation ratio increases with depth. (D—G) Reprinted from ref 45. Available under a CC-BY 4.0. Copyright
[2023] [Springer Nature]. (H, I) Stimulator design and focus control. (H) Stimulator with dual channels employs an antiphasic drive for
isolation, generating in-phase and antiphase currents, calibrated via voltage. A nonisolated version grounds a specific node. (I) High channel
isolation in a phantom stimulated at 1 and 1.02 kHz through trapezoidal electrodes sharpens focus, as shown by envelope amplitude maps
with peak modulation at the center. Without isolation, modulation spreads, indicating focused versus dispersed effects in high versus low
isolation conditions. (H, I) Reprinted from ref 41 Available under a CC-BY 4.0. Copyright [2017] [Cell Press]. (J) Neural responses in the
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Figure 5. continued

cortex and hippocampus. Spike raster plots and current-clamp recordings at different amplitudes and durations, reproduced from ref 45.

Available under a CC-BY 4.0. Copyright [2023] [Springer Nature].

nal membranes inherently act as low-pass passive filters,
attenuating high-frequency signals while permitting the passage
of low-frequency signals. Initially, it was hypothesized that TI
stimulation exploits these properties by superimposing two
high-frequency currents with a slight frequency offset to create
a low-frequency modulation pattern that deep neurons can
respond to, thereby targeting deep structures without affecting
superficial tissues.*"”?

Recent advances challenge this simplistic passive model,
suggesting that active membrane dynamics play a crucial role.
Neuronal membranes can actively respond to high-frequency
fields, facilitated by ion channels that transform these inputs
into usable low-frequency signals.”””* This active filtering,
involving ion channels like Na*, K*, and Ca*", enables neurons
to rectify high-frequency inputs into forms that support
neuronal firing but may also introduce high-frequency blocking
effects in non-targeted tissues, raising clinical concerns.””

Moreover, the composition and distribution of these ion
channels affect neuronal excitability. Neurons with a high
density of voltage-gated Na* channels are prone to depolarize
due to a rapid influx of Na® ions upon stimulation, thus
reducing the external electrical input necessary to reach
activation.”””” The membrane resistance and capacitance of
neurons further influence their firing thresholds. Neurons with
high membrane resistance or those close to their activation
threshold are responsive to external stimuli, while those with
large caggacitance need intense or prolonged stimulation to
activate.

Investigations into activation dynamics in TI stimulation
involve mapping the amplitude modulation of the activating
function, which reaches its peak along the midline of the
axon®® (Figure 4D). This mapping illustrates how the effects of
TI stimulation vary across different neural pathways, with
extracellular voltages showing higher intensities near the
electrodes and gradually diminishing farther from the source.
The response of axons to TI stimulation also depends on their
ion channel composition. In models without active ion
channels, axons act as low-pass filters and do not respond to
the high-frequency beat frequencies generated by TI*> (Figure
4E). In contrast, axons with voltage-gated ion channels can
detect and respond to the low-frequency envelope produced by
TI, even at intensities below the firing threshold. This response
results in low-frequency oscillations indicative of subthreshold
activity, revealing the crucial role of ion channel dynamics in
the rectification and demodulation of TI stimuli.

PHYSICAL PRINCIPLES: ELECTRIC FIELD
PENETRATION

The efficacy of TI stimulation relies on the interaction between
high-frequency electric currents that converge to generate a
low-frequency envelope within the range of neuronal
response’"**>? (Figure SA). When two high-frequency
currents, each with slightly different frequencies, are applied
to the brain, they intersect and create an interference pattern.
This interference pattern results in a low-frequency envelope
that modulates the amplitude of the high-frequency carrier
waves. The neurons respond to this low-frequency envelope as

it lies within the frequency range that neurons can naturally
process.

The choice of high frequencies is critical for noninvasive T1I
stimulation, as higher-frequency electric fields can penetrate
the skull with less attenuation than low-frequency fields due to
the dispersive properties of biological tissues. Biological tissues,
including bone, tend to attenuate low-frequency signals more
than high-frequency ones, making high-frequency currents
more effective for deep brain stimulation. As these high-
frequency fields intersect within the targeted brain region, their
constructive and destructive interference creates a low-
frequency modulation envelope capable of stimulating neuro-
nal activity without directly activating neural tissue with high-
frequency components. This mechanism allows TI stimulation
to selectively target deeper brain structures by adjusting the
frequencies and positions of the high-frequency sources, thus
creating a focused low-frequency stimulation zone deep within
the brain. The resulting electric field from this interaction can
be mathematically described by"'

E(t) = Esin(Zitflt) + Esin(anzt) (1)

— ——
where E,; and E, refer to the electric field vectors correspond-
ing to the individual high-frequency currents f; and f,,
respectively, and t is time. The frequency difference Af = f,
— f, produces an envelope modulation at Af/2, within the
neuronal response range.

Furthermore, the spatial overlap of these high-frequency
fields is engineered to ensure that the low-frequency
modulation effect is localized precisely at the target location,
thus selectively affecting deep brain regions while minimizing
influence on the brain’s surface or non-targeted areas.
Furthermore, the spatial overlap of these high-frequency fields
is engineered to ensure that the low-frequency modulation
effect is localized precisely at the target location, thus
selectively affecting deep brain regions while minimizing
effects on the non-targeted areas. This spatial precision is
demonstrated through cylindrical phantom model experi-
ments*"'% (Figure SB,C), where multiple alternating currents
at varying frequencies generate envelope amplitudes that
reflect the precision targeting of TI stimulation. The combined
modulation of superimposed high-frequency waves can be
represented as'*’

E,(t) = 2-min(IE,l, |E,|)-cos(nAft) (2)

where E; and E, are the electric field vectors corresponding to
the individual high-frequency currents, and t is time. E4(t) is
an amplitude-modulated electric field at time ¢.

The targeting accuracy of T1I stimulation is quantified by the
half-width at half-maximum (HWHM) of the envelope
amplitude distribution, which serves as a measure of
precision:45

E 2
HWHM = R X ,[1 — (ﬂ)
2 (3)

where E, . represents the maximum electric field amplitude for
calculating the spread of the field’s peak intensity at half of its
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maximum and R is the simplified radius of the elliptical-shaped
distribution of an electric field (R = 4?/b, a stands for the
semimajor axis, and b represents the semiminor axis of the
ellipse). Model-based experiments and fMRI BOLD signals,
which correlate with synaptic activity rather than direct blood
flow,'* highlight the targeting precision and functional
impacts of TI stimulation™ (Figure SD). While BOLD signals
provide critical insights into synaptic-level modulation, their
limited temporal resolution may constrain the detection of
rapid neural dynamics. A computational model integrating
multimodal fMRI data simulates electrical properties across
tissue types during TI 1:1 stimulation (Figure SE),
demonstrating that spatially concentrated modulation fields
selectively activate deep brain neurons by accounting for
activation thresholds, tissue conductivity gradients, and axonal
orientation. This approach effectively targets the primary fiber
axis in hippocampal and cortical regions while avoiding
unintended cortical activation® (Figure SD,E), underscoring
TI’s potential for focal neuromodulation in complex neural
circuits.

FORWARD AND REVERSE PROBLEMS IN
COMPUTATION

While the quasi-static approximation assumes frequency-
independent spatial distributions for individual high-frequency
fields, the interference between these fields produces a low-
frequency amplitude-modulated envelope. The spatial focus of
this envelope is determined by electrode geometry, current
ratios, and individual anatomical conductivity profiles, as
carrier frequencies below 10 kHz remain within the validity
range of quasi-static assumptions.'”>™'*> Consequently,
accurate field estimation in TI stimulation requires solving
both the forward problem (predicting intracranial field
distributions from electrode configurations) and the inverse
problem (optimizing stimulation parameters to target specific
brain regions while minimizing off-target effects). Addressing
these challenges through computational modeling and
empirical validation is essential to refine targeting precision,
enhance reproducibility, and enable individualized TI proto-
cols for clinical translation.

Forward Problem. The forward problem involves
predicting the field distributions and electric potentials in the
brain based on stimulation parameters through numerical and
analytical methods.'*® Numerical methods, including boundary
element methods (BEM) and finite element analysis (FEA)
often provide simulations of how electric fields propagate
through complex brain geometries. FEA can divide the brain
into a mesh of small elements, calculating the electric field in
each to create a comprehensive field distribution map.
Analytical methods to solve Maxwell’s equations in simplified
geometrical models also contribute to these predictions. The
infinite homogeneous and inhomogeneous cylinder models are
used to simulate brain tissue characteristics,'”’ where electrode
configurations are determined by the length of the electrode
arc and the angular orientation corresponding to the brain’s
anatomy. By approximating each theoretically infinite-length
electrode with finite-length segments, the model enhances
realism and accuracy, which allows for precise predictions of
electric fields and potential distributions in the brain during
stimulation, accommodating the complex and varied nature of
the brain tissue and electrode placement.

Reverse Problem. The inverse problem in TI stimulation
concerns determining stimulation parameters of current

intensities, frequency pairs, and electrode configurations that
produce a desired intracranial modulation g)attern while
minimizing off-target activation., 198111198 Uplike the
forward problem, which predicts electric field distributions
from known parameters, the inverse problem proceeds from a
defined neurophysiological objective, such as focal modulation
of the hippocampus or motor cortex, and computes the
parameter set required to achieve it with high spatial
specificity. The resolution is central to advancing TI
stimulation from conceptual feasibility to precise neuro-
modulation capable of selectively engaging deep brain circuits
without activating surrounding tissues. Computational model-
ing provides a rigorous framework for solving the inverse
problem. Finite element modeling (FEM) enables high-
resolution estimation of electric field propagation by discretiz-
ing head tissues into anatomically informed mesh elements
with heterogeneous conductivities.”” Through iterative opti-
mization, FEM refines electrode positions and current ratios to
concentrate the low-frequency modulation envelope to specific
targets. Iterative FEM-based optimization successfully con-
strained TI fields over the motor cortex by systematically
tuning electrode montages and current amplitudes, demon-
strating reliable convergence toward focal field distributions.
These simulations also quantify trade-ofts among focality,
depth, and current load, informing parameter optimization
strategies for individualized stimulation protocols. Experimen-
tal evidence supports the predictive validity of these computa-
tional solutions. In vivo studies demonstrated that adjusting
carrier frequency differences and electrode geometry can
precisely steer the interference envelope toward subcortical
structures, such as the hippocampus, without inducing
measurable activation in overlying cortical regions.*' This
ability to spatially sculpt neuromodulation fields via parameter
optimization validates the inverse modeling framework and
underscores its translational relevance.

CLINICAL EFFICACY

Preclinical Validation in Animal Models. Preclinical
studies in rodent models have established TI stimulation as a
promising tool for targeted hippocampal modulation and
cognitive enhancement, with particular relevance to memory
formation through hippocampal-cortical network interactions.
These studies demonstrate that TI stimulation can enhance
associative memory, offering potential benefits in cognitive
enhancement and treatment for memory-related disorders, as
evidenced by improved performance in contextual fear
conditioning tasks and increased brain-derived neurotrophic
factor (BDNF) expression (+42% after 2 weeks of
stimulation)*''* (Figure SF). The mechanistic basis of this
potential is supported by precise measurements of electric field
envelope modulation amplitudes, which validate the spatial
specificity of Tl-induced neuromodulation® (Figure 5G).
Furthermore, the use of electrically isolated current sources
ensures accurate and concentrated delivery of stimulation to
deep brain structures, addressing a critical challenge in
noninvasive neuromodulation*' (Figure SH). Isolating stim-
ulation channels allows TI stimulation to focus modulation
amplitudes on specific deep brain targets, such as the
hippocampus, while minimizing unintended effects on
surrounding tissues, a key advancement validated through
computational modeling in rodent brain phantoms"' (Figure
SI). In experimental settings, T1 stimulation with a 2 kHz
carrier frequency and S Hz modulation frequency (Af) induces
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Table 2. Translational Alignment of Key TI Stimulation Metrics

metric rodent model human-relevant data translational implication

stimulation 0.6—0.9 mA (2 kHz 1.1-1.5 mA (simulated human ~ human skull/scalp conductivity requires ~40% higher current; clinical
threshold carrier) FEM) protocols should adjust accordingly.

target depth Up to 3 cm (rat brain) Up to 6 cm (human head model) ~ deeper penetration in humans due to larger skull volume; optimize electrode

array geometry for subcortical targets (e.g., STN).

neuroplasticity 2-week stimulation: 1 Ex vivo human slices: T BDNF  conserved molecular pathway supports potential for synaptic modulation in
response BDNF (42%) (29%) humans, but magnitude may differ.

safety margin no tissue damage at thermographic data: <38 °C at initial phase 0 trial threshold: <1.5 mA, 30 min/day to balance efficacy and

<1.2 mA (12 weeks) 1.5 mA (human skin) safety.
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Figure 6. Electrode placement and optimization. (A) Electrode placement optimization on the temporal/parietal side, based on a grid
centered on the initial montage position, reprinted from ref 49 Available under a CC-BY 4.0. Copyright [2023] [Springer Nature]. (B)
Optimal montage selection by minimizing neuromodulation in GM and maximizing neuromodulation in the deep region of interest. (C)
Electric field distributions for selected and original montage configurations across three deep brain regions: putamen, caudate nucleus, and
nucleus accumbens. (B, C) Reprinted with permission.®” Copyright 2024, Frontiers. (D) Multiscale model workflow illustrating the dynamic
and static modulation of brain oscillations. Dynamic modulation refers to the time-varying changes in neuronal activity and oscillatory
patterns in response to TI stimulation. Static modulation denotes short-term stabilization of y oscillations relative to baseline without
implying lasting plasticity.'"** The model is evaluated under different network parameters, including 7, (membrane time constant,
representing the time scale for neuronal response) and GABA, inhibition (a specific type of inhibitory neurotransmission involving GABA,
receptors to modulate neuronal excitability). (E) Spatial dlstrlbutlon of electric field magnitude and amplitude modulation along the
posterior-anterior axis. (D, E) Reprinted with permission.”® Copyright 2021, Elsevier.

robust neuronal activation in deep brain regions of rats, with for clinical applications will require refining computational
electrophysiological recordings confirming field potentials in models to improve targeting accuracy, developing adaptive
the gippocampus and STN at stimulation intensities of 0.6—0.9 algorithms for real-time modulation that adjust to individual
mA™ (Figure 5J). Safety data further support TI's translational brain responses,"'>''* and incorporating multimodal data to

potential: 12-week chronic stimulation at <1.2 mA shows no
histological evidence of tissue damage, and thermographic
monitoring confirms scalp temperature elevation remains <0.3
°C.* While short-term animal studies demonstrate sustained
hippocampal activation and memory enhancement over several
weeks, data on long-term efficacy are still emerging, high-

dynamically optimize stimulation parameters.*”'">™""? These
advances not only enhance precision and efficacy but also
support personalized neuromodulation approaches, which may
mitigate the potential adverse effects. Ultimately, long-term
efficacy and safety data from well-designed longitudinal studies

lighting the need for longitudinal studies in human subjects to are pivotal to validating TI stimulation as a sustainable and safe
evaluate the duration of the effects and optimize repeated or neuromodulation technique for cognitive and neurological
continuous stimulation protocols. Advancing TI stimulation disorders.
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Human-Relevant Modeling and Translational Con-
siderations. Translational comparisons between rodent and
human data indicate that TI stimulation engages conserved
neural mechanisms but requires parameter scaling to account
for human biophysical constraints. In rodents, effective
modulation of hippocampal and striatal circuits is achieved
with currents of 0.6—0.9 mA at a 2 kHz carrier frequency,
whereas human biophysical simulations indicate that 1.1—1.5
mA is required to generate comparable intracranial electric
fields due to increased skull impedance®**"**%120 (Table 2).
This discrepancy arises primarily from anatomical differences,
including skull thickness (rodent: ~0.2 mm vs human: 6—8
mm) and tissue conductivity gradients, which alter current flow
and field interference patterns. Despite these challenges,
achievable stimulation depth scales favorably: rodent studies
demonstrate reliable modulation up to ~ 3 cm,” while 3D
FEM simulations in human head models (n = 5 MRI-derived
anatomies) predict field interference at depths up to 6 cm,
suggesting that subcortical targets such as the subthalamic
nucleus and hippocampus remain accessible with optimized
electrode montages™ (Figure 5G). Activity-dependent plasti-
city mechanisms appear conserved across species, as chronic
TI stimulation upregulates BDNF expression in rodent
hippocampus (+42%) and ex vivo human cortical tissue
(+29%) under analogous stimulation conditions, though the
blunted magnitude in human tissue likely reflects species-
specific receptor density.”'*"'** Preclinical safety margins also
translate favorably; prolonged stimulation at <1.2 mA in
rodents induces no histopathological abnormalities,'”” while
human thermography confirms scalp heating <38 °C at 1.5
mA, supporting the feasibility of early-stage human testing
using conservative dosing (<1.5 mA, <30 min per
session).'>*712¢

However, several critical gaps need to be addressed before
clinical validation. FEM indicates that skull-induced scattering
in humans reduces focality by approximately 25% relative to
rodent models,'”” suggesting standardized protocols may be
insufficient and patient-specific electrode configurations based
on individual head models will likely be required. Physiological
heterogeneity adds further complexity: neurodegenerative
pathology, age-related cortical atrophy, and vascular comor-
bidities (e.g, hypertension, diabetes) can influence current
distribution and neural responsivity,'** potentially diminishing
TI efficacy in clinical populations. Stratification by disease
stage and comorbidity profile will therefore be essential in the
trial design. To address these challenges, a phased regulatory
strategy is necessary, beginning with Phase 0 feasibility studies
in healthy volunteers to verify depth targeting using functional
MRI, followed by Phase I studies in Parkinson’s disease
patients to evaluate acute safety and preliminary efficacy.'**"'*
Technical advancements are equally critical, including the
development of adaptive closed-loop algorithms integrating
real-time EEG—fMRI feedback to mitigate variability from
arousal fluctuations or pharmacological states,””'~'** and
multimodal data inte§ration to enable dynamic parameter
optimization."***'*7'*” Additionally, longitudinal data are
needed to assess the durability of effects and long-term safety
regarding neurovascular function and blood—brain barrier
integrity. >® These findings support the mechanistic plausibility
of TI for noninvasive deep brain stimulation but underscore
the need for individualized approaches to compensate for
interindividual variability in cranial conductivity and patho-
logical states.

OPTIMIZING TI STIMULATION FOR TARGETED DEEP
ACTIVATION

Electrode Placement and Optimization. The optimiza-
tion of electrode placement is critical for achieving precise and
targeted neuromodulation with TI stimulation, which can
ensure that the electric fields generated by the electrodes are
directed with high accuracy to the intended deep brain regions,
minimizing the spread of the stimulation to nontarget areas."*”
The optimization process typically involves using anatomical
templates and computational models to guide the placement of
electrodes. A common approach is to position the electrodes
on the temporal/parietal regions, using a grid centered on an
initial montage position*”’ (Figure 6A). This method allows for
fine-tuning of the spatial arrangement of electrodes to
maximize the focus of the stimulation on regions of interest.
A montage refers to the configuration and placement of
electrode pairs on the scalp or other superficial regions®
(Figure 6B), which directly influences the direction and
strength of the electric fields applied to the brain. The
configuration of the montage is key to ensuring that the
stimulation is delivered effectively to the target deep brain
regions. By adjusting the spacing and orientation of the
electrodes, it is possible to direct the electric field with high
precision to the target areas, such as the putamen, caudate
nucleus, or nucleus accumbens, while avoiding unwanted
stimulation in adjacent cortical regions such as the gray matter.
This balance is crucial for achieving the desired therapeutic
effects, as improper montage selection could lead to
stimulation of nontarget areas, reducing the efficacy of the
treatment and potentially causing adverse effects.

Optimal montage selection involves a trade-off between
maximizing neuromodulation in deep brain regions and
minimizing stimulation in the surrounding cortical regions.
By choosing the best electrode configuration, neuromodulation
in the gray matter can be reduced by up to 40—50%, while
simultaneously enhancing neuromodulation in deep brain areas
by as much as 30—800%. Figure 6C illustrates the electric field
distributions for the selected montage configurations compared
to the original montage, revealing how the optimized
placement leads to a significant increase in neuromodulation
within the target deeg brain regions, with minimal interference
in the gray matter.”” This approach enhances the specificity
and efficacy of TI stimulation, making it possible to achieve
targeted therapeutic effects while reducing off-target ef-
focts 43140143

The multiscale model workflow integrates computational
simulations with experimental data to analyze the effects of TI
stimulation at multiple levels of brain organization™ (Figure
6D). This model allows for an in-depth understanding of how
applied electric fields interact with neuronal circuits at the
cellular and network levels. The workflow differentiates
between dynamic modulation with time-varying changes in
neuronal activity in response to the stimulation, and static
modulation with short-term stabilization of y oscillations
relative to baseline without implying lasting plasticity.'**
Dynamic modulation is crucial for real-time alterations in
neural excitability, allowing for precise control over the timing
and synchronization of neuronal firing. This is achieved
through the temporal interference of high-frequency electric
fields, which generate low-frequency modulation that impacts
neuronal firing patterns. To realize dynamic modulation, the
electric field applied by TI stimulation interacts with neuronal
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Table 3. Comparison of Mediolateral (ML) and Anteroposterior (AP) Stimulation

ML stimulation

electrode
placement

symmetric electrodes along the medial-lateral axis (e.g,, FT7-FT8 in 10—10
system).

electrode distance Wide separation to create lateral fields.

orientation lateral electric field (perpendicular to midline).
frequencies B/y (20—40 Hz) for motor pathways and bilateral connectivity.
currents two-channel (11, I2) with higher intensity for bilateral regions.

target regions motor cortex, somatosensory cortex (superficial bilateral regions).
penetration: superficial bilateral cortical areas (without TI); deeper with TI

optimization.

penetration

neural pathways  interhemispheric communication, motor circuits.

applications motor rehabilitation, bilateral cortical interaction.

AP stimulation
electrodes along the anterior-posterior axis (e.g., F3—P3 in 10—10
system).
closer spacing along the AP axis for focal stimulation.
longitudinal electric field (parallel to AP axis).
theta/a (4—12 Hz) for cognitive networks (e.g,, prefrontal cortex,
cingulate).
two-channel (I1, 12) with lower intensity for deep midline targets.
cingulate cortex, prefrontal cortex (deep midline regions).

deeper midline structures (via TI or optimized tES).

default mode network, executive/attentional pathways.

cognitive enhancement, mood regulation, attention modulation.
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Figure 7. Orientation-targeted electric field modulation in TI stimulation. (A) Two TI stimulation axes with scaled electrode placements: the
electric field lines are aligned parallel (ML) or perpendicular (AP) to the Schaffer collaterals. AP, anteroposterior; ML, mediolateral. (B)
Orientation-targeted TI with two pairs of electrodes in the hippocampus: ML, aligned with hippocampal axons (preferential), and AP,
perpendicular to these axons (nonpreferential). (A, B) Reprinted from ref 59 Available under a CC-BY 4.0. Copyright [2021] [Frontiers].
(C) TI stimulation targeting near the left striatum at a specific time point in radial (red) and AP (green) directions, reproduced with
permission.'** Copyright 2023, Frontiers. Black dashed lines indicate the modulation envelope. The electric field at the target brain region
has the maximal effect of TI stimulation. Stimulation is less focused or unintended in off-target regions but still may influence neural activity.

amplitude of the applied field, with lower frequencies
facilitating synchronization of neuronal firing and higher

membranes, modulating their excitability in a time-varying
manner. This modulation is dependent on the frequency and
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Figure 8. Methodological parameter space in TI deep brain targeting. (A—C) Targeting approach using columnar models, reprinted with
permission.** Copyright 2020, Frontiers. (A) The elliptic model derived from MRI data and a simplified circular model display
distributions of electric field amplitude. (B) Correlation between the target area depth during temporal interference stimulation and the
spacing between electrodes on the scalp. (C) The link between the peak position in the electric field and the amplitude ratio (I,/I,) within
the field’s amplitude envelope. (D) Electric field distribution and temporal envelope amplitude at varying depths for a beat frequency (Af) of
10 Hz, reprinted with permission.'”” Copyright 2019, IOP Science; and with permission.>® Copyright 2021, IOP Science. (E) Variations in
motor thresholds associated with different fundamental frequencies, reprinted with permission.® Copyright 2021, IOP Science. (F)
Cylindrical model projections estimate modulation amplitude on electrode planes along the Y and X axes, including setups with rectangular
electrodes in ratios of 1:1, 1:2, and 1:4, reprinted from ref 154. Available under a CC-BY 4.0. Copyright [2019] [IEEE].

frequencies allowing for more localized and precise effects.
Static modulation, short-term stabilization of neural activity
(e.g, 7 oscillations), is relative to baseline levels without
inducing lasting plasticity. This contrasts with dynamic
modulation, which involves real-time, frequency-specific
alterations in neuronal excitability (e.g., theta entrainment).
The multiscale model evaluates how parameters such as
membrane time constant (7,,) and GABA,, inhibition influence
TI stimulation’s sensitivity and selectivity across cortical and
deep brain regions. By quantifying how these parameters
govern transient stabilization (static) versus rapid excitability
shifts (dynamic), the model enables precise tuning of TI
protocols for targeted therapeutic outcomes such as transient
oscillation stabilization in epilepsy or sustained plasticity in
motor rehabilitation.

The spatial distribution of electric field magnitude and
amplitude modulation along the posterior-anterior axis reveals
how the electric field is distributed across deep brain structures
and superficial cortical regions93 (Figure 6E). This can confirm
the effectiveness of TI in achieving targeted modulation of
deep brain regions, such as the nucleus accumbens and
putamen, while maintaining a minimal impact on cortical areas.
By optimization of electrode placement and selection of the
montage configuration, TI stimulation can achieve high

precision, ensuring that deep brain regions are modulated
effectively while avoiding unintended cortical stimulation.

Directional Specificity. The orientation of the electric
field, whether applied along the mediolateral (ML) or
anteroposterior (AP) axis determines the effectiveness of
stimulation, especially for deep brain structures. ML
stimulation typically uses symmetric electrode placements
along the mediolateral axis (Table 3). This configuration
creates lateral electric fields and is effective for enhancing
interhemispheric communication and modulating motor path-
ways, making it ideal for regions such as the motor cortex and
hippocampus. On the other hand, AP stimulation involves
asymmetric electrode placements along the anterior-posterior
axis, targeting long-range AP pathways. This configuration is
effective for modulating the cingulate cortex and prefrontal
cortex and is often used for applications involving executive
functions, attention regulation, and spinal cord stimulation.
The selection of electrode placement and orientation directly
impacts the stimulation’s depth, focality, and ability to
selectively target desired brain regions.

The precision of TI stimulation is enhanced by considering
the orientation of the electric field in relation to the target
neuronal structures. Neuronal responsiveness to electric fields
is anisotropic and varies based on the alignment of the electric
field with the neurons’ morphology, particularly the orientation
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of their dendrites and axons.'*® This is significant in the cortex,
where neurons are often organized parallel to the cortical
surface. A critical factor in optimizing TI stimulation is
ensuring that the electric field is aligned to activate neurons
efficiently. This alignment is achieved by strategically orienting
the electrode configuration to maximize the effect on neurons
in the target region while minimizing the influence on adjacent,
off-target areas. Figure 7A illustrates the electric field generated
by two orientations, with the maximum envelope placed at the
same location in the hippocampus at the CA3-CAl border.>”
Despite the maximum field strength being positioned similarly
in both orientations, the direction of the electric field lines
varies: in the ML orientation, the field is parallel to the axons
of the hippocampus, whereas in the AP orientation, the field is
perpendicular to these axons. The ML orientation, aligned with
the long axis of the axons, enhances depolarization across a
larger segment of the axonal membrane, making the
stimulation more efficient””®" (Figure 7B). On the other
hand, the AP orientation, which crosses a shorter segment of
the axon, is less efficient for activating neurons. This
demonstrates the importance of electrode orientation in
optimizing TI stimulation’s depth and precision. By aligning
the electric field parallel to the axonal direction, TT stimulation
lowers the threshold for inducing seizure-like activity,
enhancing the capacitive coupling along the axons and
promoting more effective neuronal activation. This effect is
pronounced in the ML orientation, where the electric field is
aligned with a long segment of the axonal membrane, which
improves the depolarization process. The electric field achieves
its maximal effect in the target brain region, while the off-target
regions experience less focused modulation'** (Figure 7C).
This demonstrates the capability of TI stimulation to
selectively influence neural activity in specific brain regions
while minimizing unintended effects on surrounding areas.
Electrode Distance. Electrode distance in TI electrical
stimulation is a crucial factor that directly influences the depth
of stimulation within the brain. This relationship between
electrode spacing and penetration depth can be described by a
linear equation, enabling precise adjustments to the target
depth based on electrode placement. The linear nature of this
relationship allows for straightforward modulation of the
stimulation depth, which is essential for targeted interventions
in research and potential therapeutic applications**®>'*
(Figure 8A,B). The depth d of the target area is linearly
proportional to the distance s between the electrodes

d=kXs (4)

where k is a proportionality constant that depends on factors
including tissue conductivity, electrode configuration, and
stimulation frequency. This linearity allows for predictable
modulation of target depth and provides a theoretical basis for
designing stimulation montages. This linear relationship was
validated through distributed electrode stimulation mapping
(DESM) in invasive DBS modeling.'*” Using FEM simulations
based on human brain anatomy, Collavini et al. demonstrated
that increasing electrode spacing produced proportional
increases in stimulation depth,147 with k ranging from 0.42
to 0.51 depending on gray/white matter anisotropy. Although
this study confirmed the linearity of electrode spacing effects, it
was conducted in the context of invasive DBS leads and
therefore does not fully capture the biophysical constraints of
noninvasive TI, where current should traverse the scalp, skull,
and cerebrospinal fluid before reaching neural tissue (Figure

8A,B). Complementary evidence supporting the linear model
has emerged from experimental TI studies using noninvasive
electrode configurations. In rodent models, scalp electrode
spacing of ~2.6 mm (placed at —0.55 mm and 2.05 mm
mediolateral, —0.5 mm anteroposterior from bregma)
generated a stimulation depth of ~1.2 mm under low-intensity
fields (<1 V m™), resulting in k ~ 0.46."** These data confirm
that when stimulation intensities are below nonlinear neuronal
response thresholds, electric field propagation behaves
predictably and adheres to linear superposition principles.
Extending these findings to human geometry, FEM simulations
based on MRI-derived head models (n = 5) predict slightly
lower k values (~0.38 to 0.43), reflecting increased current
attenuation across thicker skull and scalp tissues.'*”"*° The
brain can be approximated as a linear system in TI stimulation
due to the relatively low-intensity electric fields used, typically
below 1 V m™". Within this range of intensities (0.1-1 Vm™"),
the distribution of the electric field follows a predictable linear
pattern, which enables a direct relationship between electrode
spacing and the depth of field penetration. However, the
proportionality constant k differs depending on anatomical
constraints and current pathways: larger k values in invasive
DBS simulations reflect direct access to neural tissue, whereas
smaller values in noninvasive TI account for extracranial
current dissipation.

Current Amplitude and Ratio. The sensitivity of
envelope amplitude to distance and amplitude ratios in TI
stimulation underscores the necessity for precise manipulation
of the location and size of the peak stimulation area.”> This
precision is crucial for effectively targeting specific neuronal
populations in minimally invasive therapeutic applications. TI
stimulation utilizes the precise manipulation of the medio-
lateral shift of the peak stimulation area by adjusting the
amplitude ratio of two currents, I, and I;, along the x-axis.”"
The amplitude of these currents and their ratio directly affect
this lateral displacement of the stimulation focus'** (Figure
8C). By adjustment of this ratio, the peak stimulation zone can
be shifted laterally while maintaining stability along the y-axis
(anteroposterior direction), enabling precise targeting without
physical electrode repositioning.

Electric Field Intensity and Envelope Amplitude. In
TI stimulation, a unique interaction occurs between two
sinusoidal electric fields of slightly different frequencies. When
these fields overlap, they produce an amplitude-modulated
(AM) electric field, crucial for modulating neuronal
activity.’”® The intensity of this field, measurable by its
zero-to-peak value,'*® provides a measure of the maximum
electric field strength at a specific spatial location. An essential
factor is the modulation depth of the field’s amplitude, E,,(r,),
reflected by the peak-to-peak value of its envelope. However,
tissue conductivity gradients enhance the field penetration
depth (Figure 3A), enabling deeper modulation (Figure 5G).
This modulation depth, vital for stimulating neuronal tissue,
depends on the proximity to the electrodes and the amplitude
ratio of the interacting electric fields, I,/I; (Figure 8D). At a
1:1 amplitude ratio, maximum modulation depth is achieved,
indicating a broad stimulation area due to the synergistic
enhancement of overlapping fields.'®” Deviating from this ratio
shifts the envelope’s peak toward the weaker field, showing an
inverse relationship between stimulated area size and
amplitude difference, with larger amplitudes focusing stim-
ulation more locally. The envelope amplitude’s decay with
distance from the electrodes™® (Figure 8D) reflects electro-
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magnetic field propagation,”” decreasing in strength due to
energy dispersion. This decay, shaped by the spatial properties
of the individual fields and their relative phases, indicates a
smaller envelope amplitude farther from the electrodes (eq S).
The envelope’s shape, influenced by constructive and
destructive interference patterns, minimizes off-target activa-
tion and side effects, as envelope amplitude peaks near the field
interference region and decays with distance from electro-
des.'””'* The envelope amplitude decreases with distance
from the electrodes, reaching the maximum amplitude close to
the field interference. Additionally, a higher current amplitude
results in a more confined stimulated area as the dominant
high-intensity field narrows the constructive interference area,
reducing the region of peak modulation depth.

Frequency. By superimposing two high-frequency electric
fields at slightly different frequencies within the brain, a beat
phenomenon occurs where the difference between these
frequencies creates a modulation envelope in the low-
frequency range. Typically, the frequencies of the high-
frequency electric fields are chosen based on the characteristics
of the target neural populations around 1—-2 kHz with a Af of 5
or 10 Hz in mouse studies.”” Precise targeting of specific neural
populations is achieved by adjusting f, and f, so that Af falls
within an optimal range for activating the target neurons
without affecting surrounding non-targeted neuronal popula-
tions. This selective targeting is possible because different
neural populations have varying activation thresholds for low-
frequency stimulation. As frequency increases, the electric field
strengths required to reach motor thresholds also increase™
(Figure 8E), indicating that high frequencies necessitate higher
intensities to achieve comparable levels of neuronal activation.

Multichannel TI, which uses multiple electrical channels for
stimulation, typically reduces the stimulation intensity by an
average of ~28% compared to single-channel TL'” This
reduction results from the ability to stimulate neurons at lower
voltages to achieve the desired effects. Multichannel TI can
cover a wider cortical area and requires less voltage for
equivalent activation levels,'”” likely due to more effective
constructive interference patterns from multiple channels,
which need less energy to reach motor thresholds. The
observation that motor thresholds increase with frequency can
be linked to various biophysical factors. At higher frequencies,
current penetration is limited by tissue cgyacitive reactance
and electrode-tissue interface impedance.'>” Higher frequen-
cies offer more precise spatial targeting due to their localized
effects but may require higher intensities to reach the necessary
depth, potentially increasing the risk of unintended side effects.
Therefore, when selecting the frequency and deciding between
multichannel or single-channel stimulation, it is essential to
balance these choices with the therapeutic goals, prioritizing
both effectiveness and safety. Further research into identifying
optimal parameters for the motor cortex, hippocampus, and
sensory areas, particularly focusing on low frequencies in the
theta (4—8) and delta (1—4) Hz ranges, shows promise for
cognitive enhancement and memory consolidation. Con-
versely, higher frequencies are being explored for their
potential to modulate sensory processing and motor functions.

Voltage Intensity and Phase. Current-controlled stim-
ulation ensures consistent electric field strength (E = V/d,
where V stands for voltage, E represents the electric field
intensity, and d is the distance between electrodes, the field
intensity varies directly with the applied voltage and inversely
with the distance between electrodes), accounting for variable

electrode-tissue impedance.”” By modulating the voltage,
adjustments can be made to the electric field’s strength to
ensure targeted and efficient stimulation confined to specific
brain regions.

Computational models in TI stimulation visualize electric
field modulation within a spherical domain, projecting
modulation amplitudes onto planes along the x and y axes
across electrode arrays'>* (Figure 8F). These models assess the
impacts of various electrode configurations with current
amplitude ratios of 1:1, 1:2, and 1:4, influencing the magnitude
of currents through electrode pairs and, consequently, the
electric field distribution. The spatial arrangement of these
ratios and electrode positions creates unique electric field
distributions within the spherical model, demonstrating the
combined effect of voltage intensity and electrode placement
on the field’s reach. Models using electric field strengths of 0.7,
1, and 1.2 V m™" show that adjusting electrode spacing is
critical for maintaining consistent field intensity, which is
crucial for achieving desired penetration into deeper tissue.
Effective TI stimulation involves the precise calculation of the
electric field magnitude and the interaction between fields from
paired electrodes. This interaction affects the net electric field
intensity, which is computed as the vector sum of their
interactions™®

E, = E? + E2 — 2E,E, cos(A¢g) (s)

where E, and E, are the field intensities from each electrode
pair and A¢ is the phase difference between their fields due to
temporal interference. The phase relationship between these
high-frequency signals is crucial in determining the patterns of
constructive or destructive interference within the target area
and, thus, the shape of the resultant low-frequency modulation
envelope. The magnitude of the electric field at any given point
is determined by the vector sum of the fields from each
electrode. When these fields overlap, their amplitudes
combine, creating regions of high and low intensity based on
their phase relationship. Constructive interference, indicated
by a positive cos(A¢), occurs when the fields are in phase,
resulting in a higher overall field magnitude. Conversely, a
negative cos(A¢) when the fields are out of phase signifies
destructive interference, reducing the field intensity. Accurate
phase alignment is essential for maximizing modulation depth
within the targeted neuronal population while minimizing
stimulation of surrounding tissues. By adjusting these
parameters, including electrode placement and frequencies,
the field’s depth and focus can be tailored to create a low-
frequency modulation envelope that accurately targets
therapeutic areas in deep brain regions while avoiding non-
targeted regions.

Parameter Algorithms Optimization. The efficiency of
TI stimulation hinges on the precise adjustment of the
stimulation’s depth and area of activation. This precision was
generally achieved through trial-and-error or basic computa-
tional models,'* adjusting the sum and ratio of currents via
electrode pairs. Artificial neural networks (ANNs) offer a
systematic method for determining optimal stimulation
parameters, enhancing the process’s accuracy and effi-
ciency.'”*® The efficiency of TI stimulation hinges on precise
adjustment of the stimulation’s depth and activation area.
Historically, this precision relied on trial-and-error or basic
computational models, adjusting current sums and ratios
across electrode pairs.">> ANNs offer a systematic approach to
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Figure 9. Artificial neural network (ANN) model for TI stimulation optimization. (A) Infinite homogeneous cylinder (IHC) model with two
and four electrode pairs and (B) infinite inhomogeneous cylinder (IIC) model including tissue heterogeneity. The electric fields E, and E,
generated by two electrode pairs at frequencies f; and f,, respectively, interfere to produce a low-frequency modulation, represented by the
envelope E,,, which controls neural activation. @, angles control the placement of electrodes around the cylindrical brain model. @,; and
@), are the angles for the first electrode pair; ¢,, and @,, are the angles for the second electrode pair. py, the outermost radius, represents
the boundary of the tissue, ¢ is the conductivity, and p is the resistivity of the tissue, influencing the distribution of electric fields in the brain.
R,, R,: Euclidean distances between the center of gravity and specific points within the brain-activated area, quantifying the location and size
of the activated area in relation to the electrode configuration. Reprinted with permission.'®” Copyright 2019, IOP Science. (C) Single-layer
and (D) multilayer ANN model to optimize the TI stimulation parameters. The network is structured with an input layer that incorporates
various stimulation and tissue parameters, followed by a hidden layer where field interactions and neuronal responses are computed. The
output layer predicts the efficiency of stimulation and neural activation, such as the electric field strength and neuromodulator effects. E,,,,
E,jim2¢ Electric fields generated by each electrode pair at the corresponding frequencies. E,,;: Amplitude modulation envelope, which governs
the overall time-dependent variation in the electric field strength. Region-specific properties: Ry, target region conductivity; V..., target
region volume; O, orientation. Output layer predictions: E g activation efficiency to activate neurons, accounting for the depth and focality
of stimulation; Ty, safety thresholds, which represent the limits of stimulation parameters to avoid undesired effects (tissue heating,
excessive current density); C,,, optimal combination of frequencies, currents, and electrode placements.

optimizing stimulation parameters, enhancing accuracy and
efficiency by addressing the inverse problem identifying
parameters to target specific neural regions.m’s‘}"156

ANNGs excel at correlating the stimulation area’s center of
gravity with input currents, enabling fine manipulation of field
shape and position.'”” While dual-electrode setups limit focus
through current symmetry, quad-electrode configurations
independently adjust field distribution variables (R, R,),
improving precision.”> These networks leverage simplified
brain models (e.g,, infinite homogeneous cylinder, IHC) to
predict optimal parameters like current sum/ratio (Figure 9A),
with inhomogeneous cylinder (IIC) models incorporating
tissue heterogeneity to refine accuracy'’’ (Figure 9B).
Multilayer ANNs process inputs such as electric field strength,
frequency, tissue conductivity, and electrophysiological proper-
ties (membrane resistance and ion channel density) to
simulate neural responses (Figure 9C,D). Their output layers
predict activation efficiency, safety thresholds, and optimal
electrode placements, balancing therapeutic efficacy and off-
target effects.’”’

Beyond ANNSs, other machine learning paradigms provide
complementary capabilities for optimizing TI neuromodula-
tion. Convolutional neural networks (CNNs) enhance

electrode placement by extracting spatial features from MRI
and CT ima§ing, improving focus in individualized head
models."*” """ Recurrent architectures such as RNNs and
LSTMs incorporate temporal dynamics, enabling prediction of
neural responses to varying stimulation phases and frequen-
cies."” Reinforcement learning has also emerged as a powerful
strategy for adaptive stimulation, using real-time neural
feedback to iteratively adjust parameters and maximize
therapeutic efficacy.'®!

Despite these advances, ANN-based optimization still faces
barriers to clinical translation. A primary challenge lies in the
dependence on the data quality and diversity. Because ANN
predictions are strongly shaped by training data, models
trained on limited anatomical variability often fail in atypical
anatomies. Internal validation studies demonstrate that
targeting error increases by 18% when ANNs are applied to
MRI data sets from patients with more than 10% hippocampal
atrophy, compared to age-matched healthy controls. These
errors disproportionately affect under-represented populations
such as pediatric patients or individuals with neurodegener-
ative disease. Incorporating multiethnic, multiage cohorts and
augmenting rare scenarios using generative adversarial net-
works (GANs) may significantly improve generalizability.'®*
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Figure 10. TI trials for deep brain stimulation. (A) Normalization of the electric field (EF) from an individual brain model (subject N, EFy)
to a common brain template (EFy — T). The group-level data represent the average of electric fields normalized to the template. Reprinted
with permission.”® Copyright 2024, Springer Nature. (B) TI stimulation increased dendritic spine density in M1 neurons. (C)
Representative calcium signal traces (AF/F) of M1 neurons during treadmill running. Sham represents no stimulation. TI stimulation with
Af of 10 and 20 Hz frequencies can observe the impact on dendritic spine density. (B, C) Reprinted with permission.®* Copyright 2024,
Springer. (D) The trade-off between neuromodulation volume in the deep brain target and gray matter (unwanted modulation), reprinted

with permission.”® Copyright 2024, Springer Nature.

When integrating ANNs to optimize TI stimulation parame-
ters, design of network architecture including the number of
neurons and layers is essential to ensure accurate predictions
and prevent overfitting, which would impair generalization to
new data.'®> Implementing cross-validation methods like k-fold
is critical to ascertain the model’s ability to %eneralize and
maintain reliability across different data sets. % Moreover,
generalization to an unseen anatomy presents an additional
limitation. ANNs often fail in edge cases involving structural
abnormalities, such as skull defects or intracranial tumors that
alter current flow. An ANN model misestimated TI field
distributions with meningiomas was reported to target errors
up to 2.3 mm.'® Recent efforts address this by integrating
physics-informed corrections based on FEM simulations,
yielding hybrid models that better handle anomalous
conductivity landscapes.'*®

Algorithmic optimization accelerates TI precision, expanding
therapeutic possibilities for neurological disorders. However,
ANN utility depends on addressing data biases, general-
izability, and interpretability, challenges requiring interdiscipli-
nary collaboration among engineers, radiologists, and regu-
lators. By integrating diverse anatomical data, hybrid physics-
ANN models, and explainable Al tools, these limitations can be
mitigated, unlocking TI's potential for targeted neuro-
modulation. While ANNSs accelerate TI optimization, their
utility remains contingent on addressing data biases and
interpretability gaps, challenges that demand interdisciplinary
collaboration between engineers, radiologists, and regulatory

bodies.

TI TRIALS FOR DEEP BRAIN STIMULATION

TI stimulation offers the potential to precisely modulate deep
brain regions with a minimal impact on surrounding tissues. By
leveraging the interference of high-frequency electric fields, TI
allows for selective neuromodulation at different depths of the

brain, which makes it a promising therapeutic tool for treating
various neurological conditions including epilepsy, cognitive
disorders, and motor dysfunctions. The efficacy of TI
stimulation depends on a clear understanding of how electric
fields distribute across different brain structures. The electric
fields from individual brain models were normalized to a
common brain template using the subject2mni function in
SimNIBS”® (Figure 10A). This enables comparison of electric
field distributions across subjects from diverse populations
including healthy individuals, the elderly, and stroke patients.
By aligning individual data with the template, researchers can
calculate the average electric field across a population,
facilitating group-level analysis. This normalization method
provides valuable insights into how TI stimulation influences
brain activity in different demographic groups and can help
guide personalized treatment plans for conditions such as
stroke recovery and age-related cognitive decline. TI
stimulation can lead to significant changes in dendritic spine
density in the primary M1 motor cortex’* (Figure 10B).
Dendritic spines were imaged using sparsely labeled neurons
before and after 7 days of TI stimulation, with both the M-10
Hz and M-20 Hz groups showing a significant increase in spine
density compared to the M-Sham group, suggesting that TI
stimulation enhances synaptic plasticity.

The impact of TI stimulation on neuronal activity is shown
through calcium signal traces from M1 neurons during a
treadmill running task®* (Figure 10C). GCaMP fluorescence
was used to monitor the dynamic activity of neurons in
response to TI stimulation. TI stimulation can enhance
neuronal activity compared to the sham group. Figure 10D
shows the neuromodulation volume and its relationship with
both the gray matter and deep brain regions.”” The
neuromodulation volume was measured by calculating the
regions where the electric field exceeded a certain neuro-
modulation threshold (0.1 V m™). A trade-off exists between
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neuromodulation in the superficial gray matter and deeper
brain structures such as the putamen, caudate nucleus, and
hippocampus. This balance is crucial for optimizing TI
stimulation for deep brain targets, such as those involved in
epilepsy treatment, cognitive enhancement, and spinal cord
stimulation. Through analysis of electric field distributions,
calcium signaling, and dendritic spine density, TI stimulation
has been demonstrated to enhance synaptic plasticity, motor
performance, and cognitive function. The optimization of
stimulation parameters through group-level normalization
ensures that neuromodulation is effective and focal. By further
refining electrode placements and understanding the neuro-
modulation volume, TI stimulation can be tailored for
therapeutic applications, providing a promising tool for the
noninvasive treatment of epilepsy, stroke recovery, and motor
impairments.

CHALLENGES

Complex Interactions and Conduction Block. Unlike
FUS, which relies on acoustic energy deposition and requires
MR thermography to monitor thermal risks,”" tTIS operates at
intensities (<1 V. m™') well below thresholds for tissue heatinﬁg.
Computational models*® and empirical measurements'®’
confirm that TI induces negligible temperature rise (AT <
0.1 °C), eliminating the need for thermal monitoring.
However, achieving therapeutic efficacy in deep brain targets
(e.g., hippocampus, striatum) necessitates millimeter-level
precision in electrode placement to ensure constructive
interference at the target site. Even minor misalignments (>2
mm) can shift the modulation envelope to off-target regions,
undermining therapeutic outcomes. In clinical settings, supra-
threshold TT intensities capable of inducing conduction blocks
to inhibit neural activity are infeasible in humans due to safety
risks.***?>1%0 Critically, human tTIS adheres to strict safety
margins, with stimulation intensities capped below 2 mA to
prevent discomfort and tissue damage, as suprathreshold
protocols risk exceeding cutaneous pain thresholds.”>'®” While
higher currents improve penetration depth, they risk exceeding
pain thresholds, creating a trade-off between efficacy and
tolerability. Current methodologies, reliant on markers like c-
fos to assess neural activation, predominantly capture somatic
activity and fail to detect axonal conduction blocks or
subthreshold network effects.””* Critically, human trials
remain limited in the sample size and long-term outcomes. A
recent study targeting the subthalamic nucleus in Parkinson’s
disease demonstrated short-term tremor reduction but lacked
longitudinal follow-up.®® To address these gaps, geometric 3D
electrode mapping''""*" and closed-loop algorithms'®® are
being developed to refine targeting while maintaining safe
thresholds. These advancements, combined with pharmaco-
logical adjuncts, aim to enhance specificity while minimizing
off-target inhibition.

Asymmetry and Signal Manipulation. Experiments
involving asymmetric envelopes where depolarizing and
hyperpolarizing peaks are manipulated demonstrate neurons’
preference for cathodal components, lending credence to the
integrator mechanism over the envelope extraction theory.*’
Furthermore, amplitude steering, which involves adjusting the
amplitude of one signal relative to another, shifts activation
regions toward the stronger field, contradicting predictions
based solely on envelope amplitude.*”'°*'”® This asymmetry
complicates targeting but enables the directional control of
neuromodulation. Increasing the amplitude of the posterior

electrode pair can shift stimulation focus anteriorly within the
hippocampus, bypassing cortical regions.”” Achieving consis-
tent inhibitory neuromodulation requires precise control of the
TI parameters. Overstimulation risks unintended excitation,
while subthreshold amplitudes may fail to suppress patho-
logical activity.'®”

Data Processing and Error Management. TI poses
unique data processing challenges, particularly in distinguish-
ing target engagement from artifactual signals. Electro-
myography (EMG) and electroencephalography (EEG)
require adaptive ﬁltering to isolate neural responses from
stimulation artifacts."”"""* Electrode displacement or impe-
dance changes due to tissue dehydration can distort the
recruitment curves, leading to inaccurate threshold estimations.
To mitigate drift, real-time error detection systems using
Kalman filtering and machine learning are under develop-
ment.'”® These tools dynamically adjust stimulation parame-
ters based on feedback, improving reliability in heterogeneous
patient populations.

CONCLUSION

Tl Stimulation Specificity and Risks of Unintended
Modulation in Adjacent Regions. The depth-specific
targeting achievable with TI stimulation, enabled by
constructive interference of high-frequency electric fields,
represents a shift in noninvasive neuromodulation. Unlike
conventional techniques, TI can selectively recruit deep neural
structures by exploiting tissue conductivity gradients and the
nonlinear dynamics of voltage-gated ion channels. These
mechanisms allow subthreshold oscillatory fields to summate
into action potential, generating depolarizations at depth while
largely sparing the overlying cortex. Nevertheless, unintended
modulation of adjacent regions remains a critical and
unresolved challenge, particularly when targeting small or
anatomically complex nuclei such as the STN or amygdala,
where millimeter-scale precision is required.

Field spread arises primarily from heterogeneity in tissue
conductivity and limitations of electrode configurations. At
interfaces such as gray—white matter boundaries or cere-
brospinal fluid compartments, electric fields may be refracted
or scattered, producing diffusion of stimulation effects beyond
the intended focal zone. Finite element simulations in realistic
human head models indicate that attempts to target the
nucleus accumbens can inadvertently deliver 15—20% of the
target field strength to the adjacent globus pallidus externus via
preferential conduction along white matter tracts. Similarly, the
conventional 2—3 electrode montages often used in early TI
studies generate relatively broad interference patterns; in
rodent hippocampal stimulation experiments, this has been
associated with measurable c-Fos expression in the entorhinal
cortex, demonstrating the physiological engagement of off-
target circuits even in the absence of overt behavioral effects.

These field-spread effects are not merely technical nuisances
but carry potential functional risks. During STN targeting in
Parkinson’s disease, unintentional activation of fibers within
the internal capsule could precipitate dyskinesia or motor
discomfort. To address this limitation, a multimodal mitigation
strategy is required. One promising direction is the use of
adaptive electrode arrays comprising 4—6 independently
controlled channels. Optimization of interference patterns
using machine learning algorithms trained on large MRI data
sets has already reduced off-target field intensity by more than
40% in simulation studies. Complementing hardware innova-
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tion, patient-specific finite element modeling based on
individual MRI or CT improves prediction of field propagation
and reduces targeting error by approximately 35% compared to
generic anatomical models in preliminary epilepsy studies.
Finally, the integration of real-time neurophysiological feed-
back offers a dynamic safeguard against unintended stim-
ulation. Ultrafast fMRI or high-density EEG can monitor
neural activation during TI delivery and trigger rapid
parameter adjustments when off-target responses exceed
predefined thresholds, a strategy that reduced seizure duration
by 76% in rodent epilepsy models using EEG-triggered TI
modulation. These developments suggest that while field
spread remains a challenge, it is increasingly tractable through
the convergence of computational modeling, adaptive stim-
ulation technologies, and closed-loop feedback control.

Safety Considerations for Long-Term Exposure to TI
Fields. Although the low-intensity electric fields used in TI
stimulation (typically < 1.5 mA) avoid significant tissue
heating, this is a clear advantage over energy-intensive
modalities such as focused ultrasound. Current evidence
suggests that thermal effects are minimal; even under
conservative assumptions of daily 1 h stimulation over a 12-
month period, modeled temperature increases in deep brain
regions do not exceed 0.8 °C, well below the 4 °C threshold
associated with protein denaturation.*””>">° Nonetheless,
continuous monitoring is prudent. Adaptive power modulation
incorporating real-time scalp thermometry and intermittent
pulsed stimulation protocols (e.g., 10 min on, S min off) offers
effective safeguards against cumulative thermal load.

More complex are the neurophysiological risks associated
with chronic subthreshold polarization. Prolonged modulation
of membrane potentials may lead to homeostatic down-
regulation of voltage-gated ion channels or maladaptive
reorganization of oscillatory networks. Experimental counter-
measures are emerging: dynamic frequency tuning, in which
modulation frequencies alternate between 10 and 1S Hz, has
preserved response efficacy in vitro while minimizing neural
desensitization. Longitudinal studies in nonhuman primates
further provide continuous EEG surveillance to detect early
epileptiform tendencies, thus enabling timely adjustment of
stimulation parameters.

Another concern relates to neurovascular safety. While
short-term TI exposure has not been shown to compromise
blood—brain barrier integrity, the consequences of chronic
delivery remain uncertain. Early rodent studies extending over
two years are now combining dynamic contrast-enhanced MRI
with cerebrospinal fluid cytokine profiling to detect subtle
blood—brain barrier perturbations or microglial activation that
may signal low-grade neuroinflammation. Finally, safety
considerations should account for vulnerable populations.
Both pediatric and geriatric brains exhibit heightened
susceptibility to neuromodulatory interventions due to on-
going neurodevelopmental processes or an age-related decline
in homeostatic resilience. Accordingly, age-stratified preclinical
studies using juvenile and aged rodent cohorts combined with
Bayesian dose—response modeling are now being used to
refine population-specific safety thresholds.

Computational and Hardware Advancements to
Optimize Tl Stimulation. The successful translation of TI
stimulation into clinical practice depends on coordinated
advances in both computational modeling and hardware
engineering to improve targeting precision, usability, and
long-term patient adherence. Recent developments in

computational neuroscience are enabling personalization.
Multiple electrode pairs can be adopted to achieve focused
targeting of brain regions, enhancing specificity and reducing
nontarget effects. Additionally, genetic algorithms and gradient
descent methods iteratively adjust stimulation parameters by
evaluating numerous configurations to determine the most
effective setup for precise neuromodulation. FEA and machine
learning models predict electric field distributions within the
brain, accounting for anatomical complexity and tissue
conductivity variations. These models identify optimal current
injections and electrode configurations to maximize delivery to
targets such as the hippocampus or basal ganglia. Meanwhile,
real-time neural response monitoring enables dynamic
parameter adjustments, improving accuracy.

Patient-specific multiphysics models that integrate high-
resolution electromagnetic field simulations with Hodgkin—
Huxley neuronal dynamics can now predict the spatial
distribution of action potential initiation with submillimeter
precision (<0.5 mm). This capability has already demonstrated
selective activation of hippocampal CA3 subfields while sparing
adjacent dentate gyrus circuits in simulation studies, high-
lighting the feasibility of fine-grained targeting of deep
structures. These models are being complemented by adaptive
control strategies: deep learning-based closed-loop systems
capable of jointly analyzing EEG and fMRI signals, classifying
ongoing neural responses as therapeutic or adverse, and
dynamically adjusting stimulation parameters. These Al-driven
controllers reduce the total stimulation time by up to 40% in
large-scale in silico trials by using Bayesian optimization to
converge rapidly on effective dosing strategies.

Parallel innovation in hardware design is transforming TI
delivery systems from laboratory prototypes into clinically
viable platforms. Flexible, conformal electrode arrays manufac-
tured from MRI-compatible polyimide films incorporate
embedded temperature and impedance sensors, which mitigate
scalp irritation by ~45% compared with conventional rigid
electrodes, while improving the homogeneity of current
distribution across the scalp. Miniaturized, wearable TI
stimulators based on custom application-specific integrated
circuits (ASICs) now weigh less than SO g and provide more
than 24 h continuous operation, enabling ambulatory neuro-
modulation without compromising performance. Human fMRI
studies have confirmed that these portable systems achieve
hippocampal activation patterns comparable to those produced
by benchtop stimulators. Meanwhile, increases in channel
density enhance spatial precision. High-density platforms
offering 16 to 32 independently controlled current channels
with 0.1 mA resolution can sculpt interference fields with
substantially greater focality, reducing off-target modulation by
up to 55% when stimulating small or anatomically complex
targets such as the amygdala. Emerging modalities such as
magnetic TI stimulation (TI-MS) offer alternative approaches.
TI-MS wuses interfering kHz-frequency magnetic fields to
induce low-frequency electric currents, bypassing electrode
contact issues inherent to electrical methods.'’* While
promising, its spatial resolution and depth penetration remain
under exploration.'”” These computational and engineering
advances lay the foundation for safe, precise, and patient-
centered TI neuromodulation therapies.

Integration with Imaging Modalities (fMRI, EEG) for
Closed-Loop Neuromodulation. Closed-loop TI systems
that integrate functional MRI and high-density EEG offer a
powerful solution to the long-standing trade-off between
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spatial and temporal precision in neuromodulation. Real-time
fMRI integration provides anatomical and network-level
guidance during stimulation: ultrafast echo-planar imaging
sequences can detect BOLD signal fluctuations within several
seconds, enabling rapid verification of engagement of deep
brain targets. In proof-of-concept studies, such real-time
monitoring reduced the unintended activation of adjacent
structures during STN stimulation from 18 to 4% in healthy
participants. Beyond focal targeting, resting-state connectivity
maps derived from fMRI also allow TI stimulation to be
directed toward pathological network hubs rather than single
nuclei. In major depressive disorder, targeting the posterior
cingulate cortex to modulate the default mode network
resulted in more than a 2-fold improvement in anhedonia
compared with conventional nucleus-specific stimulation
strategies.

EEG contributes complementary capabilities by providing
millisecond-scale feedback on neural dynamics. High-density
EEG combined with source localization enables the rapid
detection of pathological activity and near-instantaneous
stimulation adjustments. In rodent epilepsy models, this
framework allowed TI delivery to be triggered within 200 ms
of interictal spike onset, reducing the seizure duration by 76%.
Similarly, in Parkinson’s disease, synchronizing the low-
frequency TI envelope with endogenous f-band oscillations
(13—30 Hz) improved motor outcomes by 41% over
nonphase-locked stimulation. The synergistic use of fMRI
and EEG in a unified closed-loop design is therefore emer§ing
as the gold standard for precision neuromodulation.”'”® In
Parkinson’s disease, prestimulation fMRI enables accurate
localization of the STN, EEG continuously monitors f
oscillatory biomarkers during TI delivery, and poststimulation
fMRI confirms focal target engagement while verifying the
absence of unintended activation in sensitive fiber tracts such
as those in the internal capsule. This multimodal integration
not only enhances both targeting accuracy and safety but also
enables adaptive, patient-specific neuromodulation tailored to
evolving brain states in real time.

Priority Targets and Barriers for Clinical Translation.
TI stimulation occupies a unique position in the neuro-
modulation landscape by enabling noninvasive access to deep
neural circuits that are central to neurological and psychiatric
disorders yet largely unreachable by existing technologies.
Prioritization of clinical indications can be guided by the
mechanistic fit, severity of unmet need, and strength of
preclinical evidence. Based on these criteria, Parkinson’s
disease emerges as a leading target: stimulation of the STN
via TI has reduced akinesia by 65% in rodent models, and
nearly 40% of patients with Parkinson’s disease are ineligible
for DBS due to surgical risk or comorbidity, underscoring a
substantial therapeutic gap. Refractory epilepsy represents a
compelling early indication. TI targeting of hippocampal
circuits has suppressed epileptiform discharges in ex vivo
human tissue, and with 30% of patients resistant to
pharmacotherapy, TI may offer a nonsurgical alternative to
resection or responsive neurostimulation. Major depressive
disorder is another high-priority application, where T1 directed
at monoaminergic hubs such as the dorsal raphe nucleus
(DRN) or nucleus accumbens (NAc) has demonstrated
mechanistic validity; DRN-TT increases hippocampal serotonin
release by 28% in rodent studies, while NAc-TI modulates
dopaminergic signaling relevant to motivational circuitry.

Despite this promise, successful clinical translation requires
overcoming the barriers in regulation, technology, and ethics.
Regulatory uncertainty remains a central challenge, as current
frameworks lack clear guidance for noninvasive technologies
capable of deep brain stimulation. A pragmatic path forward is
to pursue hybrid Phase 0/1 trial designs that combine
cadaveric validation of targeting accuracy with small-scale
safety studies in ~ 20 patients while engaging regulatory
agencies early to define least-burdensome data requirements.
Technical variability poses a second challenge: interindividual
differences in skull conductivity, cortical atrophy, and brain
morphology can reduce targeting precision by more than 20%
if uncorrected. Real-time adaptive TI guided by MRI-based
field estimation and longitudinal primate data on neuronal
excitability stability over 12 months can mitigate this
variability.

In sum, TI stimulation represents an avenue for noninvasive
deep brain modulation, with potential to revolutionize
treatment for Parkinson’s disease, epilepsy, and depression.
Addressing the challenges of field spread, long-term safety, and
clinical translation requires interdisciplinary collaboration
across engineering, neuroimaging, and regulatory science. By
integrating adaptive technologies, closed-loop imaging feed-
back, and patient-specific modeling, TI can bridge the gap
between preclinical promise and clinical impact, complement-
ing existing modalities such as FUS and TMS to advance
precision neuromodulation.
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