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Abstract

Mental disorders pose a significant global burden and constitute a major cause of disability worldwide. Despite strides in treatment, a substantial
number of patients do not respond adequately, underscoring the urgency for innovative approaches. Traditional non-invasive brain stimulation
techniques show promise, yet grapple with challenges regarding efficacy and specificity. Variations in mechanistic understanding and reliability among
non-invasive brain stimulation methods are common, with limited spatial precision and physical constraints hindering the ability to target subcortical
areas often implicated in the disease aetiology. Novel techniques such as transcranial ultrasonic stimulation and temporal interference stimulation
have gained notable momentum in recent years, possibly addressing these shortcomings. Transcranial ultrasonic stimulation (TUS) offers exceptional
spatial precision and deeper penetration compared with conventional electrical and magnetic stimulation techniques. Studies targeting a diverse
array of brain regions have shown its potential to affect neuronal excitability, functional connectivity and symptoms of psychiatric disorders such as
major depressive disorder. Nevertheless, challenges such as target planning and addressing acoustic interactions with the skull must be tackled for its
widespread adoption in research and potentially clinical settings. Similar to transcranial ultrasonic stimulation, temporal interference (TI) stimulation
offers the potential to target deeper subcortical areas compared with traditional non-invasive brain stimulation, albeit requiring a comparatively
higher current for equivalent neural effects. Promising yet still sparse research highlights TI's potential to selectively modulate neuronal activity,
showing potential for its utility in psychiatry. Overall, recent strides in non-invasive brain stimulation methods like transcranial ultrasonic stimulation
and temporal interference stimulation not only open new research avenues but also hold potential as effective treatments in psychiatry. However,
realising their full potential necessitates addressing practical challenges and optimising their application effectively.
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for over 80years, mostly for schizophrenia and severe MDD
(National Institute for Health and Care Excellence (NICE),
2009). ECT is a medical procedure in which an electric current is

Introduction

Mental disorders significantly contribute to disability and disease
burden globally (Friedrich, 2017; Wittchen et al., 2011). The
World Health Organization reports that over 25% of individuals
will encounter a mental health disorder during their lifetime.
Presently, approximately 970 million people are living with a
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mental disorder, equating to 1 in 8 individuals (Mental Disorders,
2023). Despite the advances in psychiatry in the past decades, a
large number of affected individuals still do not respond to cur-
rent treatments or struggle to achieve full remission.

Psychiatric disorders such as major depressive disorder
(MDD) are associated with structural and functional changes in
neural circuits relevant to emotion and cognition (Marx et al.,
2023). These circuits can be modulated using antidepressants and
other medications but may be more specifically targeted using
brain stimulation methods. Among these treatments are brain
stimulation methods with a long-standing history in psychiatry,
notably electroconvulsive therapy (ECT), which has been in use
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passed through the brain via electrodes placed on the temples,
inducing a controlled seizure lasting for about 1 min (Gazdag and
Ungvari, 2019). In the past two decades, several other brain stim-
ulation methods were approved for use in psychiatric disorders.
Vagus nerve stimulation (VNS) is a method in which an implanted
pulse generator delivers electrical impulses to the left vagus
nerve (Kamel et al., 2022). In 2005, VNS was approved by the
Food and Drug Administration (FDA) for severe, recurrent uni-
polar and bipolar depression with mixed results regarding its effi-
cacy (Kamel et al., 2022; O’Reardon et al., 2006; Vlaicu and
Bustuchina Vlaicu, 2020). A more recent, non-invasive form
known as transcutaneous VNS (tVNS) is currently being investi-
gated for use in MDD and post-traumatic stress disorder (PTSD),
among other disorders (Yap et al., 2020). In 2008, the FDA-
approved repetitive transcranial magnetic stimulation (rTMS) to
treat MDD, which was extended to obsessive-compulsive disor-
der (OCD) in 2018 (Office of the Commissioner, 2020). Beyond
the United States, rTMS targeting the dorsolateral prefrontal
cortex (dIPFC) has gained regulatory approval for depression
treatment in several countries, including Canada, Australia and
Germany, reflecting its global recognition as a viable therapy for
treatment-resistant depression (Bourla et al., 2020; McClintock
etal., 2018).

rTMS is a non-invasive technique that employs repeated
low-intensity magnetic pulses to targeted brain areas. It has
demonstrated efficacy in treating MDD with numerous studies
confirming its therapeutic benefits (McClintock et al., 2018;
Rachid, 2018; Voigt et al., 2019). Notably, a large-scale
randomised controlled trial (RCT) demonstrated sustained
efficacy of rTMS targeting the dIPFC, with significant
improvements in depressive symptoms persisting over a
26-week period (Morriss et al.,, 2024). This reinforces the
importance of precise targeting of the dIPFC, as its stimulation
is believed to exert its effects indirectly by modulating deeper
structures such as the subgenual anterior cingulate cortex
(sgACC) and amygdala, underscoring the advantage of precise
techniques that would be able to target deeper areas directly
(Fox et al., 2012; Grosshagauer et al., 2024; Ironside et al.,
2019; Liston et al., 2014). Recent advancements include accel-
erated rTMS protocols, which deliver multiple sessions per
day, potentially expediting antidepressant responses and
improving patient outcomes (Chen et al., 2023; Cole et al.,
2022, 2024; Shi et al., 2024). However, individual variability
in response persists, and ongoing research aims to optimise
stimulation parameters and targeting strategies to enhance
long-term effectiveness (Amad and Fovet, 2021).

Transcranial electrical stimulation (tES) including direct cur-
rent (tDCS), alternating current (tACS) or random current/noise
(rtRNS) stimulation allows for non-invasive brain stimulation
(NIBS) through the cortex and has been explored in a number
of psychiatric disorders, including MDD (Reed and Cohen
Kadosh, 2018). While some RCTs report positive effects on neu-
rocognition and depressive symptoms (McClintock et al., 2020;
Woodham et al., 2024), other studies have yielded inconsistent
results (Aust et al., 2022; Loo et al., 2018; Tao et al., 2024).
These discrepancies may stem from variations in stimulation pro-
tocols, individual differences in cortical anatomy and methodo-
logical challenges (Brunoni et al., 2016). Further research is
essential to establish standardised protocols and identify predic-
tors of response to enhance the clinical utility of tES.

As an invasive neuromodulation treatment, deep brain stimu-
lation (DBS) involves implanting an electrode into a predefined,
deeper brain area that can then be used for stimulation, and
has been traditionally used for movement disorders such as
Parkinson’s disease (Davidson et al., 2024). In psychiatry, DBS
is most commonly used for Obsessive-compulsory-disorder
(OCD), for which it gained FDA clearance in 2009 and is slowly
moving into other areas for experimental use, including treat-
ment-resistant depression (TRD) and substance-use disorders
(SUDs; Delaloye and Holtzheimer, 2014; Graat et al., 2017;
Qu et al., 2019; Widge, 2024). While initial open-label studies
showed promising results for TRD, subsequent large multicentre
RCTs have yielded mixed outcomes (Dougherty et al., 2015;
Holtzheimer et al., 2017; Sobstyl et al., 2022). A comprehensive
meta-analysis of 14 open-label studies and three RCTs, involving
233 patients, reported a 56% response rate and a 35% remission
rate (Wu et al., 2021). However, over the past two decades, sig-
nificant advancements have been achieved in target precision in
DBS, which have also contributed to refining and supporting the
application of other neuromodulation techniques (Lozano and
Lipsman, 2013; Meyer et al., 2024; Widge, 2024). Among these,
tractography-guided DBS could be a promising avenue to
improve targeting (Chan et al., 2024; Gadot et al., 2023). For
example, a recent study targeting the subcallosal cingulate cortex
(SCC) in 10 patients reported a 90% response rate and a 70%
remission rate at 24 weeks, identifying SCC local field potential
dynamics as biomarkers for tracking recovery and guiding per-
sonalised treatment adjustments (Alagapan et al., 2023).
Similarly, an RCT targeting the bed nucleus of the stria terminalis
(BNST) and nucleus accumbens (NAcc) demonstrated the effi-
cacy of BNST-NAcc DBS in TRD, with a 50% response rate and
a 35% remission rate during the open-label phase and significant
improvements in depression, anxiety, quality of life and disabil-
ity measures during the blinded crossover phase (Voon et al.,
2024). Overall, despite recent advancements, DBS in TRD
remains a developing therapy and additional work is necessary to
refine its effectiveness and establish it as a viable, reliable ther-
apy (Asir et al., 2024; Johnson et al., 2024). The recently launched
TRANSCEND clinical trial is a notable multicentre, double-
blind, randomised, sham-controlled study evaluating the safety
and efficacy of Abbott’s DBS system targeting the SCC, which
has received Breakthrough Device designation for TRD by the
FDA. Enrolling 100 patients who have failed at least four antide-
pressant treatments, the trial evaluates its first results 12 months
post-surgery (Abbott MediaRoom, n.d.; Clinicaltrials.gov, n.d.).

While DBS has proven effective for certain neurological dis-
orders, its invasive nature and potential side effects underscore
the pressing need for the development and refinement of non-
invasive alternatives with potentially fewer side effects. NIBS
can minimise risks and expand accessibility, paving the way for
safer and more widely applicable interventions in the field of
neuromodulation.

Despite their numerous benefits over invasive methods,
NIBS methods display huge disparities in their utility for both
clinical and research settings. This major challenge has been
highlighted by a review by Nasr et al. (2022) who compared
established and emerging NIBS methods based on their spatial
specificity, mechanical specificity and robustness. Spatial
specificity pertains to the degree to which the impact of stimu-
lation on neural activity is confined to the intended target brain
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Figure 1. Spatial specificity in non-invasive brain stimulation methods based on simulations. (a) Simulated patterns of spatial specificity for

transcranial electrical stimulation, (b) temporal interference stimulation

ultrasonic stimulation (TUS).
Source: Nasr et al. (2022).

region (Figure 1). Mechanical specificity describes the extent
to which the influence of stimulation on neural activity can be
attributed to a specific cellular or molecular mechanism.
Robustness refers to the reliability and replicability of the
effects of stimulation on neural activity, as well as its impact
on functional and behavioural outcomes (Nasr et al., 2022).
Most electrical stimulation methods have the disadvantage of
currents being shunted through the scalp and diffusing before
reaching the intended target, limiting their spatial specificity
(Voroslakos et al., 2018). Therefore, the ability of established
NIBS methods to reach subcortical areas often implicated in
psychiatric disorders is vastly limited.

It is further challenging to infer mechanistic causality from
these stimulation methods alone, as there are many confounding
variables between the generation of an electric field, the evoking
of neural activity, activation of connected nodes of the network
and behavioural outcomes. Controlling for all these factors is not
always possible, often due to technical constraints, limiting the
ability of NIBS studies to establish clear cause-effect relation-
ships and thus exhibiting high mechanistic specificity (Bergmann
and Hartwigsen, 2021). Furthermore, robustness remains a chal-
lenge due to high inter- and intraindividual variability paired with
small effect sizes and common replicability issues (Bergmann
and Hartwigsen, 2021; Nasr et al., 2022).

Concurrently, there is a heightened interest in novel NIBS
methods promising superior spatial and mechanistic specificity
such as transcranial ultrasonic stimulation (TUS) and temporal
interference stimulation (TI). These methods not only open up
avenues for further research but also hold significant potential
as viable treatment modalities for a spectrum of psychiatric
conditions.

(TI), (c) transcranial magnetic stimulation (tES) and (d) transcranial

Transcranial Ultrasonic Stimulation (TUS)

Initially focused on tissue ablation, there is now a surge in neuro-
modulation applications of TUS which hold the potential for
higher spatial specificity and deeper penetration than any other
NIBS. Specifically, TUS has been shown to have a spatial resolu-
tion of a few millimetres at variable depths (Bystritsky and Korb,
2015; Legon et al., 2020; Nasr et al., 2022; Rabut et al., 2020).
Therefore, TUS exhibits the highest spatial specificity among
NIBS paradigms, surpassing both electrical and magnetic stimu-
lation methods. Concerning its robustness, several reviews of
human TUS studies indicate its potential while also highlighting
inherent variability in outcomes arising from individual difter-
ences in skull anatomy, acoustic properties and the precision of
targeting (Bault et al., 2024; Lee et al., 2024; Pellow et al., 2024;
Sarica et al., 2022). Recent proposals for improving the standards
and replicability of TUS findings will likely help this relatively
young field yield more robust effects across individuals and stud-
ies (Klein-Fliigge et al., 2024; Martin et al., 2024a; Murphy et al.,
2025). Studies have largely operated within the safety standards
set by the International Consortium for Transcranial Ultrasonic
Stimulation Safety and Standards (ITRUSST) and thus far been
well tolerated in hundreds of sessions that were carried out over
the past few years by different research groups (Legon et al.,
2020; Martin et al., 2024a; Pasquinelli et al., 2019). However,
potential risks include acoustic cavitation, particularly if safety
limits for mechanical index are exceeded (Aubry et al., 2023).
Importantly, individuals with brain calcifications may be at
higher risk due to absorption and thus potential thermal changes
inside the cranium, particularly if calcifications are present close
to the acoustic focus (Lee et al., 2021). ITRUSST has published
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extensive guidelines to ensure mechanical and thermal safety for
cach individual (Aubry et al., 2023).

In TUS, a signal generator creates a sinusoidal signal that is
then amplified before reaching the transducer, which generates
sounds from the oscillating voltage coming from the signal gen-
erator. The transducer is placed on the scalp, similarly to how
TMS would typically be applied (Bystritsky and Korb, 2015). To
achieve the effect of focused ultrasound waves, multiple chan-
nels are arranged in a spherical cap configuration which focuses
the energy to a central point, typically a few centimetres away
from the transducer. Thereby, the extent of concavity in the cap
used directly influences the distance to the focal point (Darmani
et al., 2022; Di Biase et al., 2019).

Sound is a mechanical or pressure wave that is produced when
a given object oscillates at a fundamental frequency. Ultrasound
waves start beyond >20 kHz and are not audible to humans. Most
TUS experiments employ acoustic frequency (Af) stimulation
between 250 and 700 kHz. The amplitude of the wave affects the
peak velocity and displacement of molecular oscillations, while
frequency determines their rate. The speed of sound, however, is
dictated by the properties of the medium. Intensity is a measure of
ultrasound energy in tissue at a given time and is typically set at
the range of 3-30 W/cm? intensity of the spatial-peak pulse aver-
age (ISPPA) (Lee et al., 2021; Rabut et al., 2020). This is well
below the safety limit set by the FDA for diagnostic ultrasound
devices of 190W/cm? (Center for Devices and Radiological
Health (CDRH), 2023). Typically, TUS is administered in a pulsed
mode, employing parameters such as a pulse length or duration
(PL/PD) of 1 ms within a pulse train duration (PTD) or stimulus
duration (StimD) of a few seconds to minutes. The velocity of
sound (c) is around 1500 m/s within soft tissue, and it is roughly
twice that value in bone. This allows the ultrasound to efficiently
reach its target in as little as 40ms (Darmani et al., 2022; White
et al., 2006). The pulse repetition period (PRP) is determined as
the sum of the pulse length and the gap until the next pulse. The
pulse repetition frequency (PRF) is derived by taking the inverse
of the PRP, establishing the frequency of pulse repetition in TUS
per second (Zadeh et al., 2024).

TUS comes with its challenges. One critical consideration in
ultrasound applications is minimising the 7arget Registration
Error (TRE), which is the distance between the intended and
actual focus. This error is caused by acoustic interactions within
the skull which are influenced by its inherent inhomogeneity in
its thickness and composition, leading to reflection, refraction
and distortion of ultrasound waves (Fitzpatrick and West, 2001;
Jung et al., 2019). As sound encounters the skull, a portion under-
goes reflection, while the remainder traverses through the skull,
potentially with modified direction and phase. Notably, cortical
bone (outer layer) exhibits higher absorption, whereas trabecular
bone (inner portion) tends to scatter the acoustic waves (Pinton
et al., 2012). Cerebrospinal fluid (CSF), white matter and grey
matter share similar acoustic properties attributed to their high
water content. Ways to mitigate 7RE will be discussed in later
sections. Porosity (p) reflects the proportion of void spaces
within a material and influences acoustic transmission. In bone,
lower porosity corresponds to higher mineral density, leading to
greater acoustic impedance and reduced ultrasound transmission
(Darmani et al., 2022; Jing et al., 2023). However, higher poro-
sity leads to greater heterogeneity, increasing scattering and

energy loss, which reduces transmission at oblique angles (Jing
et al., 2023). Furthermore, the frequency of ultrasound waves
plays a pivotal role, as higher frequencies lead to increased atten-
uation by the skull, limiting penetration depth. It is recommended
to keep the frequency below 700 kHz to minimise these effects
and optimise transmission (White et al., 2006).

On a mechanistic level, TUS most likely works by the acous-
tic radiation force (ARF) of soundwaves, that is, the effects of
sound on obstacles. This becomes apparent through several inter-
connected mechanisms which are still subject to scientific inquiry
but have been explored in both in-vitro and in-vivo models
(Menz et al., 2019; Tufail et al., 2010; Tyler et al., 2008). One
proposed model is the bilayer sonophore model which describes
the gradual contraction and expansion within the lipid bilayer
of neural tissue due to negative pressure-induced cavitation
(Plaksin et al., 2014; Ranade et al., 2015; Wahab et al., 2012).
The mechanical strain generated by this sets into motion mecha-
nosensitive ion channels (TRPP1/2, TRPC1 and Piezol) and
changes membrane capacitance, exerting a direct influence on
neuronal activation and excitability (Blackmore et al., 2023;
Darmani et al., 2022; Ranade et al., 2015; Yoo et al., 2022). The
ensuing impact on the neural network (e.g. excitatory vs inhibi-
tory effects), however, is contingent upon a multitude of factors.
These include the specific stimulation parameters employed, the
unique cellular composition of the stimulated region — divergent
across various tissue types — and the current state of the overall
network (Lord et al., 2024; Murphy et al., 2022; Newman et al.,
2024; Plaksin et al., 2014; Yang et al., 2021). These effects
are observable through advanced imaging techniques. fMRI illu-
minates a change in network connectivity, providing insight into
the network interactions of acoustic stimulation. On a neurotrans-
mitter level, a decrease in gamma-aminobutyric acid (GABA) in
the posterior cingulate but not dorsal anterior cingulate cortex
has recently been reported (Yaakub et al., 2023). The same study
suggested the reduced GABA content as a plausible cause for
increased overall excitability and functional connectivity follow-
ing TUS in a cortical circuit (Yaakub et al., 2023). Together, these
findings underscore the intricate and multifaceted nature of the
impact of mechanical ARF on neural systems.

Research in the field of TUS has predominantly focused on
preclinical studies utilising rodents (Blackmore et al., 2023).
When delving into the study of neuropsychiatric disorders
that impact the PFC, non-human primates (NHPs) can be con-
sidered as a suitable animal model due to the human-like PFC in
NHPs (Lear et al., 2022). The first TUS study in humans was
conducted by Legon et al. in 2014, targeting the primary soma-
tosensory cortex of healthy volunteers. This pioneering study
employed a within-subjects, sham-controlled design, and the
results indicated an increase in electroencephalogram (EEG)
somatosensory evoked potentials (Legon et al., 2014). In addi-
tion, several studies have targeted the primary motor cortex
(M1), visual cortex, thalamus, prefrontal cortex, anterior tempo-
ral lobe and hippocampus (Figure 2) (Blackmore et al., 2023;
Butler et al., 2022; Kuhn et al., 2023; Lee et al., 2024; Sarica
et al., 2022). Furthermore, TUS has been shown to induce
changes in neuronal excitability, influencing the spontaneous
firing rate of neurons which may impact cognitive functioning
and behaviour long-term over several days or weeks (Bault et al.,
2024; Darmani et al., 2022).
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Figure 2. Overview of TUS stimulation studies in humans.
Source: Lee et al. (2024).

TUS in psychiatry

Two early studies exploring the potential of targeting the fronto-
temporal cortex with TUS to induce changes in mood and resting-
state connectivity have yielded preliminary insights. While no
changes in depression symptoms were found in students with
elevated Beck’s Depression Inventory (BDI) scores (10-25), trait
worry was reduced and functional connectivity in emotion-related
networks changed following TUS (Reznik et al., 2020; Sanguinetti
et al., 2020). Notably, the absence of an active control condition
limits the ability to attribute these effects solely to TUS, highlight-
ing the necessity for further research with more rigorous controls
to substantiate these preliminary findings (Reznik et al., 2020).
More recently, a study employing six repeated sessions of TUS
over 2weeks over the left dIPFC has shown improvements in
Montgomery-Asberg Depression Rating Scale (MADRS) scores
and associated functional connectivity changes (Oh et al., 2024).
In addition, case studies have provided first evidence for
TUS effects in TRD. For example, a patient receiving suppressive
TUS targeting the SCC experienced remission of depressive
symptoms within 24 h, with effects sustained for at least 6 weeks,
accompanied by reduced fMRI-BOLD activation of the SCC

(Riis et al., 2023). Similarly, anterior nucleus of the thalamus
(ANT) stimulation reduced depressive symptoms and induced
connectivity changes in another individual with TRD (Fan et al.,
2024). Furthermore, in two TRD patients, TUS targeting the SCC
and ventral striatum resulted in mood improvements over 6 weeks
without any reported side effects (Riis et al., 2024).

For treatment-refractory anxiety disorders, a series of weekly
TUS sessions applied to the right amygdala over 8§ weeks signifi-
cantly reduced anxiety, with 64% of participants reporting clini-
cally meaningful improvements. However, again, the absence of
a control group limits the interpretation of these findings
(Mahdavi et al., 2023).

In patients with schizophrenia, repetitive excitatory TUS tar-
geting the left dIPFC demonstrated a significant reduction in
negative symptoms and improvements in cognitive performance
during continuous performance tasks (Table 1; Zhai et al., 2023).
Small, exploratory studies with individuals with SUDs demon-
strated that bilateral TUS applied to the NAcc was associated
with reduced cravings for various substances and reported mood
enhancements persisting 90 days post-follow-up (Mahoney et al.,
2023a, 2023b).
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Practical considerations for TUS

Subjects should be informed about the theoretical risk of inducing seizures and individuals with a personal or family history of epilepsy must
be excluded during screening (Murphy et al., 2025). Acoustic simulations are crucial for predicting transcranial wave travel, requiring measures
to address air, refraction and reflection; a vital step involves using a hydrophone (underwater microphone) in a water tank to verify transducer
functionality and ensure accurate property calculation and reporting (Klein et al., 2024). Concurrently, an RF Wattmeter can be used to verify
the voltage and current emanating from the transducer. Ideally, a high-quality CT or pseudo-CT generated from an ultra-short MRI image is taken
for each subject to improve trajectory planning. In the absence of gold-standard CT or intermediate pseudo-CT solutions, the maximum acoustic
transmission can conservatively be estimated using a three-layer skull model (Attali et al., 2023). However, taking into account individual skull
morphology during ultrasound planning can greatly enhance the precision of the trajectory, particularly for regions with irregular skull anatomy.

MNI coordinates of the target area can then be identified and used in a trajectory planning tool. When planning the target, spatial constraints
around ears, eyes and sinuses as well as off-target effects need to be taken into consideration (Aubry et al., 2023; Beisteiner et al., 2024; Murphy
et al., 2025). Depth limitations for focal distance set by the transducer should also be considered. Throughout the process, biophysical safety
guidelines set by ITRUSST should be followed (Aubry et al., 2023). Optimal trajectories should target the flatter regions of the skull and avoid sharp
angles to prevent reflections and heating at the skull. Neuronavigation can be used for infrared optical navigation based on the planned trajectory
and yields up to 2mm accuracy, depending on the system employed. The so-called auditory confound, which is caused by the sound perceived due
to the TUS signal envelope, remains a challenge (Ainslie Johnstone et al., 2021). The pitch and intensity of the sound vary based on the signal
parameters (Braun et al., 2020; Johnstone et al., 2021). To mitigate this issue, studies should employ an active control procedure, ramp the
ultrasound to reduce its audibility, utilise bone-conducting headphones with auditory masking, and include blinding questionnaires (Braun et al.,
2020; Kop et al., 2024). Sensory features of the ultrasound (e.g. warmth, tingling) can only be mimicked with an active control.

TUS: transcranial ultrasonic stimulation; MRI: magnetic resonance imaging; ITRUSST: International Consortium for Transcranial Ultrasonic Stimulation Safety and Standards.

These findings, along with others, contribute to our under-
standing of the potential role of ultrasound in modulating emotion
regulation and addressing psychiatric concerns (Arulpragasam
et al., 2022). Taken together, they highlight the potential of TUS
as a tool to improve symptom severity in psychiatric conditions.
However, due to the preliminary and limited nature of the evi-
dence, compounded by small sample sizes and lack of controls,
further research is essential to rigorously establish the safety and
efficacy of TUS in clinical settings.

Temporal Interference (TI) Stimulation

Another emerging NIBS method is TI, which is loosely based on
interferential current therapy (ICT) developed in the 1950s. TI
offers spatial specificity higher than tES but lower than TMS and
TUS (Nasr et al., 2022; Zhu and Yin, 2023). It provides fewer
peripheral stimulation confounds compared with tES. However,
TI requires higher current for equivalent direct effects on neural
activity as tACS (Nasr et al., 2022). In T, two pairs of electrodes
are placed on the scalp which deliver sinusoidal alternative cur-
rents at high frequencies (HF). By introducing a subtle frequency
shift between two alternating carrier currents, an oscillating
amplitude-modulated (AM) envelope emerges at the frequency
difference between the two currents (Figure 3). For example, car-
rier frequencies of 2 and 2.01 kHz lead to modulation at 0.01 kHz
(or 10 Hz) where the two currents meet in the brain, but not else-
where (Grossman et al., 2017; Ma et al., 2021). This is based on
the assumption that the carrier frequencies are too high to drive
effective neural firing, thus ensuring the spatial specificity within
the area of temporal interference in the envelope (Mirzakhalili
et al., 2020). Neural activation in this region is driven by the low-
frequency envelope of the interference pattern, aligning with the
frequency-following properties of various neuronal populations
(Caldas-Martinez et al., 2024). A recent pioneer study demon-
strated the use of pulse-width modulated temporal interference
(PWM-TI). In PWM-TI square and not sinusoidal waves are

employed and the pulse-width is modulated rather than the
amplitude itself (Luff et al., 2024). Overall, TI has been estab-
lished to have higher spatial specificity than tACS and allows for
the targeting of deeper regions of the brain (Nasr et al., 2022).
The potential of TI to selectively modulate neuronal activity
within the envelope while sparing surrounding areas has been
verified in computer models, rodents and, recently, humans
(Esmaeilpour et al., 2021; Grossman et al., 2017; Violante et al.,
2023; Yatsuda et al., 2024). The spatial specificity of TI hinges on
the contrast in currents between the envelope in deep areas of the
brain and the cortex as well as the sensitivity of neuronal net-
works to these electric fields (Esmaeilpour et al., 2021). In the
first human validation study for TI, Violante et al. (2023) targeted
the hippocampus in human cadavers and measured effects using
implanted intracranial electrodes. The study revealed that the
normalised envelope modulation amplitude (delivered at 5Hz)
was approximately 75% larger in the hippocampus compared
with the surrounding cortex, further supporting the spatial speci-
ficity of TI. In a follow-up experiment on living humans, con-
tinuous TI stimulation during a face-naming task (self-paced,
mean 44.53 = 3-min stimulation) within the theta-band during
memory encoding led to a reduction in the hippocampal BOLD
signal measured by fMRI. However, this stimulation did not
exhibit a significant impact on response type or reaction time in
the mnemonic encoding and recall task (Violante et al., 2023).
These findings suggest that theta-band TI stimulation may
decrease metabolic demand in the hippocampus and impact
memory function. This research signifies a significant step for-
ward in understanding the intricacies of transcranial temporal
interference stimulation and its potential implications for cogni-
tive processes in humans (Violante et al., 2023). Another recent
study by Wessel et al. investigated the effects of striatal neuro-
modulation using TI on motor learning behaviour. TI applied to
the striatum of healthy participants at Theta-band frequency
increased local neuronal activity and associated motor network
measured by fMRI (Table 3). Furthermore, the stimulation
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Figure 3. Schematic description of Temporal Interference Stimulation. (a) When two waves of distinct frequencies intersect, (b) they give rise to
an envelope wave with a frequency equivalent to the difference between the original waves’ frequencies. For example, so-called carrier frequencies
of 2.01 and 2.00 kHz result in 10 Hz. (c) When these fields are now applied to a brain (2.00 kHz in red and 2.01 kHz in orange), neuronal responses
may be elicited within the resulting envelope field (10Hz in blue), but not elsewhere.

Source: Zhang and Utter (2018).

Table 2. Overview of TI stimulation targets for psychiatric symptoms used in humans.

Target Condition N Control ~ Qutcomes Details Study
Subgenual anterior MDD 30 Sham RS-MRI Ongoing pilot study with 10 sessions of Demchenko
cingulate cortex (sgACC) (offline) stimulation to establish target engagement of et al. (2024)
the sgACC through resting-state MRI.

Nucleus Accumbens Bipolar 36  None HAMD Twice daily 20 min stimulation over 1week led Zhou et al.
(NAcc) disorder QIDS to reductions in symptom scores and improved (2024)

MADRS memory and executive function.

HAMA

THINC-it

(offline)
Dorsolateral Prefrontal MDD 9 Sham RS-fMRI Preliminary data show that 20-min stimulation Yan et al.
Cortex (dLPFC) HAMD-6 led to increase in functional connectivity (2024)

Emotional Stroop task

(offline)

between sgACC and DMN but no changes in in
HAMD-6 scores.

sgACC: subgenual anterior cingulate cortex; NAcc: nucleus accumbens; HAMD: Hamilton Depression Rating Scale; QIDS: Quick Inventory of Depressive Symptomatology;
MADRS: Montgomery-Asberg Depression Rating Scale; HAMA: Hamilton Anxiety Rating Scale; THINC-it: Tool for Health Improvement through Neurocognitive Change;
dLPFC: dorsolateral prefrontal cortex; MDD: major depressive disorder; RS-fMRI: Resting-State functional magnetic resonance imaging; DMN: Default Mode Network.

improved motor performance in a sequential finger-tapping task
(SFTT), particularly in older subjects (Wessel et al., 2023).

TI in psychiatry

Due to its novel nature, very little is known about potential
effects of TI on affect and general psychopathology, with first
studies being published just this past year. In a single-arm clinical
trial targeting the left NAcc in patients with bipolar disorder,
participants underwent 10, 20-min sessions over 1week. The
study reported preliminary evidence supporting the effectiveness
of TI stimulation in alleviating depressive symptoms and enhanc-
ing cognitive function in these patients, however, lacked a con-
trol (Zhou et al., 2024). A double-blind sham-controlled study
examined the effects of acute TIS applied to the left dIPFC in
MDD, with preliminary results showing increased functional
connectivity between the sgACC and default mode network
(DMN) but no changes in depression scales (Yan et al., 2024).

Furthermore, a recently published pilot study protocol details a
double-blind, randomised, sham-controlled trial investigating the
effects of repetitive TI stimulation on the sgACC in patients with
MDD (Table 2) (Demchenko et al., 2024).

Targeting the amygdala, TI could be explored as a means to
normalise hyperactive activity in MDD as well as exaggerated
fear responses in PTSD and generalised anxiety disorder (GAD).
The application might be most effective when combined with
prolonged exposure therapy, working synergistically to alleviate
the impact of heightened fear responses associated with these
conditions. A large-scale fMRI study identified four possible
depression subtypes based on distinct connectivity patterns, serv-
ing as potential biomarkers for diagnosis and guiding personal-
ised stimulation therapy (Drysdale et al., 2017). Furthermore,
given its role in reward processing and motivation, the ventral
striatum could be targeted to treat individuals experiencing low
affect such as anhedonia. To enhance its effectiveness, this
approach could be paired with behavioural activation therapy for
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Table 3. Comparison of TUS and TI.

TUS

TI

Precision

Target depth

Target engagement

Bio-mechanisms

Blinding

Safety

Ease of use

Cost

Millimetre-level spatial specificity, surpassing both tES and TMS;
affected by skull properties and acoustic distortions (Bystritsky and
Korb, 2015; Lee et al., 2024; Legon et al., 2020; Martin et al., 2024b;
Nasr et al., 2022; Rabut et al., 2020).

Effective for both subcortical and cortical regions, with no spatial
restrictions. Previously targeted areas in studies include the
hippocampus, thalamus, and nucleus accumbens. Uses acoustic
frequencies between 250-700 kHz, allowing for better skull penetration
(Lee et al., 2024).

Can be directly observed through tissue displacement via MR-

ARFI. Indirect observation methods include fMRI, EEG, PET and
metabolic imaging techniques to assess functional, network-level and
neurochemical changes. Long-term behavioural and cognitive effects,
such as motor learning or mood regulation, have been demonstrated
(Blackmore et al., 2023; Lee et al., 2024; Rabut et al., 2020; Yaakub
et al., 2023).

Under active investigation; likely based on acoustic radiation force
(ARF) acting on the neural lipid bilayer. Activates mechanosensitive
ion channels (TRPP1/2, TRPC1, Piezol) and alters membrane
capacitance, resulting in neuronal excitability (Blackmore et al., 2023;
Plaksin et al., 2014; Rabut et al., 2020; Ranade et al., 2015; Wahab
et al., 2012).

Audible sounds emitted during stimulation can disrupt blinding.
Mitigation strategies include bone-conduction headphones, ramping
of ultrasound, auditory masking and blinding questionnaires (Braun
et al., 2020; Johnstone et al., 2021).

High-safety profile when adhering to established biophysical guidelines,
with optimal transducer positioning and adherence to ITRUSST
standards ensuring minimal risk of adverse effects (Aubry et al., 2023;
Bystritsky and Korb, 2015; Legon et al., 2020; Murphy et al., 2025).

Moderate; requires precise trajectory planning using CT/MRI-based
neuronavigation. Calibration of ultrasound parameters, such as
intensity, frequency and pulse repetition, is essential to avoid off-
target effects and skull heating (Aubry et al., 2023; Beisteiner et al.,
2024; Bystritsky and Korb, 2015; Lee et al., 2024).

Moderate; requires specialised ultrasound transducers, neuronavigation
systems, and imaging equipment for skull-based calibration (Lee et al.,
2024).

Centimetre-level spatial specificity, surpassing tES but lower than TMS;
precision depends on electric field amplitude modulation and neuronal
sensitivity (Botzanowski et al., 2023; Esmaeilpour et al., 2021; Nasr
et al., 2022; Violante et al., 2023).

Effective for both subcortical and cortical regions, with no spatial
restrictions. Previously targeted areas in studies include the
hippocampus and striatum. Deep targeting occurs due to the envelope
electric field generated by interference (Liu et al., 2024; Violante

et al., 2023; Zhu and Yin, 2023).

Indirect observation methods include fMRI, EEG, PET and metabolic
imaging techniques to assess functional, network-level and
neurochemical changes. fMRI studies demonstrate localised BOLD
signal changes and reduced hippocampal metabolic demand during
memory tasks. Associated improvements in motor learning and memory
encoding have been reported (Violante et al., 2023; Wessel et al.,
2023).

Achieved through amplitude modulation of two high-frequency
currents (e.g. 2.00 and 2.01 kHz) leading to an envelope electric
field at the difference frequency (e.g. 10Hz) (Grossman et al., 2017).
This envelope selectively stimulates neurons in the target region

by modulating transmembrane potentials, inducing depolarisation

or hyperpolarisation (Mirzakhalili et al., 2020). TI may influence
oscillatory brain activity by entraining specific neuronal circuits,
thereby potentially altering synaptic plasticity and connectivity in
targeted networks (Esmaeilpour et al., 2021; Ma et al., 2021).

No unique challenges reported to date due to the use of electric fields,
which do not generate acoustic artefacts (Zhang et al., 2022).

Considered safe with no major side effects apart from occasionally
reported scalp discomfort (Piao et al., 2022; Vassiliadis et al., 2024;
Zhu and Yin, 2023).

Moderate; MRI-based models are beneficial but not mandatory,
allowing for simpler setups using common scalp landmarks. However,
foregoing MRI introduces a trade-off, as subject-specific head models
improve precision but add complexity and variability (Violante et al.,
2023; Yatsuda et al., 2024).

Relatively more cost-effective, as it primarily utilises standard

electric field generators and adhesive electrodes, which are commonly
available in many labs, potentially eliminating the need for additional
equipment purchases (TI Solutions, n.d.).

TUS: transcranial ultrasonic stimulation; TI: temporal interference stimulation; tES: transcranial electrical stimulation; MR-ARFI: MR Acoustic Radiation Force Imaging;
fMRI: functional magnetic resonance imaging; BOLD: blood-oxygen-level-dependent; GABA: gamma-aminobutyric acid; TMS: transcranial magnetic stimulation; ARF:
acoustic radiation force; ITRUSST: International Consortium for Transcranial Ultrasonic Stimulation Safety and Standards.

MDD, acknowledging the ventral striatum’s pivotal role in
reward processing and motivation (Fani and Treadway, 2023).
These avenues underscore the potential of TI for tailored inter-
ventions in individuals facing distinct psychiatric challenges
which still require investigation and replication.

Way forward

Recent advances in NIBS techniques such as TUS and TI enable
researchers to investigate the pathophysiology of psychiatric
symptoms at heightened precision, which could yield viable
treatment protocols in clinical settings. This is especially immi-
nent in psychiatric patient populations where a lack of treatment
response and unsatisfactory remission rates are not uncommon.
Furthermore, biomarkers could enhance personalised treatments
by optimising stimulation parameters and identifying suitable

patients. While their high spatial precision enables direct brain
modulation, developing reliable biomarkers remains essential to
monitor effects and improve outcomes among all NIBS (Cash
and Zalesky, 2024; Murphy and Fouragnan, 2024). However,
small sample sizes and lack of consistent control conditions in
existing studies make it premature to draw definitive conclusions
about the efficacy of these methods, underscoring the need for
larger, well-controlled clinical trials. The question of whether
these methods are viable treatments, and if so, how they may best
be used to augment current therapies or as standalone treatments,
has yet to be addressed by further clinical research. Previous
studies combining brain stimulation techniques with therapy,
such as rTMS with exposure therapy have shown promising
results in anxiety disorders, suggesting that similar approaches
with TUS and TI warrant exploration (Kan et al., 2020). TUS
seems to have the highest spatial and potentially also mechanistic
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specificity among all NIBS methods and may be particularly use-
ful in stimulating limbic structures. TI has similarly high mecha-
nistic specificity yet is inferior in terms of its spatial specificity.
Despite the benefits, practical considerations such as the need for
MRI or CT scans, the complexity of the set-up, mobility and cost
must also be considered. Common challenges of TUS including
intricacies in target planning attributed to the acoustic properties
of the skull, potential auditory confounds, and challenges in
maintaining blinding, might be encountered to a lesser extent
with TL

In conclusion, the remarkable advancements in TUS and TI
offer significant potential to refine our understanding of psychi-
atric symptoms and pave the way for developing more effective
treatment strategies. However, their clinical translation is tem-
pered by the scarce and heterogeneous landscape of existing
studies, which underscores the need for a robust evidence base
to validate their efficacy and safety. Addressing practical consid-
erations such as cost, accessibility and technical complexities,
while simultaneously overcoming inherent methodological chal-
lenges, will require innovative approaches and interdisciplinary
collaboration. Only through these concerted efforts can we fully
realise their promise and integrate these techniques effectively
into clinical practice.
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