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Abstract

Background: Transcranial pulse stimulation (TPS) is a novel, non-
invasive brain stimulation technique that uses shock waves to modulate
brain function. Preliminary evidence suggests its potential for alleviating
depressive symptoms, but no randomized, double-blind, sham-controlled
trials have yet confirmed its antidepressive efficacy in major depressive
disorder (MDD). Furthermore, the potential of TPS as a combined
therapy and its capability to effectively target deeper brain regions
associated with depression, such as the dorsal anterior cingulate cortex
(dACC) and anterior insula cortex (AIC), remain unexplored.

Methods: This thesis comprises four studies. Study 1 was a systematic
review investigating the efficacy and safety of low-intensity transcranial
ultrasound stimulation (LITUS). Study 2 was a randomized, double-blind,
sham-controlled trial evaluating the clinical and neural effects of TPS in
80 patients with MDD. Study 3 was a randomized, single-blind, crossover
pilot trial in 34 healthy individuals examining the behavioral aftereffects
of a single TPS session. Study 4 was a randomized, single-blind, sham-
controlled pilot trial in 60 healthy individuals testing the feasibility and
modulation effects of TPS targeting the dACC and AIC.

Main findings: The systematic review (Study 1) found LITUS to be
therapeutically effective for various conditions with a favorable safety
profile. In patients with MDD (Study 2), active TPS produced a
significantly greater reduction in depression severity compared to sham
(p = 0.048) and significantly increased resting-state functional
connectivity (rsFC) within the left dorsolateral prefrontal cortex

4



(IDLPFC), as well as between IDLPFC and the left orbitofrontal, superior
medial prefrontal, pregenual anterior cingulate, posterior cingulate
cortices, and bilateral precuneus and calcarine cortex. Study 3 showed
that a single session of TPS of the primary motor cortex did not yield
superior behavioral effects compared with a control TPS session of the
vertex in healthy individuals. Study 4 demonstrated the feasibility and
efficacy of TPS application to dACC and AIC over 2 weeks. Results
showed that dACC-TPS reduced risk-taking behavior, whereas AIC-TPS
increased it, as measured by the balloon analog risk task. Target-specific
TPS-induced rsFC changes were observed following both dACC and AIC
stimulation compared to sham. Specifically, dACC stimulation enhanced
dACC-seeded rsFC with the bilateral ventrolateral prefrontal, right
dorsolateral prefrontal, and right dorsomedial prefrontal cortices. In
contrast, AIC stimulation resulted in decreased AIC-seeded rsFC with the
right middle and inferior frontal (opercular and triangular parts), right
precentral gyrus, right supramarginal, right posterior superior temporal,
the left posterior middle temporal, left superior and middle occipital
cortices, left middle cingulate cortex, and left cuneus.

Discussions and Conclusions: This research establishes TPS as a safe,
well-tolerated, and effective intervention for MDD, with demonstrable
neuromodulation effects on depression-relevant brain circuits. However,
a single TPS session did not demonstrate sufficient utility in modulating
behavior. Conversely, multiple TPS sessions targeting the dACC and AIC
were feasible and safe in healthy adults, modulating risk-taking behaviors

and producing target-specific neuromodulatory effects. These findings



provide a strong foundation for future studies to optimize TPS protocols,
explore the dACC and AIC as novel therapeutic targets, and further

investigate the underlying neural mechanisms of depression treatment.
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Chapter 1 General Introduction

1.1 Major depressive disorder

Major depressive disorder (MDD) is a global disease with a high disease
burden (Mathers, 2008) and a lifetime prevalence ranging from 2 to 21%
(Gutierrez-Rojas et al., 2020). Clinically, MDD is characterized by a
persistently depressed mood or loss of interest or pleasure for at least two
weeks, accompanied by changes in affect, cognition, or neurovegetative
functions (American Psychiatric Association and Association, 2013).
Neuroimaging studies have identified structural and functional
abnormalities in patients with MDD compared to healthy controls.
Reported findings include decreased cortical thickness in the medial
prefrontal cortex, orbitofrontal cortex, anterior and posterior cingulate
cortex, insula, and temporal lobes (Schmaal et al., 2017), as well as
reduced volumes in the ventromedial striatum and hippocampus (Schmaal
et al., 2016; Drevets, Price, and Furey, 2008). Most of these abnormal
structures exhibit a decrease in glucose metabolism and cerebral blood
flow (Drevets, Price, and Furey, 2008). Furthermore, resting-state
functional magnetic resonance imaging (rs-fMRI) studies reveal that
patients with MDD exhibit network deficits within the frontoparietal
network, between frontoparietal and parietal regions of the dorsal
attention network, and between the affective network and medial
prefrontal cortex (MPFC). Conversely, MDD is associated with
hyperconnectivity within the default mode network (DMN), as well as
between the DMN and MPFC, hippocampus, and dorsolateral prefrontal
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cortex (DLPFC) (Kaiser et al., 2015). Together, these structural and
functional circuit abnormalities provide a mechanistic basis for the

development of precise neuromodulatory treatments for MDD.

1.2 Non-invasive brain stimulation for MDD

Treatment strategies for MDD include pharmacotherapy, psychotherapy,
electroconvulsive therapy, deep brain stimulation, and non-invasive brain
stimulation (NIBS) (Kupfer, Frank, and Phillips, 2012). Among these,
NIBS techniques such as transcranial magnetic stimulation (TMS) and
transcranial direct current stimulation (tDCS) have been extensively
studied as adjunctive therapies due to their noninvasiveness and
promising clinical efficacy (Lefaucheur et al., 2020; Wang, 2019). The
left DLPFC is the most common target for NIBS in MDD. Aside from its
established effectiveness in alleviating depressive symptoms,
neuroimaging studies also highlight the critical role of the left DLPFC.
For instance, a cognitive dyscontrol biotype of depression is characterized
by hypoactivation of the DLPFC (Williams, 2016), and increased DLPFC
activity has been shown during recovery from depressive symptoms in

depressed patients (Koenigs and Grafman, 2009).

1.3 Transcranial pulse stimulation

Transcranial pulse stimulation (TPS) (NEUROLITH, Storz Medical AG,
Tagerwilen, Switzerland) is a novel CE-approved NIBS technique that
utilizes shock waves to modulate brain function (Truong et al., 2022),

developed from focused low-energy extracorporeal shock waves (Lohse-
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Busch et al., 2014; Lohse-Busch, Reime, and Falland, 2014). Unlike
focused transcranial ultrasound stimulation (fTUS), which delivers
periodic sonication waves of 500-700 kHz with long sonication trains,
TPS delivers single, high-pressure, short-duration (3 ps) shockwave
pulses. Each pulse consists of a large positive peak amplitude followed by
a small, negative-amplitude pulse, thereby avoiding the hazardous brain
heating and secondary stimulation maxima (Sarica et al., 2022). The
energy flux densities (EFD) of TPS pulses range from 0.01- 0.25 mJ/
mm?, with pulse frequencies of 1 - 8 Hz and a maximum peak pressure of
25 MPa. These parameters yield a maximum spatial-peak-temporal-
average intensity (Ispra) of 100 mW/cm?, a maximum spatial-peak-pulse-
average intensity (Isppa) of 111 W/cm?, a mechanical index (MI) of 10.95,
and a thermal index (TI) < 0.7 (Matt et al., 2022). Although no guideline
or safety profile has been established for therapeutic transcranial
ultrasound, reference limits are available from the FDA guideline for
diagnostic ultrasound (Ispra-max = 720m W/cm?; Ispra-max = 94m W/cm? for
cephalic use; Isppa-max = 190 W/em?; MIax= 1.9; Tlnax = 6) (Food and
Administration, 2019), and from the International Electro-technical
Commission (IEC standard 60601-2-5) for physiotherapy ultrasound
equipment (Ispra-max = 3 W/cm?) (Duck, 2007). The current TPS system
restricts the maximum EFD for human application to 1 mJ/mm? per
second (EFDy.x = 0.2 mJ/ mm? at a pulse frequency of 5 Hz; EFD =
0.25 mJ/ mm? at a pulse frequency of 4 Hz), representing a much lower

safety threshold than preclinical data suggest (Beisteiner et al., 2020).
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The TPS device comprises a mobile TPS handpiece (Neuro handpiece), a
near-infrared MR-based navigation system (Polaris Vicra System by
Northern Digital Inc.), and a touchscreen interface. Pulses emitted from
the handpiece generate a highly focused energy zone within the brain
through the skull (Beisteiner et al., 2020). The focus size is 5 mm x 5 mm
x 56 mm, with the long axis perpendicular to the skull. Therapeutic
penetration depth of the pulses (depth of the focus’s center) can be
adjusted using an additional stand-off device: 35 mm with a long stand-
off device (15 mm), 43.4 mm with a short stand-off device (6.6 mm), and
50 mm without a stand-off device. An in-vitro study indicated that shock
waves can be distorted by the skull, resulting in a lateral focal shift of 4-5
mm, with cranial attenuation of pressure and intensity of approximately

85% (Beisteiner et al., 2020).

The safety, feasibility, and efficacy of TPS have been first investigated in
healthy subjects (Beisteiner et al., 2020; Matt et al., 2022) and patients
with Alzheimer’s disease (AD) (Beisteiner et al., 2020; Cont et al., 2022).
A randomized, sham-controlled, within-subject study in healthy subjects
demonstrated that 10, 100, and 1000 TPS pulses applied to the primary
somatosensory cortex modulated neuronal activity, as measured by
median nerve somatosensory evoked potentials (Beisteiner et al., 2020).
Another randomized, sham-controlled, crossover study in healthy
subjects demonstrated that three TPS sessions (1000 pulses each) induced
structural and functional brain changes, as indicated by diffusion-tensor
imaging and rs-fMRI (Matt et al., 2022). The first uncontrolled TPS
clinical pilot study provided preliminary evidence of TPS's effectiveness
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in patients with AD (Beisteiner et al., 2020). Neuropsychological scores
improved significantly after 6-12 treatment sessions over 2-4 weeks, with
effects lasting up to three months. Improvements correlated with
increased functional connectivity within the memory network (Beisteiner
et al., 2020) and increased cortical thickness in the left superior parietal
lobule within the DMN (Popescu, Pernet, and Beisteiner, 2021). Notably,
a recent randomized controlled trial further demonstrated therapeutic and
neuromodulatory effects of a 2-week TPS treatment in younger patients
with AD (Matt et al., 2025). Animal studies corroborate these findings,
showing instantaneous and immediate aftereffects of TPS. Specifically,
TPS enhanced microvascular networks during stimulation in AD mouse
brains (Karakatsani, Nozdriukhin, et al., 2025) and modulated the resting-
state functional connectivity (rsFC) in both AD and wild-type mice

(Karakatsani, Gezginer, et al., 2025).

Lately, more and more TPS clinical studies have emerged and
demonstrated feasibility and therapeutic potential in various disease
cohorts including mild cognitive impairment (MCI) (Fong et al., 2023; Lo
et al., 2024), depression (Cheung, Li, Ho, et al., 2023), Parkinson’s
disease (PD) (Osou et al., 2024; Manganotti et al., 2025), attention deficit
hyperactivity disorder (ADHD) (Cheung et al., 2024), and autism
spectrum disorder (ASD) (Cheung, Li, Lam, et al., 2023).

Mechanistically, TPS differs from fTUS and unfocused transcranial
ultrasound stimulation (unfocused TUS) (Qin et al., 2024). Holding the
intrinsic properties of shockwaves, TPS mechanically stimulates cell

metabolism through mechanotransduction (d'Agostino et al., 2015). This
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process promotes neurogenesis and angiogenesis by upregulating brain-
derived neurotrophic factor and vascular endothelial growth factor (Ito,
Fukumoto, and Shimokawa, 2009; Matsuda et al., 2020; Sun et al., 2006;
Yahata et al., 2016), and exerts anti-inflammatory effects by stimulating

endothelial nitrogen oxide release (Mariotto et al., 2009).

1.4 TPS for depression treatment

The first TPS clinical trial by Beisteiner et al. (Beisteiner et al., 2020)
mentioned above provided initial evidence of its antidepressive effects.
Following 2-4 weeks of TPS treatment, administered three sessions per
week, patients with AD exhibited significant alleviation of depressive
symptoms, accompanied by normalization of functional connectivity
between the salience and ventromedial networks (Matt, Dorl, and
Beisteiner, 2022). These findings paved the way for TPS research in the
field of mental health. More recently, an open-label pilot randomized
controlled trial (RCT) evaluated the antidepressive effect of TPS in adults
with depressive symptoms (Cheung, Li, Ho, et al., 2023). The results
showed that six TPS sessions (300 pulses per session) delivered to the left
DLPFC over two weeks significantly reduced the depressive symptoms
compared to a waitlist control group. However, the results of existing
TPS studies on depression should be interpreted with caution. Potential
biases include placebo effects, lack of blinding of assessors and
participants, heterogeneity of study populations, imprecise targeting, and
limited sample size. Therefore, a double-blind, sham-controlled RCT

with a larger sample size is required to validate the effectiveness of TPS
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in patients with MDD. Furthermore, the underlying mechanisms of TPS's
therapeutic effects in MDD remain unclear and warrant further

investigation.

1.5 Exploring new treatment strategies by investigating TPS’s

aftereffects and deeper brain modulation

Although most studies have applied multiple TPS sessions to broad
cortical regions and reported promising therapeutic effects, the majority
were uncontrolled trials. This reliance on large-scale stimulation leaves
the region-specific modulatory effects and underlying neuromodulatory
mechanisms unclear. RCTs targeting specific brain regions are therefore
essential to elucidate stimulation-induced modulation. To date, only three
RCTs have investigated the target-specific neuromodulatory and
behavioral effects of TPS. Beisteiner et al. demonstrated that a single-
session TPS of the primary somatosensory cortex (S1) induced immediate
changes in somatosensory evoked potentials in healthy individuals
(Beisteiner et al., 2020). Matt et al. showed that three S1-TPS sessions
enhanced global sensorimotor efficiency for up to one week (Matt et al.,
2022). One recent clinical trial found that a single session of TPS applied
to the primary motor cortex significantly reduced tremor amplitude in PD
patients immediately following stimulation, compared with sham
stimulation (Manganotti et al., 2025). Although the above-mentioned
studies showed promising neurophysiological and behavioral effects, the

aftereffects of a single-session TPS remain insufficiently explored.
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Investigating such aftereffects could inform novel treatment strategies,

including psychotherapy combined with TPS for depression.

On the other hand, TPS’s ability to non-invasively stimulate deeper brain
regions holds substantial potential for research and clinical applications in
mental health. However, no studies have yet established its feasibility or
efficacy in modulating such regions. The dorsal anterior cingulate cortex
(dACC) and the anterior insula cortex (AIC) are two major nodes of the
salience network (SN), which integrates internal and external stimuli to
guide attention and behaviors (Menon and Uddin, 2010). Dysfunction of
this SN has been implicated in the pathophysiology of various mental
disorders, including depression, anxiety, ASD, obsessive-compulsive
disorder, post-traumatic stress disorder, and schizophrenia (Goldstein-
Piekarski et al., 2022; Segal et al., 2023). Given TPS’s capacity to target
deeper brain regions and the relevance of the dACC and AIC to mental
health, we aim to investigate the feasibility and modulatory effects of
TPS on the dACC and AIC, providing evidence for TPS as a deeper brain
stimulation technique and to identify additional therapeutic targets for

depression.

1.6 Aims and objectives of the research

To address the research gaps identified above, this project aims to (1)
summarize existing evidence from both human and animal studies on the
effectiveness and safety of low-intensity transcranial ultrasound
stimulation (LITUS); (2) evaluate the antidepressive effect of left
DLPFC-TPS in MDD patients; (3) assess TPS-induced changes in brain

34



circuits using rs-fMRI in MDD patients; (4) examine the aftereffects of a
single-session TPS in healthy individuals; and (5) test the feasibility and
efficacy of stimulating deeper brain regions with TPS by targeting JACC
and AIC in healthy individuals.

1.7 Implications of the research

This project is the first worldwide application of a randomized, double-
blind, sham-controlled TPS trial in patients with MDD. It determines TPS
as a novel LITUS technique for the treatment of depression and
potentially benefits patients with MDD included in the current trial.
Secondly, this project is the first investigation of TPS-induced changes in
rsFC in MDD patients, thereby advancing understanding of its neural
effects in MDD patients. Thirdly, it is the first investigation of the
aftereffects (up to 40 minutes post-stimulation) of TPS on motor
behavior, thereby leading to a better understanding of TPS’s modulatory
effects. Fourthly, the project is the first investigation of TPS-induced
deeper brain stimulation, demonstrating both behavioral and
neuromodulatory effects on deeper brain regions. These findings will
provide evidence on the feasibility and capability of deeper brain
stimulation with TPS and identify additional therapeutic targets for

depression.
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Chapter 2 Literature review: The effectiveness and safety of low-
intensity transcranial ultrasound stimulation — A systematic

review of human and animal studies (Study 1)°

*Published in Neuroscience and Biobehavioral Reviews in December 2024

2.1 General introduction of this literature review

TPS is one of the LITUS techniques that utilizes ultra-short ultrasound -
shockwaves to modulate the brain. To enhance understanding of the
modulatory effects of LITUS and TPS, a literature review was conducted
to examine LITUS applications in both clinical and preclinical settings.
This literature review has been published in Neuroscience and

Biobehavioral Reviews (Qin et al., 2024).

2.2 Abstract

Low-intensity transcranial ultrasound stimulation (LITUS) is a novel non-
invasive neuromodulation technique. We conducted a systematic review
to evaluate current evidence on the efficacy and safety of LITUS
neuromodulation. Five databases were searched from inception to May
31, 2023. Randomized controlled human trials and controlled animal
studies were included. The neuromodulation effects of LITUS on clinical
or pre-clinical, neurophysiological, neuroimaging, histological and
biochemical outcomes, and adverse events were summarized. In total, 11
human studies and 44 animal studies were identified. Overall, LITUS

alleviates various symptoms and modulates associated brain circuits
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without major side effects. Future research needs to establish a solid

therapeutic framework for LITUS.

2.3 Introduction

Low-intensity transcranial ultrasound stimulation (LITUS) is a newly
developed non-invasive brain stimulation (NIBS) technique that offers
promising neuromodulation by acoustic energy transmitted into the brain
parenchyma. LITUS typically reaches deeper brain regions with a high
spatial resolution than transcranial magnetic stimulation (TMS) or
transcranial electrical stimulation (TES), which sparks interest in the field
(Fomenko et al., 2018). Unlike high-intensity transcranial focused
ultrasound, which mediates brain function through thermal effects or
ablation of diseased brain structure, LITUS aims to modulate neuronal
activity through a non-thermal mechanism with minimal risk of tissue
damage (Fini and Tyler, 2017; Tsui et al., 2005). Such a kind of
neuromodulation through multiple ultrasound pulses is referred to as

sonication in the LITUS literature.

LITUS has developed rapidly in recent years. In 2008, an ex vivo study
first discovered the excitatory modulation effect of LITUS on neuronal
activity and brain networks by using a low-intensity (temporal average
intensity, Ita <300m W/cm?), low-frequency (< 0.65M Hz) ultrasonic
stimulation (Tyler et al., 2008). Two years later, similar low-intensity,
low-frequency ultrasound waves were applied to mouse brains through
the skull, and ultrasound-elicited neuronal activity was detected in the
motor cortex and hippocampus (Tufail et al., 2010). The first LITUS
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human study was conducted in 2013. Higher frequency (8M Hz), and low
acoustic intensity (Ita < 152m W/cm?) unfocused ultrasound was used to
target the posterior frontal cortex in patients with chronic pain. The
treatment group showed a significant improvement in mood compared to
the placebo group (Hameroff et al., 2013). Since then, an increasing
number of studies have emerged with extensive applications of LITUS in
both animals and humans. However, to date, there is no guideline on the
therapeutic use of LITUS. To establish the safety margin and to promote
the therapeutic use of ultrasound as a NIBS technique, most studies
determined the stimulated intensity based on the FDA recommendation
for diagnostic ultrasound with spatial-peak temporal average intensity
(Ispta) < 720m W/cm? and spatial-peak pulse average intensity (Isppa) <
190 W/cm? (FDA, 2019), or based on the recommendation of the
International Electro-technical Commission (IEC standard 60601-2-5) for
physiotherapeutic ultrasound devices with Ispra < 3 W/cm? (Duck, 2007).
Here, Isppa stands for the average pulse intensity at the spatial maximum
position, relating to the short-term mechanical bio-effect. Ispra means the
temporal average intensity at the spatial maximum position relating to the
thermal bio-effect (Fomenko et al., 2018). In addition, LITUS has been
classified into the following three types : (1) focused transcranial
ultrasound stimulation (fTUS): performed with focused ultrasound
transducers (Darmani et al., 2022); (2) unfocused transcranial ultrasound
stimulation (unfocused TUS): performed with unfocused ultrasound
transducers (Darmani et al., 2022); (3) transcranial pulse stimulation

(TPS): performed with a device generating single ultrashort ultrasound
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pulses (3 ps) at frequencies of 1-5 Hz, with Ispra = 100m W/cm? and Isppa
=111 W/cm? (Matt et al., 2022).

Previous systematic reviews summarized studies that revealed
transcranial ultrasound stimulation effects on brain excitability and
behavior (Sarica et al., 2022; Wang et al., 2019). However, the included
studies had highly heterogeneous study designs, including randomized
controlled design, within-subject design, uncontrolled design, and case
reports, which limited the interpretation of this novel technique for its
implementation in clinical and research settings. Moreover, within-
subject studies with no adequate washout period were also included,
which may introduce carryover effects, as compelling evidence showed
that one LITUS session can induce a long-lasting neuromodulation effect
for up to 40 minutes (Gibson et al., 2018; Hameroff et al., 2013; Zeng et
al., 2022). Therefore, the present study aimed to systematically review
and synthesize randomized controlled human trials and in vivo controlled

animal studies to investigate the neuromodulation effects and side effects
of LITUS.

2.4 Methods

This systematic review followed the standards established in the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) Statement (Page et al., 2021), and was registered on
PROSPERO (CRD42023399150).

2.4.1 Search strategy
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MEDLINE (via PubMed), Embase (via Embase), CENTRAL (in the
Cochrane Library), CINAHL (via EBSCOHost), and WOS (via Web of
Science) were searched from database inception to May 31, 2023. The
language was limited to English and Chinese. The following keywords
were used: “low intensity transcranial ultrasound”, “transcranial focused
ultrasound”, “transcranial unfocused ultrasound”, “low intensity
transcranial focused ultrasound”, “transcranial pulse stimulation”,
“transcranial ultrasound”, “focused ultrasound”, “transcranial”,
“ultrasound”, “neuromodulation”. See Appendices (Table S1-S5) for the
detailed search strategy. Reference lists of relevant reviews and included

studies were searched to identify potential records.

2.4.2 Inclusion and exclusion criteria

Studies were eligible for inclusion if they (1) were human studies with a
randomized controlled design (including crossover design) or were
controlled animal studies (inclusion was not limited to the randomized
controlled design for animal studies as randomization in animal studies is
not standardized) (Hooijmans et al., 2014); (2) used LITUS to modulate
brain function through mechanical effect; here, we included studies that
reported the use of low-intensity TUS or non-thermal TUS, or studies that
used acoustic intensity that met FDA or IEC recommendations (Duck,
2007; FDA, 2019); (3) had a blank control group or sham control group;
(4) had outcomes of interests including clinical or pre-clinical,
neurophysiological, neuroimaging, histological and biochemical findings.

Studies were excluded if they (1) used LITUS to open the blood-brain
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barrier in combination with microbubble injection for substance delivery;
(2) conducted repeated measures without a washout time greater than 40

minutes.

2.4.3 Selection of studies and data extraction

Two reviewers (PQ & WLX) independently screened the titles and
abstracts. The full text was assessed using inclusion and exclusion
criteria. Any disagreements between the two reviewers were solved
through discussion with the third reviewer (MXJ). Data was extracted by
two independent reviewers (PQ & WLX) and recorded in a standardized
form. The following information was extracted: (1) characteristics of
subjects or animal models; (2) type of LITUS and control; (3) treatment
parameters of LITUS (e.g., total intervention sessions, stimulation target
and sonication parameters); (4) outcome measures; (5) main results of
LITUS neuromodulation effects; (6) side effects of LITUS. Any
disagreements between the two reviewers were solved through discussion

with the third reviewer (MXJ).

2.4.4 Assessment of risk of bias in included studies

Two reviewers (PQ & WLX) independently assessed the risk of bias for
each study. We used the Cochrane Risk of Bias 2 tool (Cochrane RoB
2.0) to assess the risk of bias for human studies, which comprises six
domains: randomization process, period and carryover effects (applicable
for crossover trials), deviations from the intended intervention, missing

outcome data, measurement of the outcome, and selection of the reported
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result (Sterne et al., 2019). We used the Systematic Review Center for
Laboratory Animal Experimentation risk of bias (SYRCLE’s RoB) tool
for animal experiments and assessed selection bias, performance bias,
detection bias, attrition bias, reporting bias and other biases (Hooijmans
et al., 2014). Any disagreements between the two reviewers were solved

by consulting the third reviewer (MXJ).

2.4.5 Strategy for qualitative synthesis

Given the high heterogeneity of the included studies, it was not possible
to perform meta-analyses (Cochrane, 2022). The neuromodulation
outcomes of LITUS were categorized into four domains: clinical and pre-
clinical, neurophysiological, neuroimaging, and histological and
biochemical results. Studies with the same outcome of interest were
grouped, and the comparative results between the LITUS group and the
control group were summarized. In addition, the adverse effects

associated with LITUS reported in individual studies were summarized.

2.5 Results

2.5.1 Study selection and study characteristics

The original search of the databases identified 1618 records and 180
studies were retrieved for full-text review. A total of 11 human studies
and 44 animal studies were included in this systematic review. The study

selection process is shown in Figure 1.
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Figure 1. Study selection process of the systematic review (Study 1)

Table 1 shows detailed characteristics of individual human studies. Eight
of eleven human studies included healthy subjects, two studies included
patients with depression, and one study included patients with chronic
pain. Table 2 shows detailed characteristics of individual animal studies.
Various disease models were used in animal studies, including
Parkinson’s disease (PD), depression, epilepsy, pain, ischemic brain
injury, demyelination, Alzheimer’s disease (AD), attention deficit
hyperactivity disorder (ADHD), traumatic brain injury (TBI),
hypertension, schizophrenia, sleep disorder, addictive disorder, and

essential tremor.
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Table 1. Characteristics of included human studies

Study Type of Grouping Characteristics of LITUS Main outcomes Reported adverse effect
subjects (sample size) Target Stimulation Parameters Outcome Timepoint of Main results
sessions measures outcome (experimental group compared
measurements to the control group)
Matt 2022 Healthy TPS; Sham; Left 4 min/ session; Pulse frequency: 4 Hz; Energy level: 0.25 sMRI Around 1 week after No significant difference in grey sMRI did not reveal any
subjects (n=12 in the primary 3 sessions in mJ/mm?; Ispra: 100 mW/cm?; Isppa: 111 stimulation matter volume between groups signs of bleeding, edema, or
crossover somatosens  consecutive 3 W/cm?; Number of pulses in a session: 1000; DTI A decrease in axial diffusivity in other morphological
study) ory cortex days MI: 10.95 the primary somatosensory cortex  alterations after the TPS and
and primary motor cortex the sham TPS
Rs-fMRI An increase in global efficiency
in the left sensorimotor network
Cheung Patients TPS (n=15); Left dorsal 1.25-1.6 min/ Pulse frequency: 3-4 Hz; Energy level: 0.2- HDRS-17 At stimulation A decrease in score 4% subjects reported
2023 with major No TPS (n=15) lateral session; 3 0.25 mJ/mm?; Ispra: 100 mW/cm?; Isppa: 111 endpoint headaches; One subject
depression prefrontal sessions/week W/cm?; Number of pulses in a session: 300; experienced nausea and
cortex for 2 weeks MI: 10.95 vomiting
Badran Healthy fTUS; Sham; Right 10 min/ session;  Fo: 0.65 MHz; Ispra: 995 mW/cm?; Ispra: 719 QST At stimulation An increase in thermal pain No adverse events were
2020 subjects (n=19 in the anterior 2 sessions in mW/cm? (after the attenuation through the endpoint threshold observed throughout the
crossover thalamus one day with a skull); Isppa: 19.9 W/em?; Isppa: 14.38 W/ecm? experiment
study) 10-min interval (after the attenuation through the skull); SD: 30
s; Trials of sonication: 10; ISI: 30 s; PRF: 10
Hz; PD: 5 ms; DC: 5%; Number of pulses in a
sonication: 300; Peak rarefactional pressure
0.72 MPa; MI: 0.89
Samuel Healthy tb-fTUS; Left motor 80 s/ session; 1 Fo: 0.5 MHz; Ispra: 230 mW/cm?; Isppa: 2.26 MEP induced At stimulation An increase in MEP amplitude
2022 subjects Sham; (n=151in  cortex session W/cm?; SD: 80 s; PRF: 5 Hz; PD: 20 ms; DC: by TMS endpoint
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Sanguinett

12020

Zeng 2022

Zhang

2022a

Healthy

subjects

Healthy

subjects

Healthy

subjects

Healthy

subjects

the crossover

study)

fTUS (n=24);

Sham (n=24)

tb-fTUS;
Sham; (n=15 in
the crossover

study)

tb-fTUS;
Sham; (n=12 in
the crossover
study)

fTUS; Sham;

(n=20 in the

Right
inferior
frontal

gyrus

Left motor

cortex

Left motor

cortex

Left motor

cortex

30 s/ session; 1

session

80 s/ session; 1

session

80 s/ session; 1

session

10 min/ session;

1 session

10%; Number of pulses in a sonication: 400;

Peak rarefactional pressure: NR; MI: NR

Fo: 0.5 MHz; Ispra: 130 mW/cm?; Isppa: 54

W/cm?; Isppa: 16.2 W/em? (after the attenuation

through the skull); SD: 30 s; PRF: 40 Hz; PD:

0.065 ms; DC: 0.26%; Number of pulses in a

sonication: 1200; Peak rarefactional pressure:

1.27 MPa; MI: 1.8

Fo: 0.5 MHZ, lspTAI 230 mW/sz; IsppA: 2.26

W/cm?; SD: 80 s; PRF: 5 Hz; PD: 20 ms; DC:

10%; Number of pulses in a sonication: 400;

Peak rarefactional pressure: NR; MI: NR

Fo: 0.5 MHZ, ISPTA: 230 mW/sz; ISPPA: 2.26

W/cm?; SD: 80 s; PRF: 5 Hz; PD: 20 ms; DC:

10%; Number of pulses in a sonication: 400;
Peak rarefactional pressure: NR; MI: NR
Fo: 0.8 MHz; Intensity: 1.2 W/cm?; SD: 1 s;

Trials of sonication: 200; ISI: 2 s; PRF: NR;
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SICI induced by
T™S

MEG

VAMS

MEP induced

by TMS

SICI induced by
T™MS

ICF induced by
T™S
Visuomotor

task

Finger tapping

test

10 minutes, 20
minutes, and 30
minutes after

stimulation

5 minutes, 30 minutes,

and 60 minutes after

stimulation

10 minutes after

stimulation

At stimulation

endpoint

A decrease in SICI

An increase in alpha spectral
power in right
sensorimotor/frontal cortex and
an increase in beta spectral power
in right sensorimotor/parieto-
occipital cortex

An increase in global affect score
20 minutes and 30 minutes after

stimulation

An increase in MEP amplitude 5
minutes and 30 minutes after
stimulation

A decrease in SICI 5 minutes and
30 minutes after stimulation

An increase in ICF 5 minutes
after stimulation

A decrease in movement time

An increase in score

No subjects reported any

adverse effects throughout

the experiment

NR

No subjects reported any

adverse effects throughout

the experiments



Reznik

2020

Gibson

2018

Guerra

2021

Hameroff

2013

Patients
with mild to
moderate
depression
Healthy

subjects

Healthy

subjects

Patients
with chronic

pain

Crossover

study)

fTUS (n=12);

Sham (n=12)

unfocused TUS
(n=19); Sham

(m=21)

unfocused
TUS; Sham
(n=16 in the
crossover
study)
unfocused
TUS; Sham;
(n=31 in the
crossover

study)

Right
frontal-
temporal
cortex
Left motor

cortex

Brainstem

Right/left
frontal-
temporal

cortex

30 s/ session; 5
sessions in a

week

2 min/ session;

1 session

180 s/ session; 1

session

15 s/ session; 1

session

PD: NR; DC: NR; Number of pulses in a
sonication: NR; Peak rarefactional pressure:
NR; MI: NR

Fo: 0.5 MHz; Ispra: 71 mW/em?; Isppa: 14
W/cm?; SD: 30 s; PRF: NR; PD: NR; DC: NR;
Number of pulses in sonication: NR; Peak
rarefactional pressure: 0.65 MPa; MI: 0.9

Fo: 1.53-3.13 MHz; Ispra: 132.85 mW/cm?;
Isppa: 34.96 W/cm?; SD: 2 min; PRF: NR; PD:
NR; DC: < 1%; Number of pulses in a
sonication: NR; Peak rarefactional pressure:
1.02 MPa; MI: 0.67

Fo: 1.75 MHz; Ispra: NR; Isppa: NR; SD: 180 s;
PRF: NR; PD: NR; DC: NR; Number of pulses
in a sonication: NR; Peak rarefactional

pressure: 1.85 MPa; MI: 1.4

Fo: 8 MHz; Ispra: 152 mW/cm?; Isppa: NR; SD:
15's; PRF: NR; PD: NR; DC: NR; Number of
pulses in a sonication: NR; Peak rarefactional

pressure: 1.98 MPa; MI: 0.7

MEP induced

by TMS

PSWQ

MEP induced

by TMS

EMG

VAMS

At stimulation

endpoint

At stimulation
endpoint and 6
minutes after

stimulation

3 minutes after

stimulation

10 minutes and 40
minutes after

stimulation

A decrease in MEP latency and

an increase in MEP amplitude

A decrease in score

An increase in MEPs amplitude

An increase in conditioned R2
area in the superior colliculus

stimulation group

An increase in global affect score

No significant difference of
discomfort score between
groups

NR

No significant difference in
abnormal sensation and

mood between groups

No subjects reported adverse
events or any skin sensation

during or after stimulation

One subject experienced an
exacerbation of the headache

after stimulation

TPS: transcranial pulse stimulation; MI: mechanical index; sMRI: structural magnetic resonance imaging; DTI: diffusion tensor imaging; Rs-fMRI: resting state functional magnetic resonance imaging; HDRS-17: Hamilton depression rating scale-17;

fTUS: focused transcranial ultrasound stimulation; Fy: fundamental frequency; Ispra: spatial peak temporal average intensity; Isppa: spatial peak pulse average intensity; SD: stimulation duration; ISI: inter stimulation interval; PRF: pulse repetition

frequency; PD: pulse duration; DC: duty cycle; QST: quantitative sensory thresholding; tb-fTUS: theta-burst focused transcranial ultrasound stimulation; NR: not reported; MEP: motor evoked potential; TMS: transcranial magnetic stimulation; SICI:

short-interval intracortical inhibition; MEG: magnetoencephalography; VAMS: Visual analog mood scale; ICF: intracortical facilitation; PSWQ: Penn state worry questionnaire; unfocused TUS: unfocused transcranial ultrasound stimulation; EMG:

electromyography.

Table 2. Characteristics of included animal studies
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Study Type of Grouping Characteristics of LITUS Outcomes Reported adverse
animals (sample size) Target Stimulation Parameters Outcome Timepoint of Main results effect
sessions measures outcome (Experimental group vs. control group)
measurements
Chu Healthy rats fTUSI, Left 5 min/ session; 1 Fo: 0.7 MHz; Igpra (fTUSI): MEPs induced At stimulation A decrease in MEP amplitude in the fTUS2 GFAP
2023 fTUS2, primary session 0.014 mW/cm?; Ispra (fTUS2): by TMS endpoint and group 5, 10,15 minutes after stimulation; immunohistochemical
fTUS3, motor 0.338 mW/cm?; Ispra (fTUS3): measured every A decrease in MEP amplitude in the fTUS3 and staining showed no
fTUS4 (n=15 cortex 3.038 mW/cm?; Ispra (fTUS4): 5 minutes for 30  fTUS4 group at all follow-up timepoints obvious astrogliosis
for each 12.15 mW/cm?; Isppa: 0.175 minutes after at or near the
group); Sham mW/cm? (fTUS1); Isppa: 4.225 stimulation sonicated sites in
(n=15) mW/ecm? (fTUS2); Isppa: 37.975 brains
mW/cm? (fTUS3); Isppa:
151.875 mW/cm? (fTUS4); SD:
5 min; PRF: 100 Hz; PD: 0.8
ms; DC: 8%; Number of pulses
in a sonication: 30000; Peak
rarefactional pressure: 2.5-67.8
kPa; MI: 0.003-0.081
Daniels Healthy rats fTUS1 (n=7);  Inferior 52 s/ session; 1 fTUS 1: EEG Measured for 30 A decrease in AEP amplitude in fTUSI and T2-weighted MR
2018 fTUS2 colliculus session Fo: 0.23 MHz; Ispra: NR; Isppa: minutes within fTUS2 groups image, H&E staining
(n=15); Sham  region 2.3 W/cm? SD: 100 ms; Trials 2 hours after and histological
(n=3) of sonication: 17; ISI: 2900 ms; stimulation; analyses showed no

PRF: NR; PD: NR; DC: NR;
Number of pulses in a
sonication: NR; Pressure: 39.7
kPa; MI: 0.083

fTUS 2:
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Measured once
a week until
recovery of
AEP amplitude

orup to2

brain damage, edema,
tissue damage, or
inflammatory

response



Folloni Healthy fTUS for

2019 macaques amygdala
(n=4); fTUS
for ACC
(n=3); No

fTUS (n=9)

Huang Healthy rats fTUS (n=22);

2019 No fTUS

(n=22)

Amygdala;

ACC

Hippocamp

us

40 s/ session; 1

session

10 min/ session; 1
session per day

for 10 days

Fo: 0.23 mHz; Ispra: NR; Isppa:
4.6 W/cm?; SD: 100 ms; Trials
of sonication: 17; ISI: 2900 ms;
PRF: NR; PD: NR; DC: NR;
Number of pulses in a session:
NR; Pressure: 79.3 kPa; MI:
NR

Fo: 0.25 MHz; Igpra: 19.5 fMRI
W/cm? (for amygdala); Isppa:
64.9 W/cm? (for amygdala);
Ispra: 5.63 W/cm? (for ACC);
Isppa: 18.8 W/em?(for ACC);
SD: 40 s; PRF: 10 Hz; PD: 30
ms; DC: 30%; Number of
pulses in a sonication: 400;
Maximum pressure: 1.44 MPa
(for amygdala); Maximum
pressure: 0.78 MPa (for ACC);
MLI: 2.88 (for amygdala); MI:
1.56 (for ACC)

Fo: 0.5 MHz; Ispra: 360 Dendritic
mW/cm?; Ispra: 225 mW/em?

structure

(after attenuation through ESPC dynamics

skull); Isppa: 7.2 W/em?; Isppa: Levels of
5.1 W/cm?(after attenuation GIuN2A
through skull); SD: 10 min; Number of c-

PRF: 500 Hz; PD: 0.1 ms; DC: Fos positive

5%; Number of pulses in a neurons
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months after

stimulation

At stimulation

endpoint

At sonication

endpoint

A decrease in the amygdala activity coupling and

ACC activity coupling

An increase in dendritic spine density of
hippocampal neurons
An increase in ESPC frequency

An increase in GluN2A level in the hippocampus

An increase in c-Fos positive neurons in

hippocampus

SMRI showed no
evidence of transient

edema after fTUS

H&E staining and
Nissl staining showed
no hemorrhaging and
tissue damage in the
cortex, hippocampus,
and the brain regions
exposed to the beam

path



sonication: 300000; Peak
rarefactional pressure: 0.42
MPa; Peak rarefactional
pressure: 0.35 MPa (after

attenuation through skull); MI:

0.59
Huang Healthy mice fTUS (n=14); Cortex and 4 hours/ session; 1~ Fy: 0.5 MHz; Ispra: 235 Number of c- At stimulation An increase in c-Fos positive neurons in cortex H&E staining and
2021 Sham (n=14) hippocamp  session mW/cm? (after attenuation Fos positive endpoint and hippocampus Nissl staining showed
us through skull); Isppa: 4.7 W/cm?  neurons no hemorrhaging,
(after attenuation through Level of protein An increase in the ratio of LC3BI/LC3BI and a tissue damage or
skull); SD: 1 s; Trials of marker for decrease in p62 level in the cortex and neuron loss in the
sonication: 7200; ISI: 1 s; PRF:  autophagy hippocampus cortex and
500 Hz; PD: 0.1 ms; DC: 5% ; hippocampus

Number of pulses in a
sonication: 500; Peak
rarefactional pressure: 0.34
MPa (after attenuation through

skull); MI: 0.48

Kim Healthy rats fTUS (n=7); Thalamic 40 min/ session; 1 Fo: 0.35 MHz; Ispra: 3 W/em?; PET During An increase in SUV at the center of sonication No abnormal

2013 Sham (n=7) area session Isppa: NR; SD: 300 ms; Trials stimulation and focus compared to the contralateral area behavior in all
of sonication: 1045; ISI: 2 s; up to one hour animals; H&E
PRF: 1 kHz; PD: 0.5 ms; DC: after stimulation staining showed no
NR; Number of pulses in a tissue damage or
sonication: 300; Peak hemorrhage
rarefactional pressure: 0.43 associated with
MPa; MI: 0.73 sonication in 2

selected rats
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Kim Healthy rats

2015

Min Healthy rats

2011b

Moham Healthy sheep
madjava

di 2022

fTUS with
various Isppa
(n=9-10);
fTUS with
various DC
(n=9-10);

Sham (n=8)

fTUS (n=12);
No fTUS

(n=10)

fTUS (n=6);

Sham (n=5)

Visual

cortex

Thalamus

Lateral
geniculate

nucleus

150 s/ session; 1
session for each

parameter

20 min/ session; 1

session

20 min/ session; 2
consecutive

sessions

Various Isppa with 5% DC:

Fo: 0.35 MHz; Ispra-max: 250
mW/cm?; Isppa: 1, 3, 5 W/em?;
SD: 150 s; PRF: 100 Hz; PD:
0.5 ms; Peak rarefactional
pressure: NR; MI: NR

Various DC with 3 W/ cm?
Isppa: Fo: 0.35 MHz; Ispra-max:
250 mW/cm?; PRF: 20, 166 Hz;
PD: 0.5 ms; DC: 1, 8.3%; Peak
rarefactional pressure: NR; MI:
NR

Fo: 0.65 MHz; Igpra: 175
mW/cm?; Isppa: 3.5 W/em?; SD:
20 min; PRF: 100 Hz; PD: 0.5
ms; DC: 5% ; Number of
pulses in a sonication: 120000;
Pressure: 0.35 MPa; MI: 0.43
Fo: 0.55 MHz; Ispra: 2.8-9.57
mW/cm? (after attenuation
through skull); Isppa: 19.3-63.8
W/cm? (after attenuation
through skull); SD: 300 ms;
Trials of sonication: 923; ISI: 1
s; PRF: 500 Hz; PD: NR; DC:
NR; Number of pulses in a
sonication: 150; Peak

rarefactional pressure: 0.55-1.0

EEG

Extracellular
level of
dopamine and

serotonin

EEG
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Measured every
150 seconds for
9 times
including 3
times before
stimulation, 1
time during
stimulation, and
5 times after

stimulation

During
stimulation and
up to 100
minutes after

stimulation

During

stimulation

A decrease in VEP magnitude during the
stimulation with Isppa of 3W/cm?and DC of 5%
An increase in VEP magnitude during the
stimulation with DC of 8.3% and Ispps of

3W/cm?

An increase in dopamine level in the frontal lobe
during the 100 minutes after stimulation;
An increase in serotonin level in the frontal lobe

80 to 100 minutes after sonication

A decrease in VEP amplitude

NR

NR

NR



Wang

2020a

Wang

2021b

Yang

2012

Healthy rats

Healthy mice

Healthy rats

fTUS (n=19);

Sham (n=5)

fTUS (n=14);

Sham (n=13)

fTUS (n=9);

Sham (n=9)

Motor

cortex

Periaquedu

ctal gray

Thalamus

132 s/ session; 1

session

20 min/ session; 1

session

20 min/ session; 1

session

MPa (after attenuation through
skull); MI: 0.74-1.35

Fo: 0.5 MHz; Ispra: 440
mW/cm? Isppa: 1.1 W/em?; SD:
400 ms; Trials of sonication:
30; ISI: 4 s; PRF: 1 kHz; PD:
0.4 ms; DC: 40%; Number of
pulses in a sonication: 400;
Peak rarefactional pressure:
NR: MI: NR

Fo: 3.8 MHz; Ispra: 321
mW/cm?; Ispra: 70 mW/em?
(after the attenuation through
skull); Isppa: 642 mW/cm?;
Isppa: 140 mW/cm? (after the
attenuation through skull); SD:
NR; Trials of sonication: NR;
ISI: NR; PRF: 1 kHz; PD: 0.5
ms; DC: 50%; Number of
pulses in a sonication: NR;
Peak rarefactional pressure:
136 kPa; Peak rarefactional
pressure: 63.4 kPa (after the
attenuation through skull); MI:
0.07

Fo: 0.65 MHz; Ispra: 175
mW/cm2; Isppa: 3.5 W/em2;

SD: NR; Trials of sonication:

EEG

OFT

Extracellular

level of GABA
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During the
stimulation and
up to 2.1
seconds after

sonication

During the

stimulation

During
stimulation and

up to 100

An increase in LFP amplitude during stimulation

and lasted 1.4 seconds after stimulation

An increase in the time spent moving at high

speed and an increase in mean speed

A decrease in GABA level in the frontal lobe

over time after stimulation

NR

The estimated
elevated temperature
was 0.002 °C;

H&E and Nissl
staining showed no
brain tissue injury

caused by fTUS

H&E staining showed
no hemorrhaging or

tissue damage at the



Yoo Healthy rats
2011

Yoo Healthy rats
2018

Zhao Healthy mice
2023

Healthy mice

fTUS; No Thalamus
fTUS; (n=15
in the

crossover

study)

fTUS; Sham; Somatosens

(n=11 in the ory area

crossover

study)

fTUS (n=6); Somatosens

Sham (n=6) ory cortex

fTUS (n=6);

Sham (n=3)

20 min/ session; 1

session

10 min/ session; 1

session

25 min/ session; 1
session per day

for 7 days

NR; ISI: NR; PRF: 100 Hz;
PD: 0.5 ms; DC: 5%; Number
of pulses in a sonication: NR;
Peak rarefactional pressure:
0.35 MPa; MI: 0.43

Fo: 0.65 MHz; Ispra: 300
mW/cm?; Isppa: 6 W/em?; SD:
NR; Trials of sonication: NR;
ISI: NR; PRF: 100 Hz; PD: 0.5
ms; DC: 5%; Number of pulses
in a sonication: NR; Peak
rarefactional pressure: 0.49
MPa; MI: 0.61

Fo: 0.65 MHz; Ispra: 210

mW/cm?; Isppa: 4.2 W/em?; SD:

NR; Trials of sonication: NR;
ISI: NR; PRF: 100 Hz; PD: 0.5
ms; DC: 5%; Number of pulses
in a sonication: 60000; Peak
rarefactional pressure: NR; MI:
NR

Fo: 1 MHz; Igpra: 430 mW/cm?;
Isppa: 8.6 W/cm?; SD: 5 min;
Trials of sonication: 3; ISI: 5
min; PRF: 1 Hz; PD: 50 ms;
DC: 5%; Number of pulses in a
sonication: 300; Pressure: 0.51

MPa; MI: 0.51

Emergence

from anesthesia

EEG

Whisker-
dependent

behavior test

The two-photon
fluorescence
imaging
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minutes after

stimulation

After the

stimulation

5 minutes to 35
minutes after

stimulation

At stimulation
endpoint; 7, 14
days after
stimulation

At stimulation

endpoint; 7, 14,

A decrease in the time to initiation of responses
to an air puff to the eyes, hind-paw pinching, and

voluntary movements of limbs

Differential SEP features were evident and

persisted beyond 35 minutes after stimulation

A Dbetter performance at stimulation endpoint

An increase in synaptic activity at the stimulation

endpoint and after stimulation;

sonication focus or
the tissue exposed to

the beam path

The estimated
temperature rise of
0.0938 °C was
negligible and could
not cause thermal

damage

NR



Guo Healthy rats
2015
Rat models of
ischemic
brain injury
Niu 2020  Healthy mice

Mouse
models of
morphine

addiction

fTUS; No
fTUS; (n=9 in

total)

fTUS (n=16);
No fTUS

(n=16)

£TUS (n=14);

Sham (n=18)

fTUS (n=6);

Sham (n=6)

fTUS (n=4);

Sham (n=NR)

Somatosens

ory cortex

Ischemic

cortex

Nucleus

accumbens

Nucleus

accumbens

24 min/ session; 1

session

60 min/ session

with 360 trials

30 min/ session; 1
session per day

for 5 days

30 min/ session; 1
session per day

for 5 days

Fo: 0.5 MHz; Isppa: 2.155

W/em?; Ispra: 43, 57, 72

mW/cm?; SD: 0.4-0.67 s; Trials

of sonication: 12; ISI: 2 min;
PRF: 1.5 kHz; PD: NR; DC:
NR; Number of pulses in a
sonication: 600, 800, 1000;
Peak rarefactional pressure:
NR; MI: NR

Fo: 0.5 MHz; Ispra: 86
mW/cm?; Ispra: NR; SD: 0.4 s;
Trials of sonication: 360; ISI:
10 s; PRF: 1.5 kHz; PD: NR;
DC: NR; Number of pulses:
600; Peak rarefactional
pressure: NR; MI: NR

Fo: 3.4 MHz; Ispra: mW/cm?;
Ispra: ; SD: 1 s; Trials of
sonication: 600; ISI: 2 s; PRF:
1 kHz; PD: 0.05 ms; DC: 5%;
Number of pulses: 1000;

Pressure: 304 kPa; MI: 0.75

LSI

Neurological
severity score
Infarct volume
Number of

neutrophils

Conditioned
place preference
test

Level of GluAl,
GluA2 and
GluA3
Morphine-
induced place

preference test
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and 21 days
after stimulation
Measured from
4 seconds
before
stimulation to
16 seconds after

stimulation

48 hours after

stimulation

At stimulation

endpoint

7 days after

stimulation

After 2 days
stimulation and
after 5 days

stimulation

An increase in number of spines and spines
formation at stimulation endpoint

An increase in cerebral blood flow velocity

immediately after the stimulation and maintained

up to 12 seconds after stimulation

A decrease in score

A decrease in infarct volume

A decrease in neutrophils in lateral striatum and a

part of ischemic cortex

A decrease in time spent on the stimulated side

An increase in GluAl, and a decrease in GluA2

and GluA3 level in nucleus accumbens

A decrease in score of conditioned place

preference test

NR

The maximum

temperature increased

after fTUS was

estimated to be less

than 0.003°C



Yi 2022

Zhou

2019

Zhou

2021

Healthy mice

Mouse
models of

depression

Healthy rats

Rat models of
acute
Parkinson’s

disease

Healthy rats

Healthy rats

Mouse
models of
chronic
Parkinson’s

disease

fTUS (n=6);

Sham (n=6)

fTUS (n=13);

Sham (n=10)

fTUS (n=3);

Sham (n=3)

fTUS (n=8);

Sham (n=8)

fTUS (n=4);

Sham (n=4)

fTUS (n=4);

Sham (n=4)

£TUS (n=13);

Sham (n=12)

Prefrontal 30 min/ session; 1

cortex session

Prefrontal

cortex

Motor 40 min/ session; 1

cortex session/ day for 7
days

Motor

cortex

Subthalami 30 min/ session; 1

¢ nucleus session

Primary

visual

cortex

Subthalami 30 min/ session; 2

¢ nucleus sessions per week

for 5 weeks

Fo: 0.5 MHz; Ispra: 5.05
W/em?; Isppa: 10.09 W/ecm?;
SD: 60 s; PRF: 100 Hz; PD: 5
ms; DC: 50%; Number of
pulses in a sonication: 6000;
Peak rarefactional pressure:
0.62 MPa; MI:0.88

Fo: 0.8 MHz; Ispra:76 mW/cm?
(after attenuation through
skull); Isppa:760 mW/cm? (after
attenuation through skull); SD:
6 s; Trials of sonication: 150;
ISI: 10 s; PRF: 100 Hz; PD: 1
ms; DC: 10%; Number of
pulses in a sonication: 600;
Peak rarefactional pressure:
NR; MI: 0.1

Fo: 3.8 MHz; Ispra: 430
mW/cm?; Isppa: 860 mW/cm?;
SD: 1 s; Trials of sonication:
360; ISI: 4 s; PRF: 1 kHz; PD:
0.5 ms; DC: 50%; Number of
pulses in a sonication: 1000;
Peak rarefactional pressure:

190 kPa; MI: 0.1

Number of c-
Fos positive
neurons

TST, FST, EPM
Level of
inflammatory
factors

Number of c-
Fos positive
neurons

OFT, pole test

Total SOD and

GSH-PX level

Number of c-
Fos positive
neurons
Number of c-
Fos positive
neurons
Rotarod test
and, pole test
Number of
dopaminergic

neurons
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At stimulation

endpoint

17.5 hours after

stimulation

At stimulation

endpoint

During the
stimulation
period

1 day after

stimulation

At stimulation

endpoint

At stimulation

endpoint

At treatment

endpoint

An increase in c-Fos positive neurons in

prefrontal cortex

A better performance in TST, FST and EPM

A decrease in IL-6, IL-1B, TNF-a levels in

prefrontal cortex

A significant increase in c-Fos positive neurons

in motor cortex

A better performance in OFT and pole test

An increase in total SOD and GSH-PX in

striatum

An increase in c-Fos positive neurons in

subthalamic nucleus

An increase in c-Fos positive neurons in primary

visual cortex

A better performance in rotarod test and pole test

An increase in dopaminergic neurons in SN

H&E and Nissl
staining showed no

tissue damage

NR

The estimated
elevated temperature
was less than 0.02 °C;
H&E and Nissl
staining showed no
tissue damage or
hemorrhage

associated with fTUS

H&E, Nissl and

TUNEL staining
showed no brain
tissue injury was

induced by fTUS



Baek Mouse fTUS (n=12);
2018 models of No fTUS
ischemic (n=12)
brain injury
Cao Rat models of  fTUS (n=7);
2022 hypertension No fTUS
(@=7)

Lateral
cerebellar

nucleus

Solitary
tract

nucleus

20 min/ session; 2
sessions with an

interval of 20 min

20 min/ session; 1
session per day

for 2 months

Fo: 0.35 MHz; Igpra: 1.27
W/em?; Isppa: 2.54 W/em?; SD:
100 ms; Trials of sonication:
571; ISI: 2 s; PRF: 1 kHz; PD:
0.5 ms; DC: 50%; Number of
pulses in a sonication: 100;
Peak rarefactional pressure:
NR; MI: 0.54

Fo: 0.6 MHz; Ispra: 1.64
W/em?; Isppa: 3.28 W/em?; SD:
200 ms; Trials of sonication:
230; ISI: 5 s; PRF: 250 Hz; PD:
2 ms; DC: 50%; Number of
pulses in a sonication: 50; Peak
rarefactional pressure: 0.32

MPa; MI: 0.41

TNF-q, IL-1p,

COX-2, NF-xB

levels
Amount of
microglia and
astrocytes

Ibal, GFAP,

aSyn and iNOS

levels

SOD level
Balance beam
test, adhesive

removal test

Brain edema

Blood pressure

Number of c-
Fos expressing
neurons

Blood plasma
levels of

hormones

60

At treatment
endpoint and
during the 4-
week follow-up
period

2 days after

treatment

During the
treatment period
During the

treatment period

At treatment

endpoint

A decrease in TNF-a, IL-1B, COX-2, NF-xkB

levels in SN and striatum

A decrease in microglia and astrocytes in SN and

striatum

A decrease in Ibal, GFAP, aSyn and iNOS levels

levels in SN and striatum

An increase in SOD level in SN and striatum

A better performance in balance beam test and

adhesive removal test

A decrease in brain edema in ipsilateral

hemisphere

A decrease in blood pressure

An increase in c-Fos expressing neurons in

solitary tract nucleus

A decrease in plasma level of Aldo, ANGII,

ANF, and Cor

Histological analysis
showed no sign of
bleeding or tissue
damage in the
cerebellum in 3
healthy rats exposed
to the same fTUS as
the fTUS group

H&E staining,
TUNEL assay, and
Nissl staining showed
no apparent
morphological or
cellular damage in rat
brain tissue after 2

months of fTUS



Chen

2020

Rat models of

epilepsy

fTUS1 (n=6);
fTUS2
(n=15);
fTUS3 (n=6);
fTUS4 (n=7);
fTUS5
(n=22); Sham

(n=20)

Hippocamp
us and
thalamus

regions

600 s/ session for
fTUSI1, fTUS2,
fTUS3, fTUSS;
100 s/session for

fTUS4; 1 session

fTUSI:

Fo: 0.5 MHz; Ispra: 703
mW/cm?; Isppa: 2.34 W/em?;
SD: 600 s; PRF: 100 Hz; PD: 3
ms; DC: 30%; Number of
pulses in a sonication: 60000
fTUS2:

Fo: 0.5 M Hz; Ispra: 750
mW/cm?; Isppa: 9.38 W/em?;
SD: 600 s; PRF: 100 Hz; PD:
0.8 ms; DC: 8%; Number of
pulses in a sonication: 60000
fTUS3:

Fo: 0.5 M Hz; Ispra: 1.25
W/em?; Isppa: 4.17 W/em?; SD:
600 s; PRF: 100 Hz; PD: 3 ms;
DC: 30%; Number of pulses in
a sonication: 60000

fTUS4:

Fo: 0.5 M Hz; Ispra: 2.812
W/em?; Isppa: 9.37 W/em?; SD:
100 s; PRF: 100 Hz; PD: 3 ms;
DC: 30%; Number of pulses in
a sonication: 10000

fTUSS:

Fo: 0.5 M Hz; Ispra: 2.812
W/em?; Isppa: 9.37 W/em?; SD:

600 s; PRF: 100 Hz; PD: 3 ms;

EEG

61

Measured from
5 minutes
before injection
of
pentylenetetrazo
1 to 30 minutes

after stimulation

A decrease in the number of spikes in all fTUS
groups 10-15 minutes after pentylenetetrazol
injection;

A decrease in the number of spikes in fTUS2 and
fTUSS groups 15-20 minutes after
pentylenetetrazol injection;

A decrease in power spectral density of entire
spectrum and decreases in alpha and theta power
spectral densities in fTUS5 group 10-15 min after
pentylenetetrazol injection;

A decrease in beta power spectral density in
fTUS4 and fTUS5 groups 10-15 min after
pentylenetetrazol injection;

A decrease in gamma power spectral density in
fTUS2, fTUS4, fTUSS groups 10-15 min after

pentylenetetrazol injection

No behavioral
abnormalities were
observed, and H&E
staining and low-
magnification images
showed no obvious
tissue damage or
inflammation, in rats
treated with fTUS
under these exposure

parameters



Feng

2021

Guo

2021

Mouse
models of
acute
neuropathic

pain

Mouse
models of
chronic
neuropathic

pain

Mouse
models of
depression
Mouse
models of

demyelination

fTUSI (n=6);
fTUS2 (n=6);

Sham (n=6)

fTUS2
(n=12); Sham

(n=12)

fTUS (n=8-
9); Sham
(n=8-9)
fTUS (n=3-
4); Sham

(n=3-4)

ACC

NR

15 min/ session; 1
session per day

for 21 days

20 min/ session; 1
session per day

for 22 days

DC: 30%; Number of pulses in
a sonication: 60000

For fTUSI-5 and sham fTUS:
Peak rarefactional pressure: 0-
0.53 MPa; MI: 0-0.75

fTUSI:

Fo: 3.7 MHz; Ispra: 1.598
W/em?; Isppa: 15.980 W/em?;
SD: 0.4 s; Trials of sonication:
300; ISI: 2.6 s; PRF: 1.5 kHz;
PD: 0.07 ms; DC: 10%;
Number of pulses in a
sonication: 600; Pressure: 690
kPa; MI: 0.36

fTUS2:

Fo: 3.7 MHz; Ispra: 3.498
W/em?; Isppa: 34.982 W/em?;
SD: 15 min; PRF: 1.5 kHz; PD:
0.07 ms; DC: 10%; Number of
pulses in a sonication: 600;
Pressure: 950 kPa; MI: 0.49
Fo: 1.5 MHz; Intensity: 25
mW/cm?; SD: NR; Trials of
sonication: NR; ISI: NR; PRF:
1 kHz; PD: 0.2 ms; DC: 20%;
Number of pulses in a

sonication: NR; Peak

Nociceptive test

Nociceptive test

Expression of
genes

SPT
Doublecortin
level

MBP level and

NG2 level

62

During the
treatment period
and 4, 11, 18
days after

treatment

During the
treatment period
and 3 days after
treatment

At treatment
endpoint

24 hours after

treatment

24 hours after

treatment

An increase in mechanical withdrawal threshold H&E

in contralateral side in the fTUS1 group 11 days staining showed no
after treatment; abnormal findings in
An increase in mechanical withdrawal threshold ACC after fTUS

in surgical side in the fTUS2 group during the

follow-up period;

An increase in mechanical withdrawal threshold

and an increase in thermal withdrawal threshold

in contralateral side in the fTUS2 group 4 days

after treatment

An increase in mechanical withdrawal threshold

in the surgical side during treatment period

A decrease in expression of Hnrnph1 and Hnrnpd

An increase in SPI NR
An increase in doublecortin level in the

hippocampus

An increase in MBP and NG2 levels in the

corpus callosum



Hakimo

va 2015

Min

2011a

Pang

2021

Mouse

models of

epilepsy

Mouse

models of

epilepsy

Rat models of

epilepsy

Aging mice

fTUS (n=13);
No fTUS

(n=10)

fTUS (n=7);
No fTUS

(n=9)

fTUS (n=9);

Sham (n=9)

fTUS1
(n=14);
fTUS2
(n=15); Sham

(n=15)

Hippocamp

us

Hippocamp

us

Thalamus

Ventromedi
al
hypothalam

ic nucleus

30 s/ session;

Many sessions per

day in 5h, for 35
days

30s/ session;

Many sessions per

day in 5h, for 21

days

3 min/ session; 2

sessions with a

10-minute interval

15 min/ session; 1
session per day

for two 14 days,

with 2.5 months in

between

rarefactional pressure: NR; MI:
NR

Fo: 0.2 MHz; Ispra: NR; Isppa:
NR; SD: 30 s; PRF: 500 Hz;
PD: 1 ms; DC: 50%; Number
of pulses in a sonication:
15000; Peak rarefactional

pressure: NR; MI: NR

Fo: 0.65 MHz; Ispra: 130

mW/cm?; Isppa: 2.6 W/em?; SD:

3 min; PRF: 100 Hz; PD: 0.5
ms; DC: 5%; Number of pulses
in a sonication: 18000; Peak
rarefactional pressure: 0.27

MPa; MI: 0.33

fTUSI:

Fo: 1 MHz; Igpra: 540 mW/cm?;
Isppa: 5.4 W/em?; SD: 1 s;
Trials of sonication: 150; ISI: 5

s; PRF: 1 kHz; PD: 100 ps;

Sociability task,

FST

EEG

EEG

EEG

Racine score

Grip strength

63

During
stimulation
period (day 21
to day 35)
During the

stimulation

Measured for 2
weeks after
stimulation
During
stimulation and
upto 10
minutes after
stimulation

At stimulation

endpoint

During the
stimulation
period and at
stimulation

endpoint

A better performance in sociability task and FST

An increase in latency to status epilepsy;
A decrease in spike frequency during status
epilepsy

A decrease in spontaneous recurrent seizure

A decrease in number of epileptic bursts after 1%
session, during and after the 2" session;

A decrease in theta activity after the 2" session

A decrease in score

An increase in grip strength at stimulation

endpoint in fTUS2 group

NR

H&E staining and
TUNEL assay
showed no damage in
the brain tissue in
healthy rats subjected
to the same
experimental
procedure as the
fTUS group

H&E staining showed
no tissue damage or
hemorrhaging in the
hypothalamus after

fTUSI or fTUS2



Park

2021

Peng

2021

Mouse fTUS (n=6);

models of Sham (n=6)

Alzheimer’s

disease

Rat models of  fTUS (n=15);

TBI No fTUS
(n=15)

Entire brain

Brain
damage
area (in the
parietal

lobe)

2 h/ session
(repeated in
stimulation blocks
of 10-s ON and
30-s OFF
periods); 1 session
per day for 2
weeks

10 min/ session; 1
session per day

for 10 days

DC: 10%; Number of pulses in
a sonication: 1000; Peak
rarefactional pressure: 0.13
MPa; MI: 0.13

fTUS2:

Fo: 1 MHz; Ispra: 540 mW/cm?;
Isppa: 5.4 W/em?; SD: 1 s;
Trials of sonication: 150; ISI: 5
s; PRF: 10 Hz; PD: 10 ms; DC:
10%; Number of pulses in a
sonication: 100; Peak
rarefactional pressure: 0.13
MPa; MI: 0.13

Fo: 0.3 MHz; Ispra: 14.4

mW/cm?; Isppa: 1.2 W/em?; SD:

200 ms; Trials of sonication:
10; ISI: 800 ms; PRF: 40 Hz;
PD: 3 ms; DC: 12%; Number
of pulses in a sonication: 8;
Peak rarefactional pressure:
NR; MI: NR

Fo: 0.5 MHz; Intensity: 1.2
W/cm?; SD: 400 ms; PRF: 1
Hz; PD: 0.5 ms; DC: 0.05%;
Number of pulses in a
sonication: 0.4; Peak
rarefactional pressure: NR; MI:

NR

Level of
apoptosis
factors

Level of
NMDA
receptors and
inflammatory

cytokines

AB42 level

EEG

DWI

Neurological
function score
Loss rate of

Nissl body
64

At stimulation

endpoint

At treatment
endpoint
During the
treatment period
and at treatment

endpoint

During the
treatment
period;

At treatment
endpoint

At treatment

endpoint

A decrease in Bax and an increase in Bcl-2/Bax

ratio in fTUS2 group

A decrease in NMDAR2B level in fTUS1 and
fTUS2 groups;

A decrease in TNF, IL-1p in fTUS1 group

A decrease in total AB42 level in the pre- and
infra-limbic cortex
An increase in spontaneous gamma power at

treatment endpoint

A decrease in ADC value during treatment period
and at treatment endpoint;

An increase in FA value at any timepoints

An increase in neurological function score during
the treatment period

A decrease in loss rate of Nissl body

Perls’ Prussian blue
staining showed no
significant difference
in micro-bleeding

between groups

NR



Sharabi

2019

Song

2022

Tsai

2022

Rat models of
essential

tremor

Rat models of
Parkinson’s

disease

Rat models of

schizophrenia

fTUS (n=13);

Sham (n=3)

fTUS (n=4);
No fTUS

(n=4)

fTUS (n=8);
No fTUS

(0=8)

Olivo-
cerebellar

system

Right

striatum

3.0 mm
posterior
and 2.5 mm

lateral to

52 s/ session; 1-3

sessions

25 min/ session; 1
session/ day;
5 days per week

for 6 weeks

25 min/ session; 1
session/ day for 5

days

Fo: 0.23 mHz; Ispra: NR; Isppa: EMG During

27.2 W/em?; SD: 100 ms; stimulation and
Trials of sonication: 17; ISI: up to 5 minutes
2900 ms; PRF: NR; PD: NR; after stimulation
DC: NR; Number of pulses in a or until tremor
sonication: NR; Peak recovered

rarefactional pressure: NR; MI:

NR

Fo: 1 MHz; Ispra: 528 mW/cm?, ~ Amount of At treatment
Isppa: 10.56 W/cm?; SD: 5 min; astroglia and endpoint
Trials of sonication: 3; ISI: 5 microglia, and

min; PRF: 1 Hz; PD: 50 ms; level of IL-1B

DC: 5%; Number of pulsesina  and p-NF-xB
sonication: 300; Peak p65

rarefactional pressure: NR; MI: ~ GDNF level

NR

Amount of

dopamine

transporter

Z0O-1 and

claudin-5 level
Fo: 1 MHz; Igpra: 528 mW/cm?*  NOR, MWM 24 hours after
Isppa: 10.56 W/cm?; SD: 5 min; the treatment

Level of

Trials of sonication: 3; ISI: 5
calbindin and

min; PD: 50 ms; PRF: 1 Hz;
parvalbumin

65

A decrease in tremor frequency during or after
the sonication in 12 responding rats, with
complete tremor suppression in 6 responding
rats;

A decrease in average tremor frequency of the

responding rats compared to baseline

A decrease in astroglia and microglia and a
decrease in IL-1p and p-NF-«B p65 levels in the

substantia nigra pars compacta

An increase in GDNF level in the substantia
nigra pars compacta
An increase in dopamine transporter in the

substantia nigra pars compacta

An increase in ZO-1 and claudin-5 level in the

substantia nigra pars compacta

A better performance in NOR and MWM

An increase in hippocampal calbindin and

parvalbumin level

No signs of
neurological damage
or reduction in well-
being in all rats;

The MR images of all
scanned rats showed
no abnormalities, or
signs of treatment-
induced toxicity
H&E and Nissl
staining showed no
fTUS-induced brain
tissue injury in
healthy rats subjected
to the same
experimental
procedure as the

fTUS group

NR



Wang

2020b

Wang

2021a

Wang

2023a

Mouse fTUS (n=11);
models of Sham (n=6)
Parkinson’s

disease

Mouse fTUS (n=6);
models of No fTUS
ischemic (n=6)

brain injury

Rat models of

ADHD

the bregma

of the brain

Subthalami

¢ nucleus

Ischemic

hemisphere

Prefrontal

cortex

5 min/ session; 1

session

10 min/ session; 1
session per day

for 7 days

15 min/ session; 1

session/ day; 6

DC: 5%; Number of pulses in a
sonication: 300; Peak
rarefactional pressure: NR; MI:

NR

Fo: 0.5 MHz; Ispra: 379.5

mW/cm?; Isppa: 7.59 W/em?;

SD: 50 ms; Trials of sonication:

286; ISI: 1 s; PRF: 1 kHz; PD:
0.05 ms; DC: 5%; Number of
pulses in a sonication: 50;
Maximum pressure: 0.39 MPa;
MI: 0.55

Fo: 0.5 MHz; Ispra: 60
mW/cm?; Isppa: 120 mW/cm?;
SD: 300 ms; Trials of
sonication: 360; ISI: 2.7 s;
PRF: 1 kHz; PD: 0.5 ms; DC:
50%; Number of pulses in a
sonication: 300; Peak
rarefactional pressure: NR; MI:

NR

Fo: 0.5 MHZ, ISPTA: 468

mW/cm?; Isppa: 9.36 W/em?;

Number of
parvalbumin-
positive and
calbindin-

positive cells

BDNF level

EEG S minutes after
stimulation

Brain atrophy At treatment

volume endpoint

Neurological

severity score
EBST, corner
test

Number of M2
microglia, level

of IL-10 and IL-

10R
OFT, MYM, Y-  1-4 days after
maze the treatment

66

An increase in and parvalbumin-positive and

calbindin-positive cells in cingulate cortex

A decrease in hippocampal BDNF level and an
increase in BDNF level in prefrontal cortex

A decrease in power spectrum of LFPs in beta
band;

A decrease in PACI of LFPs of beta/high gamma
band and a decrease in PACI of LFPs of

beta/ripple band

A decrease in brain atrophy volume

A decrease in neurological severity score

A better performance in EBST and corner test

An increase in M2 microglia and an increase in

IL-10 and IL-10R levels

A better performance in OFT, MYM and Y-maze

spontaneous alternation test

NR

NR

NR



fTUS (n=6);
No fTUS
(n=6)
Yang Rat models of  fTUS (n=5); Demyelinat
2022 demyelination  No fTUS ion lesion
(n=5) in the brain
(CAL
region of
the right
hippocamp
us)
Yao Rat models of  Pre-fTUS Whole
2022 migraine (n=7); Post- brain

days per week for

2 weeks

25 min/ session; 1
session per day

for 5 days

15 min/ session; 1

session

SD: 50 ms; Trials of sonication:

857;1SI: 1 s; PRF: 1 Hz; PD:
50 ms; DC: 5%; Number of
pulses in a sonication: 0.05;
Maximum pressure: 0.53 MPa;

MI: 0.75

Fo: 1 MHz; Ispra: 500 mW/cm?;
Isppa: 2.5 W/ecm?; SD: 5 min;
Trials of sonication: 25 min;
ISI: 5 min; PRF: 100 Hz; PD: 2
ms; DC: 20%; Number of
pulses in a sonication: 30000;
Peak rarefactional pressure:

NR; MI: NR

Fo: 0.5 MHZ, ISPTA: 415

mW/cm?; Isppa: 8.3 W/em?; SD:

spontaneous

alternation test

T-maze During the
treatment period

EEG During the
treatment
period;
1 day and 7
days after
treatment

BDNF level At treatment
endpoint

Amount of At treatment

remyelination endpoint

fibers

Number of

astrocytes and

microglia

Microglial

morphology

Number of

oligodendrocyte

s

BDNF level

Number of head  Measured

scratches before, during

67

A higher percentage of correct choices from day
3 to day 12

An increase in average of spike firing rates of all
neurons on day 7, and 1 day, 7 days after
treatment;

A lower LFPs at theta bands and higher LFPs at
beta bands 1 day and 7 days after treatment;
Higher LFPs 7 days after treatment

An increase in BDNF level

An increase in remyelination fibers in

hippocampus

A decrease in microglia and astrocytes in

hippocampus

An increase in the ramified microglia and a
decrease in the hypertrophic, dystrophic, rod-
shaped and amoeboid microglia in hippocampus
A decrease in oligodendrocyte progenitor cells
and an increase in mature oligodendrocytes in
hippocampus

An increase in hippocampal BDNF level

A decrease in the number of head scratches in the

pre-fTUS group and the post-fTUS groups

NR

NR



Yuan

2020

Zhang

2019

Zhang

2022b

Mouse
models of
Parkinson’s

disease

Rat models of

depression

Rat models of

pain

fTUS (n=7);
No fTUS

(0=7)

fTUS (n=8);

Sham (n=8)

fTUS (n=17);

Sham (n=16)

fTUS (n=6);
No fTUS

(0=6)

Subthalami

¢ nucleus

Left
prelimbic

cortex

Periaquedu

ctal gray

5 min/ session; 1
session per day

for 2 weeks

15 min/ session; 1
session per day

for 2 weeks

5 min/ session; 1

session

15 min; PRF: 1 Hz; PD: 50 ms;
DC: 5%; Number of pulses in a
sonication: 900000; Peak-to-
peak pressure: 0.5 MPa; MI:
0.71

Fo: 0.5 MHz; Ispra: 255

mW/cm?; Isppa: 5.1 W/em?; SD:

50 ms; Trials of sonication:
286; ISI: 1 s; PRF: 1 kHz; PD:
0.05 ms; DC: 5%; Number of
pulses in a sonication: 50;
Maximum pressure: 0.39 MPa;
MI: 0.55

Fo: 0.5 MHz; Ispra: 4.55
W/em?; Isppa: 7.59 W/em?; SD:
400 ms; Trials of sonication:
265; ISI: 3 s; PRF: 1.5 kHz;
PD: 0.4 ms; DC: 60%; Number
of pulses in a sonication: 600;
Spatial-peak temporal-peak
pressure: 0.38 MPa; MI: 0.54
Fo: 0.65 MHz; Ispra: 691
mW/cm? (after attenuation
through skull); SD: 5 s; Trials
of sonication: 30; ISI: 5 s; PRF:
100 Hz; PD: 1 ms; DC: 10%;
Number of pulses in a

sonication: 500; Peak

LSI

Wire hanging

test, OFT, FST

SPT, OFT

BDNF level

EEG

68

and after
stimulation for a
total of 135

minutes

During the
treatment period
(day 1, 2,3, 4,
7) and at
treatment
endpoint (day

14)

At treatment

endpoint

Measured
before
stimulation to
25 minutes after

stimulation

No significant difference in average cerebral

blood flow velocity between groups

A better performance on day 4, day 7, and at

treatment endpoint

A better performance in SPT and OFT

An increase in BDNF level in hippocampus

A decrease in LFP intensity of delta, theta, beta,

and gamma waves during stimulation

H&E staining showed
no fTUS-induced

brain tissue injury

H&E staining showed
no notable brain

tissue injury



Zhu Mouse fTUS (n=11);
2023 models of Sham (n=11)
depression

Healthy mice ~ fTUS (n=3);

Sham (n=3)
Wang Healthy mice  unfocused
2023b TUS (n=10);

Sham (n=10)

Dorsal
raphe
nucleus
Dorsal
raphe

nucleus

Motor

cortex

30 min/ session; 1
session per day
for 3 weeks

30 min/ session; 1

session

25 min/ session; 1
session per day

for 7 days

rarefactional pressure: 0.47
MPa (after attenuation through
skull); MI: 0.58

Fo: 1.1 MHz; Ispra: 2.84 W/cm?
(after attenuated through skull);
Isppa: 5.68 W/cm? (after
attenuated through skull); SD:

1 s; Trials of sonication: 900;
ISI: 1 s; PRF: 1 kHz; PD: 0.5
ms; DC: 50%; Number of
pulses in a sonication: 1000;
Maximum pressure: 484 kPa;
MI: 0.46

Fo: 0.5 MHz; Ispra: 466
mW/cm?; Isppa: 9.3 W/em?;
PRF: 1 Hz; SD: 5 min; Trials of
sonication: 3; ISI: 5 min; PD:
50 ms; DC: 5%; Number of
pulses in a sonication: 300;

Pressure: 0.53 MPa; MI: 0.75

TST

5-HT level

Number of c-
Fos positive

neurons

NREM sleep
ratio, REM
sleep ratio

LFP changes in

NREM sleep

LFP changes in

REM sleep

69

At stimulation

endpoint

1 hour after

stimulation

During the
stimulation
period (day 1,
day 3) and at
stimulation

endpoint (day 7)

A decrease in tail suspension immobility duration

An increase in 5-HT level in dorsal raphe nucleus

An increase in c-Fos positive neurons

An increase in NREM sleep ratio and a decrease

in REM sleep ratio on day 3 and day 7

An increase in power of delta bands on day 3 and
day 7,

A decrease in power of spindle bands on day 1,
day 3 and day 7;

A decrease in sample entropy of delta bands and
an increase in sample entropy of spindle bands
on day 7

A decrease in power of theta bands and an
increase in sample entropy of theta bands on day

7,

H&E staining showed
no brain tissue

damage

NR



Healthy mice

Mouse
models of
sleep

disorders

Mouse
models of

sleep disorder

Mouse
models of
Alzheimer’s
disease with

sleep disorder

unfocused
TUS (n=6);

Sham (n=6)

unfocused
TUS (n=6);

Sham (n=6)

unfocused
TUS (n=6);

Sham (n=6)

unfocused
TUS (n=6);

Sham (n=6)

Hippocamp

us

Motor

cortex

Hippocamp

us

Motor

cortex

LFP changes in
NREM sleep
LFP changes in

REM sleep

REM sleep ratio
LFP changes in

REM sleep

Total sleep
time, LFP
changes in
NREM and

REM sleep

Total sleep time
NREM sleep
ratio, REM
sleep ratio

LFP changes in

NREM sleep

70

During the
stimulation
period (day 1,
day 3) and at
stimulation
endpoint (day 7)
During the
stimulation
period (day 1,
day 3) and at
stimulation
endpoint (day 7)
During the
stimulation
period (day 1,
day 3) and at
stimulation
endpoint (day 7)
During the
stimulation
period (day 1,
day 3) and at
stimulation

endpoint (day 7)

An increase in power of gamma bands and a
decrease in sample entropy of gamma bands on
day 3 and day 7

An increase in power of delta and spindle bands
on day 3 and day 7

A decrease in power of theta and gamma bands

on day 3 and day 7

A decrease in REM sleep ratio on day 7

A decrease in power of theta bands on day 3

No significant difference between groups

An increase in total sleep time on day 7
A significant increase in NREM and REM sleep

ratio on day 7

An increase in power of delta bands and a
decrease in sample entropy of delta bands on day

3 and day 7;

NR

NR

NR

NR



A decrease in sample entropy of spindle bands on

day 7
LFP changes in A decrease in power of theta bands and an
REM sleep increase in sample entropy of gamma bands on
day 7,

An increase in sample entropy of theta bands on

day 3 and day 7

Xu 2020 Mouse unfocused NR 5 min/ session; 1 Fo: 1 MHz; Intensity: 0.3 Number of At treatment An increase in dopaminergic neurons in the H&E staining showed
models of TUS (n=6); session per day W/cm?; SD: 5 min; PRF: NR; dopaminergic endpoint striatum no pathological
Parkinson’s No unfocused for 10 days PD: NR; DC: 100%; Number neurons difference between
disease TUS (n=6) of pulses in a sonication: NR; groups

Peak rarefactional pressure:

NR; MI: 1.43

fTUS: focused transcranial ultrasound stimulation; Fy: fundamental frequency; Ispra: spatial peak temporal average intensity; Isppa: spatial peak pulse average intensity; SD: sonication duration; PRF: pulse repetition frequency; PD: pulse duration; DC:
duty cycle; MI: mechanical index; MEPs: motor evoked potentials; TMS: transcranial magnetic stimulation; GFAP: glial fibrillary acidic protein; NR: not reported; ISI: inter stimulation interval; EEG: electroencephalogram; AEP: auditory evoked
potential; MR: magnetic resonance; H&E: hemetoxylin and eosin; ACC: anterior cingulate cortex; fMRI: functional magnetic resonance imaging; sSMRI: structural magnetic resonance imaging; ESPCs: excitatory spontaneous postsynaptic currents; PET:
positron emission tomography; SUV: standardized uptake value; VEP: visual evoked potential; LFP: local field potential; OFT: open field test; GABA: y-aminobutyric acid; SEP: somatosensory evoked potential; LSI: Laser speckle imaging; TST: tail
suspension test; FST: forced swimming test; EPM: elevated plus maze; IL-6: interleukin-6; IL-1f: interleukin-1p; TNF-a: tumor necrosis factor-a; SOD: superoxide dismutase; GSH-PX: glutathione peroxidase; COX-2: cyclooxygenase-2; NF-«xB:
nuclear factor kB; SN: substantia nigra; aSyn: a-synuclein; iNOS: inducible nitric-oxide synthase; TUNEL: terminal deoxynucleotidyl transferase-mediated nick end labeling; Aldo: aldosterone; ANGII: angiotensin II; ANF: atrial natriuretic factor; Cor:
cortisol; SPT: sucrose preference test; SPI: sucrose preference index; MBP: myelin basic protein; NG2: neural/glial antigen 2; NMDA: N-methyl-D-aspartate; TBI: traumatic brain injury; DWI: diffusion weighted imaging; ADC: apparent diffusion
coefficient; FA: fractional anisotropy; EMG: electromyography; p- NF-kB p65: phosphorylation of nuclear factor kB p65; GDNF: glial cell line-derived neurotrophic factor; ZO-1: zonula occludens-1; NOR: novel object recognition; MWM: Morris
water maze; BDNF: brain derived neurotrophic factor; PACI: phase-amplitude coupling index; EBST: elevated body swing test; IL-10: interleukin-10; IL-10R: interleukin-10 receptor; ADHD: attention deficit hyperactivity disorder; MYM: modified Y-

maze; 5-HT: 5-hydroxytryptamine; unfocused TUS: unfocused transcranial ultrasound stimulation; NREM: non-rapid eye movement; REM: rapid eye movement.
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2.5.2 Risk of bias within included studies

According to Cochrane RoB 2, four of eleven human studies were rated
as having an overall high risk of bias, six studies as having a moderate
risk of bias, and one study as having a low risk of bias (Figure 2A, Table
3). The 10-item SYRCLE’s RoB tool was used to assess the quality of 44
animal studies. The item prevalence was rated as follows: “no” (3.9%),
indicating a high risk of bias; “unclear” (58.5%), indicating insufficient

details; “yes” (37.6%), indicating a low risk of bias (Figure 2B, Table 4).

The results of the risk of bias assessment for human and animal studies
are summarized in Figure 2. See Table 3 and Table 4 for the full criteria

for each tool and a full breakdown for each study.
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Figure 2A
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Figure 2. Risk of bias assessment for the included studies (Study 1)

73

100%

100%



Table 3. Full breakdown of study quality assessment for the included human studies using the Cochrane Risk of Bias 2 tool for randomized trials and for randomized crossover trials

Author,
D1 DS D2 D3 D4 DS Overall

Year
Badran ) ) ) )
- Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns
Cheung . ) . S D
2023 Low risk Not applicable Some concerns Low risk High risk Some concerns High risk
Gibson ) . . .
2018 Some concerns Not applicable Some concerns Low risk Low risk Low risk Some concerns
Guerra ) ) ) ) ) ) . . .
2021 High risk Some concerns Low risk High risk Low risk Low risk High risk
Hameroff ) ) ) . ) ) .
2013 Some concerns Some concerns Low risk Low risk Low risk High risk High risk
Matt 2022 | Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns
Reznik : L L . L
2020 Some concerns Not applicable High risk High risk Low risk Some concerns High risk
Samuel ) ) . .
2022 Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns
Sanguinetti . . ) . . i .
2020 Low risk Not applicable Low risk Low risk Low risk Low risk Low risk
Zeng 2022 | Some concerns Some concerns Low risk Low risk Low risk Some concerns Some concerns
Zhang . . . )
2022 Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns

a

Domains for the Cochrane Rob of Bias tool 2: D1: risk of bias arising from the randomization process; DS: risk of bias arising from period and carryover

effects (applicable for crossover trials); D2: risk of bias due to deviations from the intended interventions; D3: risk of bias due to missing outcome data; D4:

risk of bias in measurement of the outcome; D5: risk of bias in selection of the reported result.
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Criteria for the overall risk-of-bias judgement: “Low risk”: the study is judged to be low risk of bias for all domains for this result; “Some concerns”: The

study is judged to raise some concerns in at least one domain for this result, but not at high risk of bias for any domain; “High risk”: The study is judged to be at
high risk of bias in at least one domain for this result, or the study is judged to have some concerns for multiple domains in a way that substantially lowers

confidence in the result.
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Table 4. Full breakdown of study quality assessment for the included animal studies using the Systematic Review Center for Laboratory Animal Experimentation Risk of Bias tool.

Attrition Reportin

Author, Selection bias Performance bias Detection bias . . Others
bias g bias
Year
1 2 3 4 5 6 7 8 9 10

Baek 2018  Unclear Unclear Unclear Yes Unclear Unclear Yes Unclear Yes Yes
Cao 2022 Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Chen 2020 Unclear Unclear Unclear Yes Unclear Unclear Yes No Yes Yes
Chu 2023 Unclear Unclear Unclear Yes Unclear Unclear Unclear Unclear Yes Yes
Daniels

2018 Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Feng 2021 Unclear  Unclear =~ Unclear  Yes Unclear  Unclear  Unclear  Unclear  Yes Yes
Folloni

2019 No Unclear No Yes Unclear Yes No Yes Yes Yes
Guo 2015 Unclear Unclear Unclear Yes Unclear Yes Yes Yes Yes Yes
Guo 2021 Unclear Unclear Unclear Unclear Unclear Yes Unclear No Yes Yes
Hakimova

2015 Unclear Unclear Unclear Yes Unclear Unclear Unclear Unclear Yes Yes
Huang

2019 Unclear Unclear Unclear Yes Unclear Unclear Yes Unclear Yes Yes
Huang

2031 Unclear Unclear Unclear Yes Unclear Unclear Unclear Unclear Yes Yes
Kim 2013 Unclear Unclear Unclear Yes Unclear Yes Unclear Yes Yes Yes
Kim 2015 Unclear Yes Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Niu 2020 Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Min 2011a  Unclear Yes Unclear Yes Unclear Unclear Unclear Yes Yes Yes
Min 2011b  Unclear Yes Unclear Yes Unclear Unclear Unclear Unclear Yes Yes
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Pang 2021
Park 2021
Peng 2021
Sharabi
2018

Song 2022
Tsai 2022
Wang
2020a
Wang
2020b
Wang
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Wang
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Wang
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Wang
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Yang 2012
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Yi 2022 Unclear Unclear Unclear Yes Unclear Unclear Unclear No Yes Yes

Yoo 2011 Unclear Yes Unclear Unclear Unclear Unclear No Yes Yes Yes
Yoo 2018 Unclear Yes Unclear Yes Unclear Unclear Unclear Yes Yes Yes
Yuan 2020 Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Zhang

2019 Unclear Unclear Unclear Unclear Unclear Unclear Yes No Yes Yes
Zhang

2022b Unclear Unclear Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Zhao 2023 Unclear Unclear Unclear Yes Unclear Yes Unclear Yes Yes Yes
Zhou 2019 Unclear Unclear Unclear Yes Unclear Unclear Unclear No Yes Yes
Zhou 2021 Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes Yes Yes
Zhu 2023 Unclear Unclear Unclear No Unclear Yes Unclear Yes Yes Yes

Criteria for each item: Item 1: sequence generation, item 2: baseline characteristics, item 3: Allocation concealment (selection bias); item 4: random housing,

item 5: blinding (performance bias); item 6: random outcome assessment, item 7: blinding (detection bias); item 8: incomplete outcome data (attrition bias);
item 9: selective outcome reporting (reporting bias). item 10: other sources of bias (other bias).

Judgement: “Yes” indicates a low risk of bias; “No” indicates a high risk of bias; “Unclear” indicates an unclear risk of bias

78



2.5.3 Neuromodulation effects of LITUS

The neuromodulation effects of LITUS were categorized under four
domains: clinical and pre-clinical, neuroimaging, neurophysiological, and
histological and biochemical outcomes. A Sankey diagram (Figure 3)
illustrates the main neuromodulation effects of LITUS in human subjects.
Two sunburst charts (Figure 4, Figure 5) illustrate the main
neuromodulation effects of LITUS in healthy animals and in disease

models, respectively.

Cohort Target Effect

Figure 3. Neuromodulation effects of LITUS in human subjects (Study 1)
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Figure 4. Neuromodulation effects of LITUS in healthy animals (Study 1)
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Figure 5. Neuromodulation effects of LITUS in animal disease models (Study 1)

2.5.3.1 Clinical and pre-clinical outcomes

LITUS effects were investigated for a variety of clinical and pre-clinical

outcomes, including pain, mood, motor function, cognitive functions, and
others.

Regarding pain, one human study and two animal studies investigated the
analgesic effects of fTUS. A study demonstrated that two sessions of 10-
minute fTUS in the right anterior thalamus reduced pain sensitivity in
healthy subjects (Badran et al., 2020). Animal studies found that a 10-

minute whole-brain fTUS (Yao et al., 2022) and a 21-day anterior
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cingulate cortex (ACC) fTUS (Feng et al., 2021) alleviated pain in rodent
disease models. Notably, fTUS showed a differential impact on acute and
chronic neuropathic pain (Feng et al., 2021). An online analgesic effect
was found in chronic neuropathic pain, whereas an offline analgesic

effect was found in acute neuropathic pain (Feng et al., 2021).

Regarding mood, four human studies and four animal studies investigated
the antidepressive effects of LITUS. A 30-second right ventrolateral
prefrontal cortex (VLPFC) fTUS in healthy subjects (Sanguinetti et al.,
2020) and a 15-second frontal-temporal cortex unfocused TUS in patients
with chronic pain (Hameroff et al., 2013) resulted in a short-term
improvement in mood for 10-40 minutes after sonication. Another study
performed five 30-second fTUS sessions on the right fronto-temporal
cortex in depressed patients and observed that the trait worry was
mitigated after treatment (Reznik et al., 2020). Notably, six TPS sessions
on the left dorsolateral prefrontal cortex (DLPFC) reduced depressive
symptoms in patients with depression (Cheung et al., 2023). Animal
studies found that fTUS reduced depressive behavior by stimulating the
medial prefrontal cortex (Yi et al., 2022), left prelimbic cortex (Zhang et
al., 2019), dorsal raphe nucleus (Zhu et al., 2023), and hippocampus
(Hakimova et al., 2015).

Two human studies and ten animal studies investigated the modulation
effect of fTUS on motor function. Two studies in healthy subjects
targeting the left primary motor cortex revealed improvements in
movement speed on visuomotor tasks after 10-minute fTUS (Zhang et al.,

2022a) and after 80-second theta-burst fTUS (tb-fTUS) (Zeng et al.,
82



2022). The restoration of motor function was found in rodent disease
models after sonication. Tail muscle strength, movement duration and
distance, motor coordination, bradykinesia and balance disorders were
improved in rodent PD models by administration of fTUS in the motor
cortex (Zhou et al., 2019) and subthalamic nucleus (STN) (Yuan et al.,
2020; Zhou et al., 2021). Motor function recovery was also seen in the rat
models of TBI (Peng et al., 2021) and rodent models of ischemic stroke
(Baek et al., 2018; Guo et al., 2015; Wang et al., 2021a) following
sonication. Ultrasound treatment was applied to the injured area of the
brain, except for one study where sonication was directed to the lateral
cerebellar nucleus (LCN) (Baek et al., 2018). In aging rats, 28 sessions of
10 Hz-fTUS administered to the hypothalamic nucleus enhanced the grip
strength (Pang et al., 2021). A short-term effect on reducing hyperactivity
in rat models of ADHD was observed 2-4 days after 12 fTUS sessions

targeting the prefrontal cortex (Wang et al., 2023a).

Five animal studies investigated the effect of fTUS on cognitive function.
Healthy mice (Zhao et al., 2023), aging mice (Pang et al., 2021), and
rodent disease models, including ADHD (Wang et al., 2023a),
schizophrenia (Tsai et al., 2022) and epilepsy (Hakimova et al., 2015)
were involved in the studies, where the stimulated targets varied. In
summary, an improvement in cognitive function was shown after fTUS
targeting the barrel cortex (a region of the somatosensory cortex in mice)
(Zhao et al., 2023), the prefrontal cortex (Wang et al., 2023a), the

hippocampus (Hakimova et al., 2015) and a brain area lying 3.0 mm
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posterior and 2.5 mm lateral to the bregma of the mouse brain (Tsai et al.,

2022).

Other modulation effects of fTUS were demonstrated in individual
animal studies. These effects included a reduction in epileptic behavior
(Min et al., 2011a) by targeting the thalamus and downregulation of
systolic blood pressure by targeting the solitary tract nucleus in rodent
disease models (Cao et al., 2022); as well as induction of avoidance
behavior by targeting nucleus accumbens in healthy mice and mouse
models of addictive disorder (N1u et al., 2020), triggering of defensive
behavior by targeting the periaqueductal gray (Wang et al., 2021b) and
the facilitation of recovery from anesthesia by targeting thalamus (Yoo et

al., 2011) in healthy rodents.

2.5.3.2 Neurophysiological outcomes

LITUS effects were investigated for a variety of neurophysiological
outcomes by recording electromyography (EMG) and
electroencephalography (EEG) and by measuring excitatory spontaneous

postsynaptic currents.

Seven studies investigated the stimulation effect of LITUS by using
EMG. Four out of five human studies evaluated motor cortical
excitability after sonication by measuring the TMS-induced motor-
evoked potentials (MEPs). fTUS (Zhang et al., 2022a), unfocused TUS
(Gibson et al., 2018) and tb-fTUS (Samuel et al., 2022; Zeng et al., 2022)
increased the MEPs after one sonication at the hotspot in the left primary

motor cortex in healthy subjects. The excitatory effect lasted 6 minutes
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after unfocused TUS (Gibson et al., 2018) and 30 minutes after tb-fTUS
(Zeng et al., 2022). The tb-fTUS protocol also attenuated TMS-induced
short-interval intracortical inhibition (SICI) up to 30 minutes and
facilitated TMS-induced intracortical facilitation (ICF) up to 5 minutes
after sonication (Samuel et al., 2022; Zeng et al., 2022). A similar
excitatory effect of unfocused TUS on the trigeminal blink reflex was
found in the remaining human study in which the superior colliculus was
stimulated, and EMG was recorded in the orbicularis oculi muscle
induced by electrical stimulation in the supraorbital nerve (Guerra et al.,
2021). In contrast, animal studies demonstrated a suppressive effect on
TMS-induced MEPs after fTUS in the left primary motor cortex in
healthy rats (Chu et al., 2023) and showed online inhibition of EMG
signal in tremor muscles after fTUS in the olivo-cerebellar system in
mouse models of essential tremor (Sharabi et al., 2019). Overall, LITUS
exhibited bidirectional (excitatory or suppressive) neuromodulation

effects measured using EMG.

Thirteen animal studies evaluated modulation the effect of LITUS using
EEG. In healthy rats, a suppressive effect of fTUS on auditory evoked
potentials (AEPs) (Daniels et al., 2018) and visual evoked potentials
(VEPs) (Mohammadjavadi et al., 2022) was demonstrated by targeting
the inferior colliculus and the lateral geniculate nucleus, respectively.
Whereas one study revealed that the fTUS-induced VEP amplitude
change was dose-dependent by targeting the visual cortex (Kim et al.,
2015). While the Isppa of 3 W/cm? was constant, a duty cycle (DC) of 5%
suppressed the VEPs and 8.3% DC facilitated the VEPs, and 1% DC had
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no effect on the VEP amplitude (Kim et al., 2015). fTUS was also found
to modulate somatosensory evoked potentials (SEPs) by targeting the
somatosensory cortex, and the differential SEP features persisted beyond
35 minutes after a 10-minute fTUS (Yoo et al., 2018). Moreover, an
online excitatory effect of fTUS was found in the motor cortex by
exhibiting higher local field potential (LFP) amplitudes (Wang et al.,
2020a). Overall, studies in healthy animals examining LITUS effects
using EEG showed an evident modulation of brain excitability, and the
direction of the modulation (excitation or suppression) might be affected
by the sonication parameters. Furthermore, animal studies found that
LITUS reversed disease-related LFPs in several rodent disease models,
including sleep-deprived models (Wang et al., 2023b), AD models (Park
et al., 2021), PD models (Wang et al., 2020b), ADHD models (Wang et
al., 2023a), pain models (Zhang et al., 2022b) and epilepsy models (Chen
et al., 2020; Hakimova et al., 2015; Min et al., 2011a).

One animal study detected the fTUS-induced functional synaptic
plasticity in healthy rats by recording excitatory spontaneous postsynaptic
currents. The frequency of spontaneous excitatory postsynaptic current of
hippocampal neurons increased after ten daily 10-minute fTUS sessions

in the hippocampus (Huang et al., 2019).

2.5.3.3 Neuroimaging outcomes

LITUS effects were investigated for a variety of neuroimaging outcomes,

including magnetic resonance imaging (MRI), magnetoencephalogram
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(MEG), positron emission tomography (PET), laser speckle image and

two-photon fluorescence imaging.

One human study and two animal studies utilized MRI to investigate the
modulatory effect of LITUS. Structural magnetic resonance imaging
(sMRI), resting state functional MRI (rs-fMRI) and diffusion tensor
imaging (DTI) were measured in healthy subjects after three sessions of
TPS targeting the left primary somatosensory cortex (Matt et al., 2022).
No change in grey matter volume was found in sMRI; whereas, rs-fMRI
revealed an increase in functional connectivity in the left sensorimotor
network one week after the last stimulation. Furthermore, DTI revealed
decreased axial diffusivity in the primary somatosensory region and
primary motor region after TPS. The authors claimed that the reduced
axial diffusivity could indicate axonal formation. Rs-fMRI was also
examined in an animal experiment but demonstrated a suppressive effect
of fTUS on functional connectivity between the target areas (amygdala
and ACC) and their interconnected areas in healthy macaques (Folloni et
al., 2019). In Folloni’s study, high Ispra of 19.5 W/cm? and 5.63 W/cm?
were used, which could induce a possible thermal effect and result in
reversible neuroinhibition (Darrow et al., 2019). In TBI rat models, DWI
revealed a decrease in apparent diffusion coefficient and higher fractional
anisotropy during the treatment period (Peng et al., 2021). The authors
claimed that fTUS effectively reduced cerebral edema and white matter

damage.

One human study applied MEG to assess oscillatory brain responses and

network connectivity after tb-fTUS in the left motor cortex (Samuel et al.,
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2022). The results showed that tb-fTUS produced movement-associated
changes in alpha and beta spectral power in distinct regions. Alpha
spectral power decreased in the left limbic region, left cerebellum,
bilateral sensorimotor cortices, and right supplementary motor area, while
beta spectral power reduced prominently in the right parietal area and
right basal ganglia. The authors concluded that the findings indicated the
involvement of regions within motor networks in the response to tb-

fTUS.

In an animal study on healthy rats, local glucose metabolism in the
sonication target (thalamus) was examined using FDG (18-
fludeoxyglucose) PET (Kim et al., 2013). After a 40-minute fTUS, higher
local glucose metabolism was observed in the center of the sonication

focus but not in other areas.

Two animal studies used laser speckle image to investigate the effect of
fTUS on cerebral blood flow in rat models of pain (Yao et al., 2022) and
healthy rats (Guo et al., 2015). After sonication with various numbers of
tone bursts (600, 800, 1000), a rise of cerebral blood flow velocity was
noticed immediately after fTUS at the ischemic cortex, and it maintained
at a higher level up to 4-12 seconds after sonication, depending on the
parameter (Guo et al., 2015). However, whole-brain fTUS did not alter

cerebral blood flow velocity in the rat models of pain (Yao et al., 2022).

One animal study used two-photon fluorescence imaging in healthy rats.

It showed that fTUS at the barrel cortex induced an enhancement in
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neuronal firing activity and an increase in the dendritic spine growth rate

in the barrel cortex (Zhao et al., 2023).

2.5.3.4 Histological and biological outcomes

LITUS effects were studied for a variety of histological and biological
outcomes involving anti-inflammatory responses, neurogenesis processes,

antioxidant responses, and other disease-specific changes.

Seven animal studies examined the anti-inflammatory effect of fTUS in
rodent disease models, including PD models (Song et al., 2022; Zhou et
al., 2021), ischemic brain injury models (Guo et al., 2015; Wang et al.,
2021a), aging models (Pang et al., 2021), depression models (Y1 et al.,
2022), and demyelination models (Yang et al., 2022). Reduction of
inflammatory neurons such as astroglia and microglia (Song et al., 2022;
Yang et al., 2022; Zhou et al., 2021), inflammatory cells such as
neutrophils (Guo et al., 2015), and reduction of inflammatory cytokines
(TNF-a, IL-1B) (Pang et al., 2021; Song et al., 2022; Yi et al., 2022; Zhou
et al., 2021) and protein markers of neuroinflammation (COX-2, NF-«B)
(Song et al., 2022; Zhou et al., 2021) were observed after fTUS at right
striatum (Song et al., 2022), demyelination lesion area (Yang et al.,
2022), subthalamic nucleus (Zhou et al., 2021), ischemic cortex (Guo et
al., 2015), ventromedial hypothalamic nucleus (Pang et al., 2021), and
prefrontal cortex (Yi et al., 2022). On the other hand, an increment in
anti-inflammatory M2 microglia and an increment in anti-inflammatory
cytokines (IL-10 and IL-10R) were detected after fTUS at the ischemic
hemisphere (Wang et al., 2021a).
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Twelve animal studies investigated the neurogenesis effect of fTUS in
rodent disease models and healthy rodents. LITUS increased levels of
neurotrophic factors, including brain-derived neurotrophic factor (BDNF)
and glial cell line-derived neurotrophic factor (GDNF), as well as
expression of neurogenesis-related proteins in depression models (Guo et
al., 2021; Zhang et al., 2019), PD models (Song et al., 2022; Xu et al.,
2020), ADHD models (Wang et al., 2023a), and demyelination models
(Yang et al., 2022), by targeting prelimbic cortex (Zhang et al., 2019),
right striatum (Song et al., 2022), prefrontal cortex (Wang et al., 2023a),
and demyelination lesion area (Yang et al., 2022). In a study on
schizophrenia models, fTUS simultaneously reversed BDNF levels in the
hippocampus and prefrontal cortex (Tsai et al., 2022). Furthermore, fTUS
facilitated the remyelination process by increasing myelin basic protein
(Guo et al., 2021; Yang et al., 2022) and the hippocampal fTUS activated
hippocampal neurons by increasing dendritic spine density (Huang et al.,
2019). LITUS also modulated the dopamine and GABA signaling
pathways. Dopaminergic neurons (Xu et al., 2020; Zhou et al., 2021) and
dopamine transporters (Song et al., 2022) in the substantia nigra increased
in PD models following fTUS in the subthalamic nucleus (Zhou et al.,
2021) and right striatum (Song et al., 2022). In schizophrenia models, an
increase in GABAergic neurons in the medial prefrontal lobe was
detected 24 hours after fTUS (Tsai et al., 2022). In healthy rats,
extracellular dopamine levels in the frontal lobe increased up to 100
minutes after a 20-minute thalamic fTUS (Min et al., 2011b), while

extracellular GABA levels declined (Yang et al., 2012). In healthy
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rodents, fTUS-induced increase in synaptic proteins was detected in
target regions by stimulating the hippocampus (Huang et al., 2019) and
nucleus accumbens (Niu et al., 2020). Moreover, fTUS activated the
autophagy process in healthy mice by increasing the LC3BII/LC3BI ratio
and decreasing p62 levels in the sonicated areas (cortex and
hippocampus) (Huang et al., 2021). The authors speculated that fTUS had
a neuroprotection effect on neurodegenerative diseases by increasing self-
digestion of abnormal constituents in obsolete cells. Taken together,
fTUS demonstrated a neurogenesis effect on regulating the level of
neurotrophic factors and neurogenesis-related proteins, facilitating the
remyelination process, increasing the dendritic spine density of neurons,
modulating dopamine and GABA signaling pathways, inducing the

synaptic plasticity, and activating the autophagy process.

Three animal studies examined the antioxidant effect of fTUS in rodent
PD models and aging models. Antioxidant enzymes comprising
superoxide dismutase and glutathione peroxidase in the substantia nigra
and striatum were increased, while inducible nitric-oxide synthase, one of
the oxidant enzymes, was reduced after fTUS in PD models by targeting
the motor cortex (Zhou et al., 2019) and subthalamic nucleus (Zhou et al.,
2021). In aging models, decreased expression in NMDA R2B receptors
and reduced expression in the promotor of cell apoptosis (Bax) were
observed after sonication at the ventromedial hypothalamic nucleus (Pang
et al., 2021). Taken together, fTUS exhibited antioxidant effects by
increasing antioxidant enzymes, decreasing oxidant enzymes, and
inhibiting the age-related apoptosis process.
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Eight animal studies found disease-specific changes induced by fTUS. In
rodent brain injury models, recovery in the injured area was shown after
fTUS in the injured cortex (Guo et al., 2015; Peng et al., 2021; Wang et
al., 2021a) and LCN (Bacek et al., 2018). In mouse models of AD, fTUS
reduced total AB42 levels in the limbic cortex (Park et al., 2021). In
mouse models of neuropathic pain, ACC-fTUS downregulated the highly
expressed Hnrnphl and Hnrnpd (Feng et al., 2021). In rat models of
hypertension, a therapeutic effect of solitary tract nucleus-fTUS on
reducing plasma levels of aldosterone (Aldo), angiotensin II (ANGII),
endothelin (ET-1), atrial natriuretic factor (ANF) and cortisol (Cor) was

found (Cao et al., 2022).

2.5.4 Adverse effects reported in the included studies

A total of 282 participants received LITUS in 11 human studies. Three
fTUS studies (Badran et al., 2020; Samuel et al., 2022; Zeng et al., 2022),
one unfocused TUS study (Guerra et al., 2021), and one TPS study (Matt
et al., 2022) reported that no adverse events were observed throughout the
experiment period. Two fTUS studies did not examine the adverse effects
(Reznik et al., 2020; Sanguinetti et al., 2020). Two studies reported no
significant difference in terms of discomfort or abnormal sensations
between verum and sham groups, with one unfocused TUS study
mentioning tingling as a common sensation (Gibson et al., 2018) and one
fTUS study not mentioning any details (Zhang et al., 2022a). In a TPS
study, headaches were reported in a few subjects (4%) and one subject

complained of nausea and vomiting after the first treatment, but the
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symptoms resolved within 2 hours without the necessity for medication
and no further symptoms occurred (Cheung et al., 2023). Another
unfocused TUS study reported that one subject experienced an
exacerbation of headache after sonication, which subsided quickly
without sequelae (Hameroff et al., 2013). In summary, no adverse events
were reported in four fTUS studies; three unfocused and two TPS studies

reported adverse events in 1% and 5% of subjects, respectively.

Of 44 animal experiments, 25 fTUS studies and one unfocused TUS
study conducted safety evaluations by performing by H&E staining, Nissl
staining, Perls’ Prussian blue staining, TUNEL staining, glial fibrillary
acidic protein immunohistochemical staining, thermal monitoring, MRI,
and behavioral testing (Bacek et al., 2018; Cao et al., 2022; Chen et al.,
2020; Chu et al., 2023; Daniels et al., 2018; Feng et al., 2021; Folloni et
al., 2019; Huang et al., 2019; Huang et al., 2021; Kim et al., 2013; Min et
al., 2011a; Niu et al., 2020; Pang et al., 2021; Park et al., 2021; Sharabi et
al., 2019; Song et al., 2022; Wang et al., 2021b; Xu et al., 2020; Yang et
al., 2012; Yi et al., 2022; Yoo et al., 2018; Zhang et al., 2019; Zhang et
al., 2022b; Zhou et al., 2021; Zhou et al., 2019; Zhu et al., 2023). None of
them reported abnormal histological, biochemical, or behavioral findings

after LITUS.

Regarding the mechanical index (MI), 36 out of 39 included studies (MI
was not available in 16 included studies) utilized LITUS with MI < 1.9,
while two human studies used TPS with an MI of 10.95 (Cheung et al.,
2023; Matt et al., 2022) and an animal study used fTUS with an MI of

2.88 (Folloni et al., 2019).”
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2.6 Discussion

In this review, we comprehensively summarized the neuromodulation
effects of LITUS on clinical and pre-clinical, neurophysiological,
neuroimaging, histological and biochemical outcomes in human and
animal research. In the reviewed articles, the treatment effects were
demonstrated in neurological disorders (including PD, AD,
demyelination, epilepsy, brain injury, and essential tremor), psychiatric
disorders (including depression, ADHD, schizophrenia, addictive
disorder), pain, sleep disorders, and hypertension. LITUS also modulated
pain threshold, improved mood and enhanced motor function in healthy
subjects, elicited defensive and avoidance behavior, improved cognitive
function, modulated sleep rhythms, and facilitated awakening from
anesthesia in healthy animals. LITUS-induced changes in neuronal
excitability were found in the targeted areas and their connected regions,
including the motor cortex, brainstem, hippocampus, olivo-cerebellar
system, prefrontal cortex, visual cortex, inferior colliculus region,
somatosensory cortex, periaqueductal gray, thalamus, amygdala, and
anterior cingulate cortex. From a histological and biochemical point of
view, LITUS modulated neurological function by regulating the anti-
inflammatory reaction, neurogenesis process, antioxidant response,

apoptosis process and autophagy process.

No histological, biochemical, or behavioral side effects were identified in
the animal studies included in this review. In two human studies,
reversible adverse events such as headache, nausea, and vomiting were

described in a few subjects.
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LITUS comprises fTUS, unfocused TUS and TPS. The mechanism of
action of fTUS and unfocused TUS is similar. According to several
hypotheses, ultrasonic waves interact with the intra- and extra- cellular
environment through acoustic cavitation, acoustic radiation force and
acoustic streaming, activating membrane gating kinetics, altering
membrane capacitance, triggering synaptic transmission, and inducing
NMDA-dependent synaptic plasticity (Brohawn et al., 2014; Chen et al.,
2019; Jerusalem et al., 2019; Tyler, 2011; Shamli Oghli et al., 2023).
Despite similar mechanisms, the different sonication parameters and the
devices involved between fTUS and unfocused TUS could lead to
different stimulation effects (D1 Biase et al., 2019). Of note, the
neuromodulation mechanism of TPS likely differs from fTUS and
unfocused TUS, as TPS retains the intrinsic character of shockwaves.
Low-energy extracorporeal shockwaves promote anti-inflammatory
effects as well as the angiogenesis process and regeneration through
mechanotransduction (d'Agostino et al., 2015). Studies revealed that the
biological mechanism of low-energy extracorporeal shockwaves involves
upregulation of BDNF and vascular endothelial growth factor (VEGB)
(Hatanaka et al., 2016; Matsuda et al., 2020; Yahata et al., 2016) and
facilitation of shifting endothelial nitrogen oxides to a tyrosine-
dephosphorylated form, increasing NO production and suppressing
nuclear-factor kB (Mariotto et al., 2005). Given the diversity of
therapeutic modalities and different biomechanisms of LITUS, future

research needs to specify the type of LITUS and the sonication
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parameters employed in studies, and investigate the neuromodulation

effect of fTUS, unfocused TUS and TPS individually.

To establish a reliable therapeutic framework for LITUS, several issues
need to be addressed. First, the investigation of the effective and safe
dosage of acoustic waves to be delivered into the target is required.
Various intensities of acoustic waves were applied in the included
studies. In animal studies, Isppa from 120 mW/cm? to 64.9 W/cm? and
Ispra from 0.014 mW/cm? to 19.5 W/cm? were used. In human studies,
fTUS was performed using a range of Isppa values, ranging from 2.26
W/em? to 14 W/cm?, and Ispra values ranging from 71 mW/cm? to 995
mW/cm?; unfocused TUS utilized an Isppa of 34.96 W/cm? and Ispra
values ranging from 132.85 mW/cm? to 152 mW/cm?; Regarding TPS, it
employed an Isppa of 111 W/cm? and an Ispra of 100 mW/cm?. Using too
low ultrasound intensity may not be sufficient to exhibit a
neuromodulation effect. An animal study showed that weak fTUS with
0.014 mW/cm? Ispra did not alter motor cortex excitability in healthy rats,
while fTUS with 0.338-12.15 mW/cm? increased the cortex excitability
(Chu et al., 2023). For humans, the lowest effective stimulation intensity
should be higher, as 69-87% of ultrasound waves are attenuated by the
human skull (Riis et al., 2022). Besides, the attenuation of acoustic waves
at the skull increases with higher acoustic frequencies; therefore,
unfocused TUS with a higher acoustic frequency can further diminish the
sonication transmitted to the brain. On the other hand, the risk of
mechanical and thermal damage to the brain increases with higher
acoustic intensities. MI is commonly used to estimate the risk of
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mechanical damage caused by ultrasound, and an MI < 1.9 has been
recommended by the FDA when using cephalic ultrasound devices (FDA,
2019). Based on current knowledge, there is no consensus on what
intensity of LITUS is appropriate to guarantee robust neuronal effects
while avoiding side effects. Simulation studies and in vitro studies can be
performed prior to clinical trials to determine the appropriate dosage of
ultrasound treatment. Second, the sonication parameters that mediate the
treatment effect need to be clarified. Dose-response studies revealed that
higher acoustic intensity increased the likelihood of motor responses
(King et al., 2013) and that the magnitude of fTUS-induced VEPs
increased with acoustic intensity (Lee et al., 2016). Furthermore, studies
found that higher intensity fTUS had a stronger analgesic effect (Feng et
al., 2021) and a stronger inhibitory effect on cortical excitability (Chu et
al., 2023; Daniels et al., 2018). Aside from acoustic intensity, other
sonication parameters such as pulse repetition frequency and pulse
duration (Pang et al., 2021), number of tone bursts (Guo et al., 2015),
duty cycle (Chen et al., 2020; Kim et al., 2015) and stimulation duration
(Chen et al., 2020; Wang et al., 2020a) could influence the neuronal
modulation effect. Specifically, Kim et al. (Kim et al., 2015) discovered
that 5% DC combined with 3 W/cm? Igppa inhibited VEPs, whereas 8.3%
DC combined with 3 W/cm? Isppa enhanced the VEPs amplitude.
However, the factors that determine the bidirectional effect are uncertain.
Further, a tb-fTUS with an 80-s sonication duration with 20-ms
ultrasound pulses repeated every 200 ms (pulse repetition frequency: 5

Hz, DC: 10%, number of pulses: 400) was developed and demonstrated a
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superior excitatory effect compared to a conventional fTUS with the same
intensity (Zeng et al., 2022). Third, proper target selection is critical for
determining treatment outcomes of LITUS, given its highly region-
specific nature (Folloni et al., 2019; Kim et al., 2013). Several potential
targets were proposed in the included studies, including thalamus and
ACC for pain modulation (Badran et al., 2020; Feng et al., 2021);
DLPFC, medial prefrontal cortex, prelimbic cortex and dorsal raphe
nucleus for treating depression (Cheung et al., 2023; Yi et al., 2022;
Zhang et al., 2019; Zhu et al., 2023;); VLPFC and the right fronto-
temporal cortex for improving mood (Reznik et al., 2020; Sanguinetti et
al., 2020; Hameroff et al., 2013); motor cortex, the subthalamic nucleus
and the lateral cerebellar nucleus for improving motor function (Zeng et
al., 2022; Zhang et al., 2022a; Zhou et al., 2021; Yuan et al., 2020; Zhou
et al., 2019; Baek et al., 2018). Fourth, a precise neuro-navigation should
be prioritized when performing LITUS. Empirical localization using
landmarks on the head may compromise the precision and efficacy of
LITUS; hence, real-time neuro-navigation approaches such as MRI-
guided (Badran et al., 2020) and optical tracking (Cheung et al., 2023;
Matt et al., 2022) should be adopted.

Regarding the limitation of the current review, first, given the strict
inclusion/exclusion criteria, some potentially important pilot studies were
not included in the current review. Darmani et al. (2022) and Sarica et al.
(2022) can be referred to for a summary of these studies. Second, we did
not search for studies that exclusively investigated the adverse
consequences of LITUS. The included randomized controlled human
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trials and controlled animal studies were insufficient to assess the
occurrence of adverse events of LITUS (Peryer G, 2023). Third, the
methodological quality of the included studies is not adequate. Ten out of
eleven human studies have a moderate to high risk of bias. In 44 animal
studies, most items in SYRCLE were rated as “unclear”, suggesting that
there is no sufficient detail to assess the potential risk of bias. Fourth, the
high heterogeneity among studies on therapy modalities, stimulation
targets, and sonication parameters affects the generalizability of the
results. Therefore, the results of this study must be interpreted with

caution.

2.7 Conclusions

LITUS is a promising non-invasive technique that modulates brain
circuits in animals and humans. The neuromodulation effects induced by
LITUS include altering neuronal excitability and regulating biochemical
processes such as inflammatory responses and neurogenesis, which
contribute to the improvement of clinical behavior and clinical symptoms
and signs. No significant adverse events were identified in the included
studies; however, reversible symptoms such as headache, nausea, and
vomiting were reported in a few human subjects. Future research is
required to investigate the optimal sonication parameters and treatment
strategies using the precise target and real-time neuro-navigation

technique.
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Chapter 3 Transcranial pulse stimulation for major depressive
disorder: A randomized, double-blind, sham-controlled clinical

trial (Study 2)

3.1 Introduction

Major depressive disorder (MDD) is a severe mental disorder with a
lifetime prevalence of 2 to 21% (Gutierrez-Rojas et al., 2020) and 1s
projected to become the leading cause of global disease burden by 2030
(Mathers, 2008). Non-invasive brain stimulation (NIBS), such as
transcranial magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS), has emerged as a promising adjunct therapy for
MDD due to its noninvasiveness and clinical efficacy (Fregni et al., 2021;

Lefaucheur et al., 2020).

Transcranial pulse stimulation (TPS) (NEUROLITH, Storz Medical AG,
Tagerwilen, Switzerland) is a novel CE-approved NIBS device that
employs shock waves to modulate brain function (Truong et al., 2022).
Developed from focused low-energy extracorporeal shock wave therapy
(Lohse-Busch et al., 2014; Lohse-Busch, Reime, and Falland, 2014), TPS
delivers single high-pressure, short-duration (3 us) sonication pulses
characterized by a large positive peak amplitude, followed by a small
negative-amplitude pulse, minimizing risks of brain heating and
secondary stimulation maxima (Sarica et al., 2022). The pulses have
energy flux densities (EFD) of 0.01- 0.25 mJ/ mm?, pulse frequencies of 1
- 8 Hz, and a maximum peak pressure of 25 MPa, yielding a maximum
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spatial-peak-temporal-average intensity (Ispra.max) of 100 mW/cm?, a
maximum spatial-peak-pulse-average intensity (Isppa.max) 0f 111 W/em?, a
mechanical index (MI) of 10.95, and a thermal index (T1) < 0.7 (Matt et
al., 2022). The current TPS system restricts the maximum EFD for human
application to 1 mJ/mm? per second (EFDy.x = 0.2 mJ/ mm? at 5 Hz; or
EFDjnax = 0.25 mJ/ mm? at 4 Hz), well below preclinical safety thresholds
(Beisteiner et al., 2020).

Although TPS was first investigated for Alzheimer’s disease (AD), where
it demonstrated clinical and neural efficacy (Beisteiner et al., 2020; Matt
et al., 2025; Radjenovic et al., 2025; Beisteiner and Matt, 2025;
Karakatsani et al., 2025), the discovery of an antidepressive effect of TPS
in AD patients (Matt, Dorl, and Beisteiner, 2022) paved the way for its
research in depression. Recently, an open-label pilot randomized
controlled trial (RCT) demonstrated the antidepressive effect of TPS in
adults with depressive symptoms (Cheung et al., 2023). Although
promising, these findings require cautious interpretation due to potential
biases from placebo effects, unblinded assessment, participant

heterogeneity, imprecise targeting, and small sample size.

Here, we conducted the first randomized, double-blind, sham-controlled
trial to assess the antidepressive efficacy of IDLPFC-TPS in MDD
patients and to explore its neuromodulatory effect using resting-state

functional magnetic resonance imaging (rs-fMRI).

3.2 Methods
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3.2.1 Study overview

Study 2 is a prospective, randomized, double-blind (participants,
therapists, and assessors blinded), two-arm parallel, sham-controlled trial
to investigate the antidepressive and neural effects of 4-week active TPS
versus sham TPS in patients with MDD. The study was conducted at The
Hong Kong Polytechnic University from June 2023 to October 2025. The
study protocol was approved by the Institutional Review Board of The
Hong Kong Polytechnic University (Reference No:
HSEARS20220816001-02) and was registered on ClinicalTrial.gov
(Identifier: NCT05551585). The study was unblinded once the
posttreatment assessment and magnetic resonance imaging (MRI)
measurement were completed at Week 4. Participants in the sham group
were subsequently offered 4 weeks of active TPS. An open-label follow-
up assessment was scheduled for 3 months after the active treatment in
both groups. This trial followed the Consolidated Standards of Reporting
Trials reporting guideline (Hopewell et al., 2025). The study procedure is

shown in Figure 6.

Telephone Study Treatment Treatment Follow-up
/Zoom inclusion start end assessment
Screening
| @ Real TPS treatment (4 weeks)
—— e ——
‘ Sham TPS treatment (4 weeks) ‘ | o ‘ DH

LI | 1 LI} 1

* Patients in the Sham
t Psychiatric assessment: at study inclusion, treatment start, after 2 weeks and 4 weeks of treatment, at 3m follow-up treatment arm will be
subjected to real treatment
ﬁ MRI measurement: structural MRI; rs-fMRI after study unblinding

Figure 6. Study procedure of Study 2

3.2.2 Sample size
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To our knowledge, no randomized, double-blind, sham-controlled TPS
study in MDD has been conducted so far. With an assumption of a
medium to large effect size (0.65), a power of 0.85, and an error
probability of 0.05, the total sample size was calculated to be 70.
Considering an estimated 10% dropout rate, around 78 participants would
be required. Finally, a total sample size of 80 was determined, with a 1:1

allocation ratio between the two groups.

3.2.3 Inclusion and exclusion criteria

We recruited MDD patients with the following key inclusion criteria: (1)
age 18 to 65; (2) a clinical diagnosis of MDD according to psychiatrist

visit records or a clinical interview using the Chinese version of the Mini

International Neuropsychiatric Interview (MINI) (] K#§ et al., 2009);

(3) a baseline Hamilton depression scale-17 (HAMD-17) score >14; and
(4) treatment naivety or stable (>4 weeks) psychopharmacological
treatment. Key exclusion criteria were: (1) any coagulation disorders,
neurological disorders, or severe psychiatric comorbidities, including
addiction, bipolar disorder, and schizophrenia; (2) pregnancy; (3)
common NIBS and MRI exclusion criteria, such as a history of brain
surgery, cardiac pacemaker, deep brain stimulation, and intracranial
metallic particles. The study was performed following the Declaration of
Helsinki (Gandevia and Tovell, 1964), including current revisions. All

participants were asked for written informed consent before inclusion.

3.2.4 Randomization and allocation concealment
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Participants were randomized 1:1 using a computer-based algorithm.
Each participant was assigned a unique randomization identification
number, determining their treatment allocation. Sealed envelopes
containing the treatment allocation codes were securely held by an

independent researcher throughout the study period.

3.2.5 TPS procedure and blinding

TPS treatment consisted of three sessions per week for four weeks. In
each session, 1000 pulses were delivered to the IDLPFC with a pulse
frequency of 4 Hz and EFD of 0.2 - 0.25 mJ/mm? (0.2 mJ/mm? during the
first 2 weeks; 0.25 mJ/mm? during the subsequent 2 weeks). The IDLPFC
was identified by transforming Montreal Neurological Institute (MNI)
coordinates (x = -38, y = +44, z=+26 mm) (Blumberger et al., 2018; Fox
et al., 2012) to the individual T1 space. Specifically, a 15-mm radius
sphere (the smallest region that can be set in the TPS device) was created
centered at x =-38, y = +44, z=+26 mm in MNI space and then
transformed into individual T1-weighted space. For each voxel within the
transformed sphere, the adjusted target voxels were calculated based on
the 30-mm depth (the distance between the pulse location and the scalp is
30 mm by default on the TPS display). Finally, the center of mass of all
these adjusted target voxels was used as the center to create a 15-mm
radius sphere on the T1-weighted image. A 6.6 mm stand-off device was
used to ensure sufficient penetration depth of the focus zone (43.4 mm).
Precise targeting was achieved through MR-based near-infrared real-time

navigation and the predefined target of a 15-mm-radius sphere. Plenty of
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bubble-free ultrasound gel was applied to cover the scalp at the
stimulation area to avoid acoustic impedance borders. In addition, the
handpiece was maintained perpendicular to the scalp surface, and slow
manual movement of the handpiece was applied to ensure adequate
coupling and even energy distribution within the target sphere. The sham
stimulation was performed using a sham stand-off device, which was
placed in the handpiece before treatment by an independent researcher
responsible for holding the sealed allocation envelopes. These procedures
preserved blinding of participants and investigators. After 4-week
treatment, blinding integrity was assessed by asking participants to report
their group allocation guesses and their confidence levels (range: 0-10; 0:

no confidence; 10: full confidence).

Adverse events were assessed by using a predefined checklist after each
treatment session. Participants were additionally instructed to report any

unlisted symptoms.

3.2.6 Clinical outcome measures

The primary outcome was change in the Montgomery-Asberg Depression
Rating Scale (MADRS) score at posttreatment (Week 4). Secondary
outcomes included: (1) changes in HAMD-17 and patient Health
Questionnaire-9 (PHQ-9) scores at posttreatment; (2) response (a
reduction of > 50% MADRS score) and remission (MADRS score < 10)
rates at posttreatment (Cole et al., 2022); and (3) changes in clinical

outcomes at 3-month follow-up (3 months after the active treatment). The
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exploratory outcome was the changes in MADRS score at Week 2

(midpoint).

3.2.7 Neuroimaging measures

The neuroimaging outcome was changes in IDLPFC-seeded voxel-wise

resting-state functional connectivity (rsFC) at posttreatment.

MRI measurements were performed using PolyU’s Siemens 3T
MAGNETOM Prisma system. High-resolution sMRI was performed
using a magnetization-prepared rapid gradient echo (MPRAGE, T1-
weighted) sequence with the following parameters: TR/TE = 2300/2.98
ms, inversion time = 900 ms, flip angle = 9°, 208 slices, acquisition
matrix = 240x256, slice thickness = 1 mm, voxel size =1 x 1x 1 mm. Rs-
fMRI was performed with a 64-channel head coil, using a single-shot
gradient-recalled echoplanar imaging sequence with the following
parameters: TR/TE = 607/32 ms, matrix size = 88 x 88, field-of-view =
220 x 220 mm, voxel size = 2.5 x 2.5 x 2.5 mm, 64 slices, slice thickness
= 2.5 mm, interleaved series. A resting-state scan of 8 minutes was
performed, during which subjects were instructed to relax with their eyes
open and gaze at a cross displayed on the screen in front of them,

allowing their mind to wander without focusing on anything specific.

3.2.8 Statistical analysis
All participants were included in an intention-to-treat (ITT) analysis of
clinical outcomes during the RCT phase. A linear mixed-effects model

(LMM) with repeated measures was used to examine the changes in
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clinical scores. The model was estimated using Restricted Maximum
Likelihood (REML). Group (active vs. sham), Time (baseline vs.
posttreatment), and Group x Time interaction were included as fixed
effects. To account for within-subject correlations, a random intercept for
each participant was specified using a variance components covariance
structure. The residual covariance structure across time points was
specified as diagonal. The between-group effect size (Cohen’s d) for the
difference in change from baseline to posttreatment was calculated by
comparing the estimated mean change in the active group to the estimated
mean change in the sham group. Specifically, the difference between the
active group’s mean change and the sham group’s mean change (the
Group x Time interaction estimate from the LMM) was divided by their
estimated standard deviation of the change scores. Chi-square tests were
used to compare between-group differences in the response and remission
rates. Participants who dropped out during the treatment period were
viewed as non-responders. Considering a high dropout rate and the
ambiguous nature of the missing data, the 3-month follow-up analysis
followed a per-protocol approach. Changes in clinical outcomes from
baseline to 3-month posttreatment were evaluated using a two-tailed

paired t-test, with statistical significance set at p < 0.05.

Per-protocol rs-fMRI analyses were conducted using Statistical
Parametric Mapping 12 (SPM12) and RESTplus version 1.28 (a toolbox
based on SPM12 [23]) in MATLAB (2023a), encompassing
preprocessing, postprocessing, and group-level statistical analyses. The
default preprocessing pipeline comprised slice-timing correction,
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realignment, spatial normalization, spatial smoothing (6 mm FWHM
kernel), detrending, nuisance covariates regression (removal of motion
confounds, white matter, and cerebrospinal fluid signal), and denoising (a
band-pass filter: 0.01-0.08 Hz). IDLPFC-seeded voxel-wise rsFC was
calculated as the Pearson correlation coefficient between the IDLPFC and
whole-brain voxels. Group-level statistical analysis of two-way repeated
ANOVA was conducted to test the interaction between Group (active vs.
sham) and Time (posttreatment vs. baseline) in rsFC changes. For clusters
showing a significant interaction effect, post-hoc tests were performed on
extracted average rsFC values (z-scores) to assess within- and between-
group differences using SPSS. Correlation analysis was conducted to
investigate the association between changes in average rsFC values (z-

scores) and improvements in clinical scores.

3.3 Study results

3.3.1 Participant characteristics

Of 349 screened subjects, 89 were eligible and recruited. Two had
incidental MRI findings at baseline, and 7 declined participation before
the first treatment session and were thus excluded from the study. In total,
80 MDD patients were randomized into two treatment groups (n = 40
active/ n = 40 sham), with 74 completing the study and 6 withdrawing (n
= 2 active/n = 4 sham). Withdrawal reasons included: adverse events (n =
2 sham), unwillingness to leave home (n = 1 sham), physical health issues
(n =1 active), and lost contact (n = 1 active/n = 1 sham) (see Figure 7 for
the CONSORT diagram). Seventy-two participants completed
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posttreatment MRI measurements (n = 36 active/n = 36 sham). Following
exclusion of six baseline scans (n =4 active/ n =2 sham) and 3 endpoint
scans (n = 1 active/ n = 2 sham) due to problematic alignment or
normalization during preprocessing, the final fMRI analysis included
complete data (including both baseline and endpoint fMRI data) from 69
participants (n = 33 active/ n = 33 sham). Among 74 completers, 66%
adhered to the study protocol (active: 23/38 vs. sham: 25/36; y*> = 0.422, p
= 0.645) (See details of treatment compliance in the Appendices).

Demographic and clinical characteristics of participants are presented in

Table 5.
[ Enrolment J Assessed for eligibility (n=349)
Excluded (n=269)
Not r_neeting incl_u_sion criteria (n=260)
Declined to participate (n=7)
Incidental MRI findings at baseline (n=2)
Randomised (n= 80)
[ Allocation ]
Allocated to intervention (n=40) Allocated to intervention (n=40)
Received allocated intervention (n=40) Received allocated intervention (n=40)
Did not receive allocated intervention Did not receive allocated intervention
(n=0) (n=0)
[ Follow-Up ]
Discontinued intervention (n=2): Discontinued intervention (n=4):
Lost contact (n=1) Lost contact (n=2)
Physical health issue (n=1) Adverse events (n=1)
Unwillingness to get out of home(n=1)
Lost to follow-up for primary outcome (n=2):
Dropped out (n=2) Lost to follow-up for primary outcome (n=4):
Dropped out (n=4)

l [ Analysis ] 1

Analysed for primary outcome (n=40)

Analysed for primary outcome (n=40)

Excluded from analysis (n=0) Excluded from analysis (n=0)

Figure 7. CONSORT flow diagram for Study 2
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Table 5. Demographic and clinical characteristics of participants in Study 2

Variable Active TPS (n=40) Sham TPS (n=40)
N % N % p value
Male 17 42.5 10 25 0.098
With an MDD diagnosis 37 92.5 35 87.5 0.456
On regular antidepressants 28 70 25 62.5 0.478
Mean SD Mean SD
Age (years) 343 10.94 36.8 12.41 0.174
Years of education 15.9 2.87 15.1 3.66 0.136
Baseline HAMD-17 score 19.55 4.41 19.98 4.73 0.339
Baseline MADRS score 27.35 7.07 27.85 7.81 0.382
Baseline PHQ-9 score 15.85 4.55 16.35 4.89 0.319
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3.3.2 Clinical outcomes

3.3.2.1 Primary outcomes

LMM analysis for MADRS scores yielded a significant Group (active vs.
sham) x Time (baseline vs. posttreatment) interaction effect (difference =
-4.19, 95% CI =-8.33 t0 -0.04, p = 0.048, Cohen’s d = 0.45) and a
significant main effect of Time (difference = 10.00, 95% CI =7.93 to
12.08, p <0.001), with no significant main effect of Group (difference = -
2.59,95% CI=-5.851t00.67,p=0.117) (Table 6). Post-hoc pairwise
analyses indicated that, compared to the sham group, the active group
demonstrated a greater reduction in MADRS score over the 4-week
treatment period, with a mean reduction of 12.10 compared with 7.91,
respectively (Table 6). Moreover, the posttreatment MADRS score was
significantly lower in the active group compared to the sham group
(difference = -4.69, 95% CI =-9.03 to -0.35, p = 0.035 (Table 6).
Exploratory analyses showed that the active group demonstrated a
significant continuous decrease in MADRS scores over the 4-week
treatment course, while the sham group showed improvement from
baseline at Week 2, but not from Week 2 to Week 4 (Appendices, Table
S6). Changes in MADRS score over time in both groups are presented in

Figure 8.
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Figure 8. Montgomery-Asberg Depression Rating Scale (MADRS) score changes in
the active and sham groups. Error bars represent standard errors. *: p <0.05, **: p <

0.001 (Bonferroni corrected p-value).

3.3.2.2 Secondary outcomes

3.3.2.2.1 Changes in HAMD-17 and PHQ-9 scores

A significant main effect of Time emerged for both HAMD-17
(difference = 6.40, 95% CI =5.30to 7.71, p < 0.001) and PHQ-9
(difference = 4.86, 95% CI =3.58 to 6.15, p < 0.001) scores, with no
significant Group main effect or Group x Time interaction (Table 6).
Post-hoc analyses revealed that both groups demonstrated significant
reductions in HAMD-17 and PHQ-9 scores during the 4-week treatment
(Table 6). Changes in HAMD-17 and PHQ-9 scores over time in both

groups are shown in Figures 9-10.
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Figure 9. Hamilton depression scale-17 (HAMD-17) score changes in the active and

sham groups. Error bars represent standard errors. **: p < 0.001
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Figure 10. Patient health questionnaire-9 (PHQ-9) score changes in the active and
sham groups. Error bars represent standard errors. **: p <0.001 (Bonferroni corrected

p-value)
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Table 6. Linear mixed model analysis of change from baseline to post-treatment by Group interaction and the post-hoc analyses in Study 2

Mean (SE) Time-by-Group Interaction  Active vs. sham Baseline vs. posttreatment
Active Sham Mean difference P Mean difference P Mean difference (95% CI);
TPS TPS 95% CI) value (95% CI) value p value
Primary
outcome
MADRS score
Baseline 27.35 27.85 -4.19 (-8.33, -0.04) 0.048  -0.50 (-3.82, 2.82) 0.765  Active: 12.10 (9.20, 15.00); p
(1.18) (1.18) <0.001;
Posttreatment 15.25 19.93 -4.69 (-9.03, -0.36) 0.035  Sham: 7.91 (4.95, 10.88); p<
(1.52) (1.56) 0.001
Secondary
outcome
HAMD-17 score
Baseline 19.55 20.0 -1.51 (-3.93,0.91) 0.217 -0.43 (-2.47, 1.61) 0.679  Active: 7.25 (5.57,8.94); p <
(0.72) (0.72) 0.001;
Posttreatment 12.30 14.23 -1.94 (-4.65, 0.77) 0.159  Sham: 5.74 (4.01, 7.47); p<
(0.95) (0.97) 0.001
PHQ-9 score
Baseline 15.85 16.35 -0.859 (-3.44, 1.72) 0.509  -0.50 (-2.60, 1.60) 0.637  Active: 5.30 (3.50, 7.10); p <
(0.75) (0.75) 0.001;
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Posttreatment  10.56 11.92 1.36(-3.90,1.18)  0.289  Sham: 4.43 (2.59, 6.28); p<
(0.89) (0.91) 0.001

TPS: transcranial pulse stimulation; MADRS: Montgomery-Asberg Depression Rating Scale; HAMD-17: Hamilton Depression Rating Scale-17; PHQ-9: Patient

Health Questionnaire-9
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3.3.2.2.2 Response and remission rates

The response and remission rates at posttreatment were significantly
higher in the active group compared to the sham group (response rate:
active vs. sham: 52.5% (21/40) vs. 25% (10/40), y* = 6.38, p =0.012;
remission rate: active vs. sham: 40.0% (16/40) vs. 17.5% (7/40), ¥* =
4.90, p = 0.026).

3.3.2.3 Safety

Mild to moderate adverse events were significantly more frequent in the
active TPS group (37/40) than the sham group (22/40) (> =14.53,p <
0.001). The most common events were tingling and pain, with all adverse
events resolving spontaneously within 24 hours after treatment without

medication. Complete adverse event data are shown in Table 7.

Table 7. Adverse events occurred in Study 2

Number of participants reporting each adverse event during

stimulation (%)

Active TPS (n=40) Sham TPS (n=40)

Tingling* 23 (57.5%) 7 (17.5%)

Pain® 19 (47.5%) 4 (10%)
Numbness*® 5(12.5%) NA

Striking sensation™ 3 (7.5%) NA

Dizziness 3 (7.5%) 3 (7.5%)

Nausea 3 (7.5%) 1 (2.5%)
Sleepiness 2 (5%) 6 (15%)

Neck pain 2 (5%) 1(2.5%)
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Pressure*/vibration® 1(2.5%) 1(2.5%)
Heaviness in the 1(2.5%) NA
head
Tightness™ 1(2.5%) NA
Blurred eyes 1(2.5%) NA
Dry eyes 1 (2.5%) NA
Headache 1(2.5%) 4 (10%)
Numbness in the 1(2.5%) NA
right limbs
Sweating 1 (2.5%) NA
Rapid heart rate 1 (2.5%) NA
Panic attack 1 (2.5%) NA
Warmth* NA 4 (10%)
Sourness* NA 1(2.5%)
Number of participants reporting each adverse event after
stimulation (%)
Active TPS (n=40) Sham TPS (n=40)
Headache 6 (15%) 3 (7.5%)
Pain® 6 (15%) 1(2.5%)
Sleepiness 6 (15%) 4 (10%)
Dizziness 4 (10%) 4 (10%)
Numbness*® 4 (10%) NA
Nausea 2 (5%) 1 (2.5%)
Striking sensation™ 1 (2.5%) NA
Tightness™ 1 (2.5%) 2 (5%)
Fatigue 1 (2.5%) NA
Feeling heaviness in 1 (2.5%) NA

the body
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Blurred eyes 1(2.5%) NA

Sourness* NA 1 (2.5%)
Stomach NA 1 (2.5%)
Decreased appetite NA 1(2.5%)
Deteriorated mood NA 1 (2.5%)
Numbness at the NA 1 (2.5%)

head and face

Tingling* NA 1(2.5%)

. occurred at the stimulated area; NA: not applicable

3.3.2.4 Integrity of the blind

Of 80 participants, 70 provided treatment allocation guesses (n = 35
active; n = 35 sham), while 6 dropped out and 4 declined to respond.
Overall, 48.6% (34/70) guessed their group allocation correctly, with no
between-group difference in the guesses of active treatment (active vs.
sham: 62.9% (22/35) vs. 65.7% (23/35), y* = 0.062, p = 0.803). Binomial
tests revealed the correct guesses did not exceed chance levels for either
group (active: 22/35, p = 0.175; sham: 12/35, p = 0.090). Confidence

levels in guessing showed no significant between-group differences.

3.3.3 Neuroimaging outcomes

3.3.3.1 IDLPFC-seeded rsFC changes

A significant Group x Time interaction was observed for IDLPFC-seeded
rsFC with several brain regions (threshold: F =11.86, P =0.001, k =40
voxels, Pepster-level FDR-corrected < 0.05). Post-hoc analyses revealed that active

TPS increased rsFC between the IDLPFC and most of these brain regions,
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whereas the sham group showed decreases in most regions. Notably, the
active group showed a significant enhancement in the IDLPFC-seeded
rsFC with the bilateral precuneus, calcarine, and left posterior cingulate
cortex (Cluster 5), and the left orbitofrontal, superior medial prefrontal,
and pregenual anterior cingulate cortices (Cluster 6). In addition, the
active group also showed significantly enhanced rsFC within IDLPFC
(Cluster 10). Conversely, the sham group showed a significant decrease
in IDLPFC-seeded rsFC with the right inferior frontal cortex (orbital and
triangular part) (Cluster 12). See rs-fMRI results of the interaction effect

and post-hoc analyses in Table 8 and Figure 11.
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Table 8. Rs-fMRI results displaying significant clusters for the group x time interaction effect for the completers (n=33 active; n=33 sham).

Interaction effect (Pcuuster-level FDR-corrected < 0.05)

Post-hoc analysis,

post vs. pre

Post-hoc analysis,

active vs. sham

Brain regions defined by AAL F k Peak MNI active sham pre-TPS  post-TPS
coordinates,
XyZ

Cluster Left inferior frontal gyrus, orbital part, triangular  46.1 688  -36 36 -12 t=1.114, t=-0.900, t=-0914, t=0.263,
1 part; p=0273 p=0375 p=0364 p=0.794

Left middle temporal gyrus;

Left temporal pole: superior & middle temporal

gyrus
Cluster Right superior & middle temporal gyrus; 434 385 48-4521 t=1.313, t=-1.160, t=-0.083, t=1.487,
2 Right angular gyrus; p=0.199 p=0.255 p=0934 p=0.142

Right inferior parietal gyrus;

Right supramarginal gyrus
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Cluster

3

Cluster

4

Cluster

5

Cluster

6

Cluster

7

Left middle & superior temporal gyrus;
Left supramarginal gyrus;

Left angular gyrus;

Left inferior parietal gyrus

Right temporal pole: superior & middle temporal
gyrus;

Right middle temporal gyrus

Left posterior cingulum gyrus;

Left & right precuneus;

Left calcarine

Left middle frontal gyrus, orbital part;
Left superior frontal gyrus, medial;
Left anterior cingulum gyrus

Right superior & middle temporal gyrus

40.6

39

33.4

25.5

383

287

268

97

58
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F values

Figure 11. Post-hoc analysis results (posttreatment vs. baseline) of significant clusters
with an interaction effect (threshold: F = 11.86, P =0.001, k = 40 voxels, Pcluster-level
FDR-corrected < 0.05). Brain regions marked with a cross indicate the peak MNI
coordinates of clusters demonstrating a substantial increase in left DLPFC-seeded
rsFC following the active group (n = 33, completers). Upper panel (Cluster 5 with a
cluster size of 268 voxels, F = 34.02, Pcluster-level FDR-corrected < 0.0001): the left posterior
cingulum gyrus, bilateral precuneus and calcarine gyrus; middle panel (Cluster 6 with
a cluster size of 97 voxels, F = 33.40, Pcluster-level FDR-corrected = 0.001): the left
orbitofrontal cortex and superior medial prefrontal, and pregenual anterior cingulate
gyrus; lower panal (Cluster 10 with a cluster size of 52 voxels, F = 23.43, Pciuster-level

FDR-corrected = 0.013): the left dorsolateral prefrontal cortex.

3.3.3.2 Association between IDLPFC-seeded rsFC changes and treatment

response

Correlation analyses showed that, in the active group, the improvement in
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total MADRS scores was positively correlated with the changes in
IDLPFC-seeded rsFC with the right temporal pole and superior and
middle temporal gyrus (Clusters 4 and 7), albeit only at an uncorrected
significance level. No correlation survived after correction for multiple

comparisons (See Appendices, Table S7).
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3.3.4 Open-label treatment

Of the 36 participants who completed the sham treatment, 30 proceeded
to receive active TPS treatment in the open-label phase, with 27
completing treatment. These completers showed an initial MADRS
improvement of 7.7 points (95% CI = 2.88 to 8.97) after receiving sham
TPS, and a further improvement of 5.0 points (95% CI =2.10 to 7.98)
after receiving active TPS. Taken together, of the 65 of 80 patients who
completed active TPS treatment, 29 (44.6%) participants showed a

response, and 25 (38.5%) achieved remission.

3.3.5 3-month follow-up

The 3-month follow-up assessment was completed by two unblinded
cohorts: 32 of the 38 completers from the active group in the RCT phase
and 24 of the 27 completers in the open-label phase. In total, 26
participants (46.4%) responded, and 22 (39.3%) were in remission at 3-
month follow-up. Specifically, in the first cohort, 16 of 19 responders and
10 of 14 who had remitted maintained their status, while 3 of 13 non-
responders and 4 of 18 non-remitters subsequently achieved response or
remission; Similarly, in the second cohort, 3 of 7 initial responders and 6
of 8 who had remitted maintained their status, while 4 of 17 non-

responders and 2 of 16 non-remitters later met these criteria.
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3.4 Discussion

3.4.1 The feasibility and clinical efficacy of TPS for treating major

depression

This first randomized, double-blind, sham-controlled trial demonstrates
that 12 sessions of IDLPFC-TPS over four weeks significantly reduced
depressive symptoms and modulated rsFC in patients with MDD
compared to sham stimulation. While adverse events (primarily transient
tingling and pain) were more frequent with active TPS, the low overall

dropout rate of 7.5% confirms its feasibility and tolerability.

The antidepressive efficacy of TPS was supported by several key
findings. First, the active TPS group showed a significantly greater
reduction in MADRS scores than sham treatment at posttreatment, with a
mean reduction of 12.10 versus 7.91 (effect size = 0.45), suggesting a
clinically meaningful benefit (Leucht et al., 2017; Turkoz et al., 2021).
Our observed effect size (0.45) contrasts with a previous open-label,
waitlist-controlled RCT reporting a much larger effect (0.93) (Cheung et
al., 2023), suggesting a substantial placebo effect in the prior trial. In
Study 2, this placebo response was most prominent during the first two
weeks, with a significant between-group difference in symptom
improvement only emerging between the midpoint (Week 2) and the
posttreatment (Week 4). This trajectory suggests that longer treatment
durations or increased session frequencies may be necessary to optimize

TPS outcomes. Second, active TPS achieved a response rate of 52.5%
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and a remission rate of 40.0%, comparable to the outcomes of active
rTMS in MDD (Barnes et al., 2023; Blumberger et al., 2021).
Furthermore, TPS demonstrated a favorable profile relative to TMS, with
fewer adverse events, lower reported pain intensity (mean score on verbal
analogue scale: TPS: 2.7 vs. repetitive TMS: 3.4 vs. intermittent theta
burst stimulation (iTBS): 3.8 (Blumberger et al., 2018)), and fewer
treatment sessions (TPS: 12 vs. TMS: 20), suggesting that TPS may offer
a more favorable cost-effectiveness ratio. However, future studies are
needed to investigate the efficacy of TPS in treatment-resistant MDD
populations. Third, the open-label phase demonstrated the sustained
therapeutic effect of TPS, as evidenced by the majority of treatment
responders and remitters maintaining their clinical status at 3-month

follow-up.

3.4.2 The neural effects of IDLPFC-TPS

Our rs-fMRI results provide the first evidence of the neural effects of
IDLPFC-TPS. The active TPS reversed several neural circuit
dysfunctions that are frequently reported to underly the pathology of
depression, specifically the hypoconnectivity between the DLPFC and the
medial prefrontal cortex (Goldstein-Piekarski et al., 2022), rostral anterior
cingulate cortex (Pantazatos et al., 2020), orbitofrontal cortex (Han et al.,
2023), precuneus (Rueda et al., 2025), and visual cortex (Kita et al.,
2025). Of note, TPS-induced enhancement in rsFC between IDLPFC and
the medial prefrontal and pregenual anterior cingulate cortices aligns with

the neural effects of treatment responses to other treatment strategies,
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including serotonin (Arnone et al., 2018) and cognitive behavioral

therapy (Pantazatos et al., 2020).

3.4.3 Implementation of standardized MNI-coordinate targeting

Our methodological advances in precise targeting distinguish this study
from prior TPS research. As TPS was initially designed to target large
brain regions in patients with AD (Beisteiner et al., 2020), most clinical
studies used anatomical landmarks for targeting or simply applied whole-
brain, broad stimulation. Recently, more TPS trials have been conducted
to target the specific brain regions and have shown promising clinical
effectiveness and neuromodulation effect (Manganotti et al., 2025;
Cheung, L1, Ho, et al., 2023; Cheung, Li, Lam, et al., 2023; Matt et al.,
2022); however, none of them illustrated targeting details of the TPS
application. To our knowledge, we are the first to implement standardized
MNI-coordinate targeting with individual T1-space transformation - an
approach common in TMS studies (Blumberger et al., 2018; Fox et al.,
2012). This enhanced methodological rigor addresses important concerns

about reliability and reproducibility in the field.

3.4.4 Study limitations

Study 2 has several limitations. First, although patient and assessor
blinding was successful, the therapists administering TPS could
sometimes distinguish between active and sham conditions due to
inherent tactile and auditory differences - a common challenge also

encountered in TMS trials. Second, protocol adherence was suboptimal at
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66%; however, this figure includes nine cases influenced by device
malfunctions that were beyond the control of either participants or
research personnel. Third, while participants were instructed to maintain
stable medication regimens, six out of 80 reported changes to their
regimen during the trial. Specifically, two participants (n =1 active/ n =1
sham) increased their antidepressant dosage, three (active group)
decreased their antidepressant dosage, and one (active group) increased
anti-anxiety medication dosage to control somatic symptoms during
treatment visits. We made a deliberate choice to retain these participants
in our intention-to-treat analysis, as their inclusion better reflects the

clinical realities of treating MDD in real-world settings.
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Chapter 4: Effects of transcranial pulse stimulation of the primary
motor cortex on motor performance in healthy adults: A randomized

crossover pilot study (Study 3)"
“Published on CNS Neuroscience & Therapeutics in December 2025

4.1 Introduction

Transcranial pulse stimulation (TPS) is a novel non-invasive brain
stimulation technique that uses high-pressure ultrashort ultrasound pulses
to modulate brain function (Truong et al., 2022). Developed from low-
energy extracorporeal shock wave therapy (ESWT), TPS influences
cellular processes through mechanotransduction, promoting
neovascularization, tissue regeneration, and anti-inflammatory processes
(d'Agostino et al., 2015). In vitro studies demonstrate that ESWT
enhances the expression of vascular endothelial growth factor, brain-
derived neurotrophic factor, and endogenous nitric oxide synthase,
supporting neurovascular health (Ito, Fukumoto, and Shimokawa, 2009;

Hatanaka et al., 2016; Wang et al., 2017; Mariotto et al., 2009).

TPS is a CE-approved device for Alzheimer’s disease (AD) treatment
(Beisteiner et al., 2020). Early pilot studies reported cognitive
improvements following 6 - 12 TPS sessions with benefits lasting up to
three months, correlating with increased functional connectivity within
the memory network and cortical thickness in the left superior parietal
lobule (Popescu, Pernet, and Beisteiner, 2021). Subsequent research has
investigated TPS across several neurological and psychiatric disorders,

including mild neurocognitive disorder, depression, Parkinson’s disease
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(PD), Autism Spectrum Disorder (ASD), and Attention Deficit
Hyperactivity Disorder (ADHD) (Fong et al., 2023; Lo et al., 2024;
Cheung, L1, Ho, et al., 2023; Osou et al., 2024; Cheung et al., 2024).
Notably, a recent RCT demonstrated the therapeutic and neuromodulatory

effects of a 2-week verum TPS treatment in younger AD patients (Matt et

al., 2025).

Despite promising findings, most TPS studies have been uncontrolled and
distributed stimulation across several cortical regions. This approach has
left the region-specific behavioral effects and the underlying
neuromodulatory mechanisms unclear. To date, only three randomized
controlled TPS trials have investigated target-specific neuromodulatory
and behavioral effects (Manganotti et al., 2025; Beisteiner et al., 2020;
Matt et al., 2022). Beisteiner et al. demonstrated that a single session
(1000 pulses at 4 Hz) over the primary somatosensory cortex (S1)
induced immediate neurophysiological alterations in healthy individuals,
as measured by somatosensory evoked potentials (Beisteiner et al., 2020).
Furthermore, three sessions of S1-TPS led to a long-lasting enhancement
in global sensorimotor efficiency one week later (Matt et al., 2022). More
recently, a clinical trial demonstrated the behavioral modulatory effects of
TPS, finding that a single session (1500 pulses at 4 Hz) of the primary
motor cortex (M1) immediately reduced tremor amplitude in PD patients

compared to sham stimulation (Manganotti et al., 2025).

Since the aftereffects of a single TPS session are largely unexplored and
motor function serves as an objective readout of behavioral modulation,

we conducted this randomized, subject- and analyst-blind, crossover pilot
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trial. The aim was to investigate whether TPS over the right primary
motor cortex (rM1) enhances left-hand motor performance in healthy
individuals. Based on analogous effects shown by transcranial current
direct stimulation and low-intensity transcranial ultrasound stimulation
(Ferrucci et al., 2013; Hameroff et al., 2013; Ehsani et al., 2016), we
hypothesized that tM1-TPS would improve left-hand performance with

aftereffects lasting 30-40 minutes.

4.2 Methods

4.2.1 Study overview

Study 3 is a two-visit, randomized, subject- and analyst-blind, controlled,
crossover pilot trial conducted at the Hong Kong Polytechnic University.
Thirty-five right-handed (as assessed by the Edinburgh Handedness
Inventory score > 40) healthy adults aged between 18 and 65 years were
recruited from posters posted at the Hong Kong Polytechnic University
from March 2024 to December 2024. Eligible participants signed the
written informed consent after the experimental procedures were fully
explained. This study was performed according to the Declaration of
Helsinki (Gandevia and Tovell 1964), and the study protocol was
approved by the Human Subjects Ethics Sub-committee of The Hong
Kong Polytechnic University (Reference No: HSEARS20240319001-03).
This study was registered in ClinicalTrial.gov in April 2024
(NCT06312930).

146



After enrollment, participants were randomly assigned to receive a single
TPS session of 1000 pulses at either the rtM1 or the vertex during the first
visit, followed by the alternative target during the second visit in a
randomized, counterbalanced order. The two experimental visits were
scheduled 24 hours apart. Before each TPS session, both the active target
(hotspot in the rM1) and the control target (vertex) were identified and
marked on the scalp. Motor performance was assessed using the nine-hole
peg test (NHPT) and the Deary-Liewald simple reaction time task
(SRTT) at baseline and at multiple post-TPS time points (immediate, 10,
20, 30, and 40 minutes after stimulation) to examine changes over time.

The study procedure of Study 3 is illustrated in Figure 12.

Study Measure RMT The 1
@l inclusion abr:,duf;;rff; Active/sham TPS visit end
The 1% visit (10(;0 pulses)
T 1111
Measure RMT The 2nd
Edus;ﬁgti'.{i? Sham/active TPS visit end
The 2 visit (1000 pulses)

l
T 11111

t Visuomotor task: pre-TPS, post-TPS, 10min post-TPS, 20min post-TPS, 30min post-TPS, 40min post-TPS

Figure 12. Experimental design of Study 3

4.2.2 Sample size

To date, no TPS study has been conducted to investigate the modulation
effect on the motor cortex. With an expected medium effect size of 0.5
(Cohen's d), a power of 0.8, and an error probability of 0.05, the
calculated sample size for the current crossover Study 3 should be 34.
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Considering a 5% dropout rate, a total sample size of 36 has been

determined.

4.2.3 Inclusion and exclusion criteria

The inclusion criteria were: (1) age 18 to 65; (2) no neurological,
musculoskeletal, or psychiatric disorders based on a clinical interview;
(3) right-handedness confirmed by Edinburgh Handedness Inventory
score > 40. Exclusion criteria are as follows: (1) history of any
neurological, musculoskeletal, or psychiatric disorders; (2) history of
brain injury or cranial bone defects; (3) untreated coagulopathies
(hemophilia); (4) thrombosis in the stimulated area; (5) pregnancy; (6)
malignant tumor in the stimulated area; (7) cortisone therapy up to 6
weeks before first TPS session; (8) metallic objects in the head; (9)
pacemakers that are not authorized for focused shock wave therapy; (10)
simultaneous utilization of medication that lower the seizure threshold;
(11) implanted deep brain stimulation device; (12) history of substance
abuse or alcohol dependence; (13) with neuroscience or medical

background.

4.2.4 Randomization, allocation concealment, and blinding

Randomization tables generated via a computer-based algorithm assigned
participants to two counterbalanced visits, each receiving a unique
randomization ID that determined the sequence of active and control
stimulation. These IDs and sequences were recorded in an Excel sheet

and managed by the TPS operator, who administered TPS according to
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the predetermined order — though the operator was not blinded in this

study.

Participants, lacking neuroscience or medical backgrounds, were blinded
to the study hypothesis. They were informed that they would receive
stimulation at two different targets during two visits, but they were not
informed of the existence of a control condition (vertex stimulation).
Before stimulation, both active and control targets were determined and
marked during both visits to ensure the integrity of participants’ blinding.
To assess blinding effectiveness, they were asked at the end of their
second visit whether they expected a performance difference between

VISIts.

Two blinded analysts independently processed behavioral data. They
recorded NHPT completion times via video analysis, extracted SRTT
reaction times from the computer program, and excluded outliers from the

reaction time dataset.

4.2.5 TPS procedure

4.2.5.1 Locating stimulation targets

The active target of the hotspot in the rM1 was identified using single-
pulse TMS (MagVenture MagPro X100). A figure-of-eight TMS coil was
positioned with its handle oriented 45° laterally and posteriorly to the
sagittal plane. Starting at a low stimulation intensity, single TMS pulses
were delivered at different scalp locations over the primary motor cortex.
Motor-evoked potentials (MEPs) of the left first dorsal interosseous (FDI)
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were recorded at rest using a pair of 25 mm x 20 mm surface electrodes in
a belly-tendon montage with the TMS device’s MEP monitor. The
hotspot was defined as the scalp location where single-pulse TMS
consistently elicited the largest MEP amplitude in the left FDI muscle at
the lowest stimulation intensity. The location was then marked on the
scalp with a brown eyebrow pencil to ensure precise TPS targeting.

Figure 13 illustrates the hotspot marking procedure.

The control target of the vertex was defined as the midpoint between the
nasion and inion along the midline. The marking procedure followed the
same protocol as used for the hotspot. Before each TPS session, both the
active and control targets were marked to minimize potential bias in the

marking process.

—

A circular ring removed from the TPS handpiece was used for marking, with its center

indicating the TPS handpiece’s focal point; Middle: The hotspot was positioned at the
center of the circular ring; Right: The ring’s circumference was marked on the scalp

using a brown eyebrow pencil.

4.2.5.2 TPS parameters and administration
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TPS was delivered using the NEUROLITH system (Storz Medical AG,
Tagerwilen, Switzerland). During active stimulation sessions, 1000 TPS
pulses were delivered at a pulse frequency of 4 Hz with an energy flux
density (EFD) of 0.20 mJ/mm? to the hotspot in the tM1 (Figure 14, left),
similar to the parameters utilized in previous research (Beisteiner et al.,
2020; Matt et al., 2022). The TPS pulse has a focus size of 5 mm (lateral)
x Smm (sagittal) x 56 mm (axial) (Karakatsani et al., 2025) and a focus
depth of 43.4 mm (with a 6.6 mm stand-off device). To ensure optimal
acoustic coupling, a generous amount of bubble-free ultrasound gel was
applied to the stimulation site. The TPS handpiece, equipped with the
circular ring, was carefully aligned with the marked circumference and
maintained perpendicular to the scalp throughout stimulation. Control
stimulation sessions followed the same procedural setup and parameters,
with the only difference being the target location: the vertex rather than

the motor hotspot (Figure 14, right). An adverse event checklist was used
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after each TPS session to assess the side effects.

{ ~

Figure 14. TPS handpiece positioning for (left) hotspot in the right primary motor
cortex and (right) vertex stimulation. Hair stickers and clips were used to keep hair

out of the way and expose the markers.

4.2.6 Behavioral assessment

The Deary-Liewald SRTT and NHPT were used to assess the motor
performance at baseline (T0) and immediately after (T1), as well as 10
(T2),20(T3), 30 (T4), and 40 minutes (T5) following TPS. The tests

were given in a fixed sequence: first the SRTT, then the NHPT.

The SRTT assesses processing speed by measuring reaction times to a
diagonal cross appearing on a computer screen (Deary et al., 2011).
Participants pressed the space key as quickly as possible after the
stimulus appeared. The stimulus remained on the screen until the

participant responded, and the interval between stimuli varied randomly
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between 1 to 3 seconds. Each session included 10 practice trials and 20
test trials, performed first with the left hand and then with the right.
Reaction times were automatically recorded, and outliers — responses
exceeding 1s or below 0.1s — were excluded. Two independent analysts
extracted the data and calculated the mean and standard deviation for

analysis.

The NHPT assesses hand dexterity utilizing the Jamar 9-Hole Pegboard
(Mathiowetz et al., 1985; Kellor et al., 1971). The square pegboard (12
cm x 12 cm) has nine holes (7 mm diameter, 26 mm apart from each
other) and comes with pegs (32 mm length, 6 mm diameter). The
pegboard and a dish were placed at the participant’s midline, with the
dish oriented toward the tested hand (first with the left hand, then the
right hand). During the test, participants took pegs one by one, placed
them into the holes, then returned them to the dish as quickly as possible,
without retrieving dropped pegs. Before testing, a practice trial was
conducted for each hand, followed by two consecutive test trials per hand,
with the mean time recorded for analysis. The procedure was video-
recorded, and two independent analysts used a stopwatch to measure the
time from first peg touch to last peg hitting the dish (Mathiowetz et al.,
1985; Oxford et al., 2003). If a participant paused after placing all pegs,
retrieved fallen pegs, or deviated from instructions, the trial was
discarded and repeated, with the reason documented. Any interruptions or
errors, such as dropped pegs or talking, were noted. Additionally, if the

time divergence between analysts exceeded 0.2431 seconds (based on the
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simple reaction time (Deary et al., 2011), the trial was re-reviewed until

the discrepancy was < 0.2431 seconds.

4.2.7 Statistical analysis

A linear mixed-effects model was used to analyze the effects of time,
stimulation condition, and their interaction, while accounting for potential
confounding factors. Stimulation conditions (active vs. control), time
points (TO-T5), and their interaction were set as fixed factors, with
subject number as a random effect. The stimulation sequence (active-
control vs. control-active) and baseline NHPT/SRTT performance were
included as covariates. When significant main effects or interaction
effects were found for NHPT or SRTT, post-hoc tests were performed to

examine between- and within-group differences.

4.3 Study results

4.3.1 Participants’ characteristics

A total of 36 healthy subjects have been recruited, with 34 completing
two visits, one withdrawing from the study (due to factors unrelated to
the study procedure), and one excluded due to an unmeasurable hotspot
target. Of the 34 completers, 53% were males; the average age was 36.9 =
17.66 (mean = SD), and the average education year was 15.3 +2.72
(mean + SD). The baseline characteristics were similar in the two visits
(Table 9).

Table 9. Baseline characteristics of participants (completers, n = 34) in Study 3

Variable Active TPS visit (n = 34) Sham TPS visit (n = 34)
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N % N %
1% visit 17 50 17 50

Mean SD Mean SD P value
Baseline Lefthand  19.94 2.32 19.81 2.15 0.732*
NHPT
(second) Right hand 18.11 2.02 17.80 1.69 0.330"
Baseline Lefthand  0.292543 0.035573 0.284121 0.026387 0.106%
SRTT Right hand  0.292922 0.032739 0.287700 0.028509 0.489%
(second)

# Paired t-test; “Wilcoxon signed-rank test

4.3.2 NHPT performance

For left-hand NHPT performance, the linear mixed-effects model

revealed a significant main effect of time (F = 10.872, p <0.001), but no
significant main effect of stimulation condition (active vs. control, F =
0.002, p = 0.967) or interaction effect (F = 0.244, p = 0.943). Post-hoc
paired t-tests examined changes from baseline across post-TPS time
points for both active and control visits. During the active visit (rM1-

TPS), left-hand NHPT performance significantly improved 10 to 40

minutes post-TPS with medium to large effect sizes:

10 min: t = 3.29, peorrected = 0.01, Cohen’s d = 0.56

20 min: t = 5.07, Peorrected < 0.001, Cohen’s d = 0.87

30 min: t =4.71, peorrected < 0.001, Cohen’s d = 0.81

40 min: t = 5.08, peorrected < 0.001, Cohen’s d = 0.87.

During the control visit (vertex-TPS), similar significant improvements

were observed between 10 and 40 minutes, with medium effect sizes:
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10 min: t = 3.40, peorrected = 0.01, Cohen’s d = 0.58
20 min: t = 3.37, Peorrected = 0.01, Cohen’s d = 0.58
30 min: t = 3.86, Peorrected < 0.001, Cohen’s d = 0.67
40 min: t = 3.54, peorrected = 0.005, Cohen’s d = 0.61.

Therefore, rM1-TPS did not significantly enhance NHPT performance
compared to vertex-TPS, although effect sizes were larger for rM1
stimulation between 20 and 40 minutes post-TPS. Changes in left-hand

NHPT performance over time for both visits are shown in Figure 15 and

Table 10.
NHPT _left hand
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Figure 15. Changes in left-hand NHPT performance over time after the active and
control TPS. The dots and triangles indicate the mean time for NHPT, and the bars
indicate the standard errors (SEs) for each session. TO: baseline; T1: immediately after
TPS; T2: 10 minutes after TPS; T3: 20 minutes after TPS; T4: 30 minutes after TPS;
T5: 40 minutes after TPS.

Table 10. The numerical data of NHPT for both visits for the left hand
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Baseline Immediately 10min 20min 30min 40min
post-TPS post-TPS post-TPS post- post-
TPS TPS
Left M1- 1994+ 19.61+£0.35 19.16+ 18.87 18.80 18.72
hand TPS 0.40 (p=0.084) 036"(p= 031"(p< 035 (p 0.30" (p
visit 0.002, 0.001, <0.001, <0.001,
Cohen’s  Cohen’s  Cohen’s  Cohen’s
d= d= d= d=
0.564) 0.869) 0.808) 0.871)
Vertex- 19.81=+ 19.50+0.32 19.10+ 18.90 + 18.98 + 18.86
TPS 0.37 (p=0.144) 037" (p= 036"(p= 0.35"(p 0.37" (p
visit 0.002, 0.002, <0.001, =0.001,
Cohen’s  Cohen’s  Cohen’s  Cohen’s
d= d= d= d=
0.582) 0.578) 0.662) 0.607)

Data is shown as mean + SE. p-values were calculated by using paired t-tests to

investigate the difference between the baseline. *: The significance level of corrected

p-values should be < 0.01 by using Bonferroni correction.

4.3.3 SRTT performance

For SRTT performance, no significant main effects or interaction effects

were observed during either visit. Changes in left-hand SRTT

performance over time for both visits are illustrated in Figure 16, with

numerical data available in Table 11.
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Figure 16. Changes in left-hand SRTT performance over time after the active and

control TPS. The dots and triangles indicate the mean reaction time for SRTT, and the

bars indicate the standard errors (SEs) for each session. TO: baseline; T1: immediately
after TPS; T2: 10 minutes after TPS; T3: 20 minutes after TPS; T4: 30 minutes after

TPS; T5: 40 minutes after TPS.

Table 11. The numerical data of SRTT for both visits for the left hand

Baseline  Immediately 10min 20min 30min 40min
post-TPS post-TPS  post-TPS post-TPS post-TPS
Left Ml1- 0.2925+  0.3000 + 02917+ 02967+ 0.2905+ 0.2984 +
hand TPS 0.0061 0.0075 (p=  0.0047(p 0.0053(p 0.0047 (p 0.0055 (p
visit 0.447) =0.544) =0.197) =0993) =0.169)
Vertex- 0.2841+  0.2948 + 02882+ 0.2940+ 0.2886+ 02919+
TPS 0.0045 0.0070 (p=  0.0038(p 0.0055(p 0.0044 (p 0.0052(p
visit 0.071) =0.135) =0.077) =0.263) =0.103)

Data is shown as mean + SE. p-values were calculated using the Wilcoxon test to

investigate differences from baseline. *: The significance level of corrected p-values

should be < 0.01 by using Bonferroni correction.
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4.3.4 Integrity of the blind

Participants were asked whether they thought they were expected to
perform better during one of the two visits. Nine (27%) of the 34
participants believed they were expected to perform better during the
rM1-TPS visit, while 12 (35%) expected better performance during the
vertex-TPS visit; the remaining 13 participants (38%) reported
uncertainty. A binary test confirmed that participants’ expectations (rM1-
TPS visit vs. vertex-TPS visit) were no better than chance (p = 0.664),
demonstrating successful blinding of participants to the stimulation

condition.

4.3.5 Safety

Among the 34 participants, 25 (74%) in the rtM1-TPS visit and 25 (74%)
in the vertex-TPS visit reported side effects, with the most common ones
being tingling and pressure sensation at the stimulation site. See details in
the Supplementary Table 12. All symptoms resolved within 24 hours
without medication.

Table 12. Adverse events occurred in Study 3

Number of participants reporting each adverse event

during stimulation (%)

rM1-TPS Vertex-TPS
Tingling 8 (24%) 8 (24%)
Pressure 3 (9%) 5 (15%)
sensation
pain 3 (9%) 5 (15%)
numbness 2 (6%) 3 (9%)
Striking sensation 2 (6%) 1 (3%)
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Vibration inthe 2 (6%) 2 (6%)

ears

Unpleasant noise 1 (3%) 1 (3%)

Dizziness 1 (3%) 1 (3%)

Decreased 1 (3%) NA

hearing

Headache 1 (3%) NA

Pain around the NA 2 (6%)

left ear

Irritation NA 1 (3%)
Number of participants reporting each adverse event after
stimulation (%)

Fatigue 1 (3%) NA

Decreased 1 (3%) NA

hearing

Dizziness 1 (3%) NA

Headache 1 (3%) NA

Sourness in the 1 (3%) NA

arm and hand

Pain around the NA 1 (3%)

left ear

Muscle tightness  NA 1 (3%)

in the right face

rM1-TPS: transcranial pulse stimulation over the right primary motor cortex; Vertex-
TPS: transcranial pulse stimulation over the vertex; NA: not applicable.
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4.4 Discussion

4.4.1 The feasibility and behavioral effects of a single-session TPS

This randomized, controlled, subject- and analyst-blind crossover study
assessed the feasibility of a single-session TPS protocol and its
modulatory effects on motor performance in healthy adults. The results
confirm that delivering 1000 pulses of TPS to the right primary motor
cortex 1s both feasible and safe, with no serious adverse events reported.
No significant difference was observed between active and control
stimulation, with left-hand NHPT performance demonstrating larger
effect sizes between 20 to 40 minutes post tM1-TPS (Cohen’s d = 0.808-
0.871) than vertex-TPS (Cohen’s d = 0.578-0.662). A post hoc power
analysis indicated that a total sample size of 180 participants would be
required to detect a significant interaction between stimulation condition

and time, with an alpha of 0.05 and 80% power.

A recent study demonstrated immediate tremor amplitude reduction in
PD patients following a single-session TPS applied to the motor cortex
contralateral to the most affected body side (Manganotti et al., 2025).
They found that active TPS significantly decreased the amplitude of
resting tremor immediately after stimulation, compared with sham
stimulation, with a large effect size (Cohen’s d = 1.341). While
promising, these results await replication. In any case, our study has
several key differences from Manganotti et al.’s study (Manganotti et al.,

2025) that may explain the differences in results. First, while Mangonotti
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et al. examined clinical populations and symptom changes, we
investigated behavioral performance in healthy adults, making direct
comparisons between these two studies difficult. Second, our protocol
delivered 1000 pulses at the TMS-defined hotspot, whereas Manganotti et
al. administered 1500 pulses over the motor cortex without a detailed
illustration of the targeting method or the size of the stimulation area. On
the other hand, the potential dose-dependent effect of TPS may partly
explain their larger effect size. Third, methodological limitation in
Manganotti et al.’s study may have influenced their results. Their non-
randomized trial treated 16 PD patients with active TPS first, followed by
sham treatment in only 9 patients, potentially introducing selection and
blinding biases that could compromise reliability. Fourth, Manganotti et
al. did not assess the time course of TPS's immediate effects on motor
function. Our study is the first to investigate the short-term behavioral

effects of a single-session TPS for up to 40 minutes post-stimulation.

No significant improvement in SSRT performance was detected
following either rM1-TPS or vertex-TPS. One possible explanation is that
SSRT relies not only on sensory-motor processing but also on attentional
demand, which is closely linked to frontal cortex function (Stuss et al.,
2005). Additionally, the ceiling effect observed in healthy participants

may have limited detectable improvements.

4.4.2 Study limitations

Study 3 has several limitations. First, the washout period may have been
insufficient. However, Manganotti et al. (Manganotti et al., 2025) found
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that the active TPS group demonstrated significantly greater improvement
in tremor amplitude compared to the sham group immediately after TPS,
rather than 24 hours post-stimulation. This suggests that a single session
of TPS may modulate motor function more effectively than a placebo in
the immediate period. In addition, several crossover trials on transcranial
ultrasound stimulation also included a 24-hour washout period (Guerra et
al., 2021; Zhang et al., 2022). Second, we used vertex stimulation as a
control to maintain participant blinding, but this control stimulation may
have induced a general stimulation effect, potentially confounding our
results. Third, a single TPS session may not be sufficient to demonstrate
effectiveness in behavioral improvements. Most TPS studies have
employed multiple sessions administered over 2-4 weeks (Beisteiner et
al., 2020; Fong et al., 2023; Cheung, Li et al., 2023; Cheung, Yee et al.,
2024; Matt et al., 2025). Moreover, our unpublished data in MDD
patients showed greater clinical improvement with active TPS than with

sham treatment, particularly during weeks 2-4 of continued therapy.

4.4.3 Implications for future studies

Although no short-term behavioral effects of rM1-TPS were observed
when compared to vertex-TPS, our findings illuminate potential
directions for future TPS research. First, given that a recent animal study
found real-time neurovascular effects during TPS (Karakatsani et al.,
2025), future studies should investigate the online and short-term effects
of TPS using combined neurophysiological and neuroimaging
assessments. Second, including a sham control condition is essential to

clarify the target-specific modulatory effects of TPS. Third, the efficacy
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of multiple TPS sessions should be explored to determine if they induce

stronger aftereffects.
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Chapter 5: Efficacy and safety of transcranial stimulation of the dorsal
cingulate cortex and anterior insula cortex in healthy adults: A prospective,

randomized, sham-controlled, pilot trial (Study 4)

5.1 Introduction

Non-invasive brain stimulation (NIBS) techniques, such as transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation
(tDCS), are widely used as complementary treatments for depression
(Lefaucheur et al., 2020; Wang, 2019). The most common target is the
left dorsolateral prefrontal cortex (IDLPFC), based on its established
efficacy in reducing depressive symptoms. A fundamental limitation of
these techniques, however, is their inability to directly stimulate deeper
brain regions. This restriction prevents the exploration of alternative
therapeutic targets in deeper neural circuits. Crucially, evidence from
invasive deep brain stimulation suggests several deep brain regions—
including the subcallosal cingulate gyrus, ventral capsule/ventral
striatum, medial forebrain bundle, nucleus accumbens, and bed nucleus of
the stria terminalis—that can produce promising long-term antidepressant
effects (Reddy et al., 2024). This highlights a significant gap between the
therapeutic potentials of these validated deeper targets and the technical

limitations of conventional NIBS techniques.

Notably, the dorsal anterior cingulate cortex (dACC) and anterior insula
cortex (AIC) are core nodes of the salience network (SN). This network is
responsible for identifying the most relevant stimuli among internal and
external inputs to guide attention and behavioral responses (Menon and
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Uddin, 2010). Dysfunction of the SN is implicated in the pathophysiology
of various mental disorders, including depression, anxiety, autism
spectrum disorder, obsessive-compulsive disorder, post-traumatic stress
disorder, and schizophrenia (Goldstein-Piekarski et al., 2022; Segal et al.,
2023; Williams, 2016; Lynch et al., 2024). In depression, insula
hypoconnectivity within SN (Mulders, van Eijndhoven et al., 2015) and
hypoconnectivity between the dACC node of SN and the precuneus node
of the attention circuit (Kaiser et al., 2015) have been noted. Notably, and
degree of insular hypoconnectivity is inversely related to symptom
severity (Mulders et al., 2015). These SN dysfunctions may underlie
clinical symptoms of anxious avoidance, characterized by difficulty in
discerning relevant salient cues and withdrawing from situations that
could cause sensory or interoceptive overload (Williams, 2016).
Structural neuroimaging provides convincing evidence for the SN’s
central role. A landmark meta-analysis of over 15,000 individuals with
various psychiatric disorders identified reduced grey matter volume in the
bilateral AIC and dACC as the only structural abnormalities common to
schizophrenia, bipolar disorder, depression, addiction, obsessive-

compulsive disorder, and anxiety (Goodkind et al., 2015).

Transcranial pulse stimulation (TPS) was first investigated in
Alzheimer’s disease, where it demonstrated clinical and neural effects
(Beisteiner et al., 2020; Matt et al., 2025; Radjenovic et al., 2025;
Beisteiner and Matt, 2025; Karakatsani et al., 2025). Afterwards, more
and more TPS clinical studies have been conducted across various disease
cohorts, including MCI (Fong et al., 2023; Lo et al., 2024), depression
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(Cheung, Li, Ho, et al., 2023), PD (Osou et al., 2024; Manganotti et al.,
2025), ADHD (Cheung et al., 2024), and ASD (Cheung, Li, Lam, et al.,
2023). However, a critical limitation persists in this literature: most trials
apply stimulation broadly across multiple cortical regions (Beisteiner et
al., 2020; Matt et al., 2025; Fong et al., 2023; Lo et al., 2024; Osou et al.,
2024). Only a handful of studies have employed region-specific targeting,
focusing on surface cortex areas such as the somatosensory cortex
(Beisteiner et al., 2020; Matt et al., 2022), the primary motor cortex
(Manganotti et al., 2025), DLPFC (Cheung, L1, Ho, et al., 2023), and
temporoparietal junction (Cheung, Li, Lam, et al., 2023). Consequently,
the precise modulatory effects and underlying mechanisms of region-
specific TPS remain poorly understood. Moreover, although TPS is
capable of non-invasively stimulating deeper brain regions up to 8 cm
deep (Matt, Kaindl et al., 2022), the feasibility and efficacy of targeting

specific subcortical regions remain unexplored.

Given the research gap and the established relevance of the dACC and
AIC in depression, this study aimed to assess the feasibility, safety, and
modulatory effects of TPS targeting these deeper regions in healthy
adults. To probe AIC and dACC function, we selected four well-validated
psychological tasks based on prior task-fMRI studies: the counting Stroop
task (assessing conflict monitoring) (Bush et al., 1998), the Go/NoGo test
(GNGT) (response inhibition) (Wager et al., 2005), the balloon analog
risk task (BART) (risk-taking) (Rao et al., 2008), and the reading the
mind in the eyes test (RMET) (theory of mind) (Moor et al., 2012). In
addition, subjective affective state was assessed using mood scales. Our
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goal was to provide foundational evidence for TPS as a tool for non-
invasive deeper brain stimulation and to identify potential therapeutic

targets for depression.

5.2 Methods

5.2.1 Study overview

A single-blind, sham-controlled randomized pilot trial was conducted to
investigate the effects of TPS on AIC and dACC function. The study was
conducted at The Hong Kong Polytechnic University between August
2024 and August 2025. The study protocol was approved by the
Institutional Review Board of The Hong Kong Polytechnic University
(Reference No: HSEARS20240319006) and registered at
ClinicalTrial.gov (Identifier: NCT06635161). Eligible healthy
participants were randomized to receive AIC-TPS, dACC-TPS, or vertex-
sham TPS for 10 sessions over 2 weeks. Task performance and subjective
mood were evaluated at three time points: baseline, midpoint (one week
after the first TPS session), and endpoint (upon completion of the final
session). Structural magnetic resonance imaging (sSMRI) and resting-state
functional magnetic resonance imaging (rs-fMRI) were performed at
baseline and endpoint. SMRI was used for individualized targeting, while
rs-fMRI was employed to examine TPS-induced changes in voxel-wise,
target-seeded resting-state functional connectivity (rsFC). The study

procedure is shown in Figure 17.
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5.2.2 Sample size

Until now, no TPS trial has specifically targeted AIC or dACC. As a pilot
study, the sample size was set at 20 participants per group, following the
conventional rule of thumb. This resulted in a total sample size of 60,

allocated in a 1:1:1 ratio across the dACC, AIC, and sham groups.

5.2.3 Inclusion and exclusion criteria

Healthy participants were included in this study. Inclusion criteria were:
(1) age between 18 and 65 years; (2) good physical and mental health,
confirmed through a clinical interview; and (3) the ability to comprehend
and follow instructions provided by the study team. Exclusion criteria
included (1) the presence of intracranial metal implants; (2) corticosteroid
treatment within 6 weeks prior to enrollment; (3) pregnancy or
breastfeeding; (4) standard contraindications for NIBS and MRI, such as
a history of brain surgery, cardiac pacemaker, deep brain stimulation, or
intracranial metallic particles; (5) prior experience with TPS; (6) color
blindness; and (7) a background in neuroscience. Eligible participants
were enrolled in the study after obtaining written informed consent. The
study was performed in accordance with the Declaration of Helsinki

(Gandevia and Tovell, 1964), including its current revisions.

5.2.4 Randomization and allocation concealment

Randomization tables, generated by a computer-based algorithm with a
block size of 12, were used to allocate participants to the three

experimental arms in a 1:1:1 ratio. Each participant was assigned a
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unique randomization identification number, which determined their
assigned stimulation target. Sealed, opaque envelopes containing the
group allocation corresponding to each randomization identification
number were prepared and securely maintained by the TPS operator

throughout the study period.

5.2.5 TPS procedure and blinding

The TPS protocol followed Study 2, except that five TPS sessions were
applied per week for two weeks in Study 4. Targets in the bilateral AIC,
bilateral dACC, and vertex were identified using neuronavigation based
on each participant's SMRI (Figure 18). Each session consisted of 1000
pulses (500 per hemisphere for the AIC or dACC, and 1000 for the
vertex) delivered at 4 Hz with an EFD of 0.2 mJ/mm?. The left AIC
(IAIC), right AIC (rAIC), left JACC (IdACC), right dACC (rdACC), and
vertex were predefined as 15-mm radius spheres centered at the following
MNI coordinates: IAIC (x =-41,y=6,z=3 mm), rAIC (x=44,y=9,z
=2 mm), IdACC (x =-4,y =26,z =45 mm), rdACC (x=7,y=30,z=
40 mm) (Ho et al., 2017; Yeo et al., 2011), and vertex (x =0,y =-30,z =
60 mm). These spheres were then transformed into each participant’s
individual T1-weighted space, and adjusted target voxels were calculated
to match the TPS display at a penetration depth of 30 mm. Predefined 15-
mm-radius spheres were then created as target zones on the individual
T1-weighted image, centered at the center of mass of all adjusted target
voxels. A 6.6 mm stand-off device was used for AIC targeting to achieve

a focus depth of 43.4 mm, while no stand-off device was used for dACC
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targeting to allow deeper penetration (a focus depth of 50 mm). Sham
stimulation was delivered by placing a sham stand-off device into the
handpiece. Adverse events were assessed using a predefined checklist
after each session, and participants were instructed to report any
additional symptoms. To assess the self-perceived efficacy of TPS,
participants were asked at endpoint (Week 2) whether the stimulation had

influenced their task performance or mood, and, if so, in what way.

The TPS operator could not be blinded because they needed to be aware
of the stimulation targets. Participants, however, were blinded to the
study hypothesis. They were provided with partial information: while
informed that they would receive stimulation, they were not told about
the specific targets or the primary purpose of the study. Although
participants may have realized that stimulation sites varied across
individuals (e.g., through conversations with other participants), their lack
of a neuroscience background prevented them from discerning the precise
differences among the three stimulation targets. This process guaranteed
effective participant blinding throughout the study. Because participants
also served as assessors for self-performed tasks and questionnaires,

maintaining this level of blinding was essential to minimize bias in the

subjective outcomes.




Figure 18. Stimulation targets: Left panel (red): bilateral anterior insular cortex;
middle panel (blue): bilateral dorsal anterior cingulate cortex; right panel (green):

vertex.

5.2.6 Psychological measurements

The Counting Stroop task was used to assess dACC function in conflict
and error monitoring (Bush et al., 2006; Bush et al., 1998). Participants
were instructed to report, via keypress, the number of identical words
displayed on a computer screen while ignoring the words’ meaning,
responding as quickly and accurately as possible. The number of words
(1-4) was indicated by pressing the 'A’', 'S', 'K', and 'L' keys with the right
middle, right index, left index, and left middle fingers, respectively. In

incongruent blocks, stimuli consisted of Chinese number words (“—”,

e /9% ¢¢

=, «=>,“Jly”), where the quantity and semantic meaning conflicted.
Neutral blocks presented matched-complexity, non-numerical Chinese
characters (“ 1, “ N, “F, “I1”) (Shang et al., 2018). Stimuli were

presented every 1.5 seconds, with equal frequency for each word, and the
trial order was randomized. The task comprised eight 30-second blocks
(20 trials per block), alternating between incongruent and neutral trials,
with order counterbalanced across participants. A practice session of 20
neutral and 20 incongruent trials was conducted to familiarize participants
with the task (Bush et al., 1998; Hayward, Goodwin, and Harmer, 2004).
Cognitive interference was measured as increased reaction time (RT) and

decreased accuracy in incongruent compared to neutral trials.
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The Balloon Analog Risk Task (BART) was used to assess the AIC and
dACC involvement in risky decision-making (Rao et al., 2008). In this
task, participants inflated a virtual balloon on-screen, earning money with
each pump but simultaneously increasing the risk of explosion, which
resulted in losing all earnings for that trial. Participants could stop
pumping at any time to cash out accumulated earnings. The task consisted
of 30 trials (balloons), each allowing a maximum of 12 pumps, with
participants earning HKD 0.6 per pump for unexploded balloons. The
explosion probability increased with each pump, ranging from 2% at the
first pump to 90% at the last. Participants were informed that the
explosion point varied across balloons (Lejuez et al., 2002). Risk-taking
was quantified as the unadjusted number of pumps (average number of
pumps across all 30 balloons), the adjusted number of pumps (average
number of pumps across unexploded balloons), and the number of

explosions.

The Chinese version of the Reading the Mind in the Eyes Test (RMET)
was used to assess the AIC function related to the theory of mind (Baron-
Cohen et al., 2001; Lee et al., 2023; Moor et al., 2012). In this test,
participants viewed 28 photographs of the eye region, each accompanied
by four mental state terms (e.g., vigorous, encouraged, excited, serene).
For each trial, participants selected the word that best described what the
person in the photograph was thinking or feeling. Trial order was
randomized, and participants were instructed to respond based on their

first impression, without time constraints.
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The Go/No-go task (GNGT) was used to assess the AIC and dACC
function in response inhibition (Wager et al., 2005). Participants were
instructed to press the spacebar as quickly as possible for Go signals (red
circles) and to withhold responses for No-Go signals (blue circles).
Stimuli were randomly presented for 400 ms, separated by a 1000-ms
central fixation cross. The task consisted of 280 trials across two blocks,
with No-Go trial probability varying by block (high: 50%; low: 20%). A
20-trial practice session preceded the main task. The outcome measure
was the false alarm rate (FAR) on No-Go trials, calculated as the
proportion of No-Go trials in which participants failed to inhibit the

prepotent response.

To explore the influence of TPS on affective state, mood was assessed
using three validated instruments: the Subjective Happiness Scale (SHS)
(Lyubomirsky and Lepper, 1999; Nan et al., 2014), the Profile of Mood
States (POMS) (Lin, Hsiao, and Wang, 2014; Chen, Snyder, and
Krichbaum, 2002), and the Warwick-Edinburgh Mental Well-Being Scale
(WEMWBS) (Fung, 2019; Stewart-Brown and Janmohamed, 2008).

5.2.7 MRI measurements

The MRI protocol followed Study 2. Within one week prior to the first
TPS session and at the conclusion of the final session, participants
received a 6-minute SMRI scan using a Siemens 3T MAGNETOM
Prisma system equipped with a 64-channel head coil. Standard scanning
parameters were TR/TE = 2300/2.98 ms, flip angle = 9°, field-of-view =
240 x 256 x 208 mm, voxel size =1 x 1 x I mm. An 8-minute rs-fMRI
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scan was also performed. During this scan, participants were instructed to
relax with their eyes open and to fixate on a cross displayed on the screen,
allowing their minds to wander without focusing on specific thoughts.
Rs-fMRI was acquired using single-shot gradient-recalled echo planar
imaging with TR/TE = 607/32 ms, FOV =220 x 220 x 160 mm, voxel
size = 2.5 x 2.5 x 2.5 mm, 64 slices (slice thickness = 2.5 mm),
interleaved acquisition, and a simultaneous multislice acceleration factor

of 8.

5.2.8 Statistical analysis

An intention-to-treat analysis was planned using a linear mixed model
(LMM) to estimate stimulation effects, given its flexibility, ability to
handle missing data, and greater statistical power compared to other
approaches. The stimulation effect of TPS was considered confirmed
when a significant group-by-time interaction was followed by a
significant post hoc comparison, demonstrating that the active groups
exhibited greater improvements in task performance or mood state
compared to the sham group. In addition, exploratory paired t-tests were
performed to assess within-group changes from baseline for each

outcome of interest.

Voxel-wise seed-based rsFC analyses were performed to investigate TPS-
induced rsFC changes. Seeds were defined as the bilateral AIC (MNI
coordinate: IAIC: x =-41,y=6,z=3 mm; rAIC: x=44,y=9,z=2
mm) and bilateral dJACC (MNI coordinate: IdACC: x =-4,y =26, z=45
mm; rdACC: x =7, y=30,z=40 mm) (Ho et al., 2017; Yeo et al.,
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2011). Correlation analyses were then conducted to examine the
associations between changes in rsFC and improvements in task

performance or mood.

5.3 Study results

5.3.1 Participants’ characteristics

A total of 65 healthy participants were recruited, of whom 60 were
included in the study. Five participants were excluded before the start of
the first TPS session: four declined participation, and one had incidental
findings on the baseline SMRI scan. Of the 60 participants included, 57
completed the 2-week experiment, and 3 withdrew. Two participants in
the AIC group dropped out due to headaches, and one in the dACC group
withdrew for personal reasons unrelated to the study procedures. In
addition, improper data storage resulted in completely random missing
data: endpoint data for the GNGT and BART from one AIC group
participant; baseline data for the counting Stroop task, GNGT, and BART
from one dACC group participant; and mood scales scores from 23
participants (n = 8 dACC, n = 8 AIC, n = 7 sham). Of the enrolled 60
participants, 22 (36.7%) were males; the mean age was 23.52 + 8.60
years, and the mean years of education was 15.43 +2.13. Baseline
characteristics across most outcome measures were comparable among

the three groups (Table 13).
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Table 13. Baseline characteristics of participants (n = 60) in Study 4

Variable AIC-TPS (n =20) dACC-TPS (n =20) Sham-TPS (n =20) p-
value
Male (n, %) 8, 40% 5,25% 9,45% 0.393
Age (y), mean (SD) 23.75(9.32) 23.65 (7.76) 23.15 (9.07) 0.973
Education (y), mean (SD) 15.35 (1.90) 15.85 (1.93) 15.1 (2.54) 0.533
Baseline Interference  Accuracy (neutral vs. 5.31 (4.25) 6.14 (7.62) [n=19]" 3.13 (2.98) 0.189
counting incongruent trials, %),
Stroop task mean (SD)
RT (incongruent vs. 0.0730 (0.04247) 0.0621 (0.04927) [n=19]"  0.0709 (0.03674) 0.704
neutral trials, s), mean
(SD)
Baseline 50% No-Go Accuracy of No-Go trials  97.60 (3.02) 98.53 (2.39) [n=19]" 98.00 (3.18) 0.669
GNGT trials (%), mean (SD)
20% No-Go Accuracy of No-Go trials  86.50 (12.68) 93.16 (10.57) [n=19]" 92.00 (15.76) 0.248
trials (%), mean (SD)
Baseline Average Pumps (n), mean (SD) 4.69 (0.69) 4.91 (0.76) [n=197" 4.65 (0.98) 0.560
BART Adjusted average pumps (n), mean (SD) 4.70 (0.80) 4.89 (0.94) [n=197" 4.75 (1.10) 0.803
Exploded balloons (n), mean (SD) 12.85 (3.76) 14.05 (3.63) [n=19]" 13.70 (4.59) 0.631

Baseline RMET, mean (SD) 21.50 (2.04) 19.55 (1.91) 20.75 (3.13) 0.044"
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Baseline SHS, mean (SD) 16.67 (20.85) 18.42 (4.87) [n=12]" 20.85 (4.39) [n=13]%  0.111

[n=12]"
Baseline WEMWBS, mean (SD) 45.67 (9.03) [n=12]*  41.08 (7.83) [n=12]" 51.15 (11.00) 0.039"
[n=13]*
Baseline POMS, mean (SD) 110.42 (26.37) 115.17(21.27) [n=12]" 108.23 (30.47) 0.802
[n=12]" [n=13]"

AIC: anterior insula cortex; dACC: dorsal anterior cingulate cortex; RT: reaction time; HKD: Hong Kong dollar; BART: balloon analog risk
task; REMT: reading the mind in the eyes test; SHS: subjective happiness scale; WEMWBS: Warwick-Edinburgh mental well-being scale;
POMS: profile of mood states. *: exclusion of completely random missing data due to improper data storage; *: the baseline RMET score in the

dACC group was significantly lower than that in the AIC group (pcorrected = 0.041); and the baseline WEMWBS score was significantly lower in
the dACC group, compared to the sham group (pcorrected = 0.035).
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5.3.2 Task performance and mood

Because most continuous outcome data were not normally distributed,
they were not suitable for analysis with the planned LMM approach.
Instead, Generalized Linear Mixed Models (GLMM) were employed. A
Gamma distribution with a log link function was used for non-percentage
data, while an identity link function was applied for percentage data. The
model included Group (dACC x AIC x sham), Time (baseline vs.
midpoint vs. endpoint), and their interaction as fixed effects. A random
intercept for subjects was included to account for repeated measures, with

an unstructured covariance type assumed.

5.3.2.1 Counting Stroop task performance

For both RT and accuracy interference, no significant interaction effects
were found (RT interference: p = 0.098; accuracy interference: p =
0.401), nor were there significant main effects of Group (RT interference:
p = 0.557; accuracy interference: p = 0.448). A significant main effect of
Time was observed (RT interference: p = 0.049; accuracy interference: p
= 0.025). Exploratory paired t-tests revealed no significant changes from
baseline within individual groups. However, the dACC group
demonstrated a marginally significant reduction in RT interference from
Week 1 to Week 2 (midpoint vs. endpoint: 0.0788 £ 0.0093 vs. 0.0536 +
0.0073 [mean£SE], peorrected = 0.054). Changes in RT and accuracy

interference across groups are presented in Appendices (Figures S1-S2).

5.3.2.2 BART performance
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For the average number of pumps, no significant interaction effect (p =
0.066), or significant main effects of Time (p = 0.274) or Group (p =
0.820), were found. Exploratory paired t-tests revealed a significant
increase in the AIC group from Week 1 to Week 2 (midpoint vs.
endpoint: 4.6 + 0.2 vs.4.9 = 0.2 [mean £ SE], pcorrected = 0.042), with an
overall effect size of 0.36 (Figure 19).

For the adjusted number of pumps, a significant interaction effect (p =
0.026) and main effect of Time (p = 0.039) were found, with no
significant main effect of Group (p = 0.838). Post-hoc analyses showed a
significant increase in the AIC group from Week 1 to Week 2 (midpoint
vs. endpoint: 4.8 £0.2 vs. 5.2 + 0.2 [mean + SE], peorrected = 0.006) and
from baseline to endpoint (4.7 = 0.2 vs. 5.2 £ 0.2 [mean £ SE], Pcorrected =

0.006). The overall effect size is 0.74 (Figure 20).

For the number of exploded balloons, no significant interaction effect (p
= 0.340) or main effect of Group (p = 0.904) was found; however, a
significant main effect of Time (p < 0.001) was detected. Exploratory
paired t-tests revealed a significant decrease in the dACC group after 2-
week TPS (baseline vs. endpoint: 13.5 + 1.3 vs. 11.0 £ 1.0 [mean + SE],
Peorrected = 0.019), with an overall effect size of 0.64 (Figure 21).
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Figure 19. Average number of pumps in the BART. The dots, triangles, and squares indicate
the mean values in the JACC, AIC, and sham groups, respectively; The bars indicate the
standard errors. *: p-value < 0.05 after Bonferroni correction. The asterisk indicates an AIC

within-group difference between the midpoint and the endpoint.
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Figure 20. Adjusted average number of pumps in the BART. The dots, triangles, and squares
indicate the mean values in the dACC, AIC, and sham groups, respectively; The bars indicate

the standard errors. *: p-value < 0.05 after Bonferroni correction. The asterisk above the line
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indicates the within-group difference between the midpoint and the endpoint. The asterisk

beside the line indicates an AIC within-group difference between baseline and endpoint.
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Figure 21. Number of exploded balloons in the BART. The dots, triangles, and squares
indicate the mean values in dACC, AIC, and control groups, respectively; The bars indicate
the standard errors. *: p-value < 0.05 after Bonferroni correction. The asterisk beside the line

indicates a dACC within-group difference between baseline and endpoint.

5.3.2.3 GNGT performance

For both GNGT versions (20% No-Go trials and 50% No-Go trials), no
significant interaction effects were found (p = 0.312 for 50% No-Go; p =
0.781 for 20% No-Go). Similarly, there were no significant main effects
of Time (p = 0.163 for 50% No-Go; p = 0.747 for 20% No-Go) or Group
(p = 0.290 for 50% No-Go; p =0.918 for 20% No-Go). Exploratory
paired t-tests also revealed no significant changes from baseline within
individual groups. Changes in FAR for both GNGT versions (50% and
20% No-Go trials) across the three groups are shown in Appendices

(Figures S3-5S4).
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5.3.2.4 RMET performance

No significant interaction effect (p = 0.615) was found for RMET scores;
however, a significant main effect of Group (p = 0.007) and Time (p =
0.037) was found. Exploratory paired t-tests revealed that RMET scores
in the dACC group were significantly lower than those in the AIC group
at both baseline (dACC vs. AIC: 19.5 £0.5 vs. 21.4 £ 0.5 [mean £ SE],
Peorrected = 0.024) and midpoint (dACC vs. AIC: 20.0 £0.5 vs. 22.0 £ 0.5
[mean £ SE], peorrected = 0.019). At the midpoint, RMET scores in the
dACC group were also significantly lower than those in the sham group
(dACC vs. sham: 20.0 = 0.5 vs. 22.0 = 0.5 [mean = SE], peorrected = 0.019).
In addition, the sham group demonstrated a significant improvement after
1 week of TPS (baseline vs. midpoint: 20.6 = 0.5 vs. 22.0 £ 0.5 [mean +
SE], peorrected = 0.030) (Appendices, Figure S5).

5.3.2.5 Mood

No significant interaction effects, main effects, or paired t-tests results
were found for the SHS, WEMWBS, or POMS (Appendices, Figures S6-
S8).

5.3.3 Rs-fMRI findings

Of the 57 participants who completed psychological assessments (n = 19
dACC, n =18 AIC, n = 20 sham), all underwent endpoint MRI
measurements. Four fMRI datasets were excluded due to poor
normalization quality during preprocessing (n = 1 dACC, n =2 sham, n =
1 AIC). Therefore, the final fMRI analysis included both baseline and
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endpoint fMRI data from 53 participants (n = 18 dACC,n=17 AIC,n =
18 sham).

5.3.3.1 Seed-based rsFC changes following TPS

Seed-based, voxel-wise rsFC analyses were conducted to evaluate target-
seeded rsFC changes following TPS. The predefined seed regions were:
(1) rdACC: MNI coordinates x =7,y =30, z =40 mm; (2) IIACC: MNI
coordinates x = -4, y =26, z =45 mm; (3) rAIC: MNI coordinates x = 44,
y =9, z=2 mm,; and (4) IAIC: MNI coordinates x =-41, y =6, z=3 mm.

A spherical radius of 15 mm was applied to each seed region.

Following dACC stimulation, a significant interaction effect (dACC vs.
sham x post-TPS vs. pre-TPS) was found in rdACC-seeded rsFC with the
bilateral inferior frontal gyrus (orbital and triangular parts), right superior
frontal gyrus (including the medial part), and bilateral cuneus. In addition,
a significant interaction effect was found in IdACC-seeded rsFC with the
bilateral inferior frontal gyrus (orbital and triangular parts). Post-hoc
analyses revealed that, compared to the sham group, the dACC group
exhibited greater rsFC enhancement between the dACC and the
aforementioned regions, with the exception of the bilateral cuneus (Table

14 and Figure 22).
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Table 14. Rs-FC results displaying clusters with a significant interaction effect (dACC vs. sham x post vs. pre) and the corresponding post-hoc
analyses (completers: n=18 dACC group; n=18 sham group)

Interaction effect Post-hoc analysis, Post-hoc analysis,
pre vs. post active vs. sham
Cluster Brain regions defined F k Peak MNI AAL for the peak dACC sham pre-TPS post-TPS
No. by AAL coordinates, MNI
Xyz
rdACC- Cluster 1 Frontal Inf Orb R; 44.72 (PrwE-corr = 99 3936-6 Frontal Inf Orb R t=-0.818, t=-0.547,t=0.649, t =0.741,
seeded Frontal Inf Tri R 0.001; PepRrecor = p=0425 p=0.592 p=0.521 p=0.464
0.005)
Cluster 2 Frontal Inf Orb L; 33.68 (PrwE-cor = 81 -3333-12 Frontal Inf Orb L t=-1.192, t=-0.400,t=1.471, t=1.509,
Frontal Inf Tri L 0.004; PepRrcor = p=0250 p=0.694 p=0.151 p=0.141
0.006)
Cluster 3 Frontal Sup Medial R; 30.63 (PrwE-cor = 80 95448 Frontal Sup Medial Rt=-1.766, t=-0.661,t=0.394, t=1.162,
Frontal Sup R; 0.004; PepRrcor = p=0.095 p=0.517 p=0.696 p=0.253
Frontal Mid R 0.006)
Cluster 4 Cuneus R, L 36.16 (PrwE-corr = 47 9-90 30 Cuneus R =-0.914, t=-1.001,t=1.087, t=0.977,
0.043; Prpr-corr = p=0.373 p=0.331 p=0.285 p=0.336
0.049)
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IdACC-  Cluster 1 Frontal Inf Orb R; 47.32 (PrwE-con < 128 39 36 -6 Frontal Inf Orb R t=-1.472, t=-0.305,t=0.490, t = 0.938,

seeded Frontal Inf Tri R 0.0001; Prpr-corr = p=0.159 p=0.764 p=0.627 p=0.178
0.001)

Cluster 2 Frontal Inf Orb L; 34.54 (PrwE-cor = 87 -4233-9 Frontal Inf Orb L =-1.258, t=-0.814,t=10.770, t =0.715,

Frontal Inf Tri L 0.004; PepRrcor = p=0225 p=0427 p=0.446 p=0.480
0.008)
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Figure 22. dACC-seeded rsFC changes in clusters showing a significant interaction effect (dAACC vs. sham x post-TPS vs. pre-TPS). The dots represent mean

rsFC values extracted at pre-TPS and post-TPS for individual clusters. rdACC-seeded rsFC: significant interaction effects were observed with clusters whose

peak MNI coordinates were located in the bilateral inferior gyrus (orbital part), right superior frontal gyrus (medial part), and right cuneus. IdACC-seeded

rsFC: significant interaction effects were observed with clusters whose peak MNI coordinates were located in the bilateral inferior gyrus (orbital part).
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Following AIC stimulation, a significant interaction effect was found in
rAlC-seeded rsFC with the right angular gyrus, bilateral middle temporal
gyrus, bilateral middle occipital gyrus, right inferior frontal gyrus
(opercular and triangular parts), right middle frontal gyrus, right
precentral gyrus, left superior occipital gyrus, left cuneus, left superior
parietal gyrus, and left middle cingulum. Moreover, a significant
interaction effect was found in IAIC-seeded rsFC with the right angular
gyrus, bilateral middle temporal gyrus, bilateral middle occipital gyrus,
right superior temporal gyrus, and supramarginal gyrus. Post-hoc
analyses revealed that, compared with the sham group, the AIC group
showed reduced AIC-seeded rsFC enhancement or reduced AIC-seeded

rsFC with all aforementioned clusters (Table 15 and Figure 23).
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Table 15. Rs-FC results displaying clusters with a significant interaction effect (AIC vs. sham x post vs. pre) and the corresponding post-hoc

analysis (completers: n=17 AIC group; n=18 sham group).

Interaction effect

Post-hoc analysis,

Post-hoc analysis,

pre vs. post active vs. sham
Cluster Brain regions defined F k Peak MNI AAL for the peak AIC sham  pre-TPS post-TPS
No. by AAL coordinates, MNI
Xyz
rAIC- Cluster 1 Angular R; 56.05 (Prwe-corr < 574 42-48 24 Angular R t=-0.740, t=-2.220,t=0.621, t=-0.659,
seeded Temporal Mid R; 0.0001; Peprecorr < p=0470 p=0.040"p=0.539 p=0.514
Occipital Mid R 0.0001)
Cluster 2 Temporal Mid L; 50.64 (Prwe-corr < 211-51-5712 Temporal Mid L  t=0.051, t=-2.063,t=1.050, t=-0.367,
Occipital Mid L 0.0001; Prpr-corr < p=0960 p=0.055 p=0.305 p=0.716
0.0001)

Cluster 3 Frontal Inf Oper R;
Frontal Mid R;
Frontal Inf Tri R
Precentral R

Cluster 4 Occipital Sup L;
Cuneus_L;

Parietal Sup L

44 .96 (PFWE—corr =
0002, PEpRr-corr =
0.004)

41.60 (PFWE-corr =
0002, PFDR-corr =
0.004)

91 33936

88 -15-8442
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Frontal Inf Oper R t=0.573,
p=0.575

t=0.128,
p =0.900

Occipital Sup L

t=-1.076, t=0.436, t=-0.440,
p=0297 p=0.666 p=0.663

t=-0.397, t=0.627, t=0.169,
p=0.696 p=0.535 p=0.867



1AIC-

seeded

Cluster 5 Cingulum Mid L

Cluster 1 Angular R;
Temporal Mid R;
Occipital Mid R

Cluster 2 Temporal Mid L;
Occipital Mid L

Cluster 3 Temporal Sup R;
SupraMarginal R

35.54 (PrwE-cor =
0.008; Prpr-corr =
0.011)

37.40 (PrwE-cor =
0.001; Pepr-corr =
0.003)

35.71 (Prwe-corr <
0.0001; Pepr-corr <
0.0001)

29.10 (PrwE-cor =
0.035; Prpr-corr =
0.075)

69 -12-2745

11342 -48 24

165 -48 -57 12

54 66 -3621

Cingulum_Mid L

Angular R

Temporal Mid L

Temporal Sup R

t=0.294,
p=0.772

t=-1.030,
p=0318

t=-0.424,
p=0.677

t=1.602,
p=0.129

=-0.670, t = 0.723, t=-0.081,
p=0.512 p=0.475 p=0.936

t=-2.556, t=0.359, t=-0.968,
p=0.020" p=0.722 p=0.340

t=-2.137, t=0.194, t=-0.830,
p=0.047" p=0.848 p=0.412

t=-0.398, t=1.650, t=0.241,
p=0.696 p=0.108 p=0.811
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Figure 23. AIC-seeded rsFC changes in clusters showing significant interaction effects (AIC vs. sham x post-TPS vs. pre-TPS). The dots represent mean

rsFC values extracted at pre-TPS and post-TPS for individual clusters. rAIC-seeded rsFC: significant interaction effects were observed with clusters whose

peak MNI coordinates were located in the right angular gyrus, left middle temporal gyrus, right inferior frontal gyrus (opercular part), and left superior
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occipital gyrus. 1AIC-seeded rsFC: significant interaction effects were observed with clusters whose peak MNI coordinates were located in the right angular

gyrus, left middle temporal gyrus, and right superior temporal gyrus.
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To determine whether the rsFC changes reflected target-specific
neuromodulation rather than a non-specific global stimulation effect,
exploratory analyses were conducted: (1) AIC-seeded rsFC changes
following dACC stimulation, and (2) dACC-seeded rsFC changes
following AIC stimulation. The results showed that rsFC between the
AIC and most regions with a significant interaction effect (dACC vs.
sham x post-TPS vs. pre-TPS) increased following dACC stimulation
(Appendices, Table S8 and Figure S9). Conversely, rsFC between the
dACC and most regions with a significant interaction effect (AIC vs.
sham x post-TPS vs. pre-TPS) decreased after AIC stimulation
(Appendices, Table S9 and Figure S10). These divergent, target-
dependent patterns of rsFC change provide evidence that TPS induced a

target-specific neuromodulatory effect.

5.3.3.2 Association between changes in target-seeded rsFC and changes

in psychological assessment

Correlation analyses were performed to examine associations between
changes in target-seeded rsFC and changes in task performance or mood.
Both cluster-wise and whole-brain-wise approaches were applied for each
group. For cluster-wise correlation analysis, the average rsFC values of
clusters showing significant interaction effects were extracted, and
Pearson’s correlations were performed with behavioral/ mood outcomes
of interest using SPSS. For the whole-brain-wise correlation analysis,
multiple regression analyses were conducted in SPM12 (Matlab 2023a) to
identify clusters showing significant correlations with behavioral/ mood
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outcomes of interest. The behavioral and mood outcomes of interest were
those that had demonstrated significant changes from baseline within
individual groups. Specifically, for the dACC group, the outcome of
interest was the number of exploded balloons in the BART, and for the
AIC group, the outcome of interest was the adjusted average pumps in the

BART.

Cluster-wise correlation analyses showed that enhancement in rdACC-
seeded rsFC with the right superior frontal gyrus (including the medial
part) was significantly correlated with a decrease in the number of
exploded balloons in the BART (r =-0.501, puncorrecteda = 0.041). However,
this correlation did not survive correction for multiple comparisons.
Regarding the AIC group, no significant cluster-wise correlations were
observed between rAIC-seeded rsFC and the adjusted number of pumps
in the BART. To further examine stimulation specificity, cluster-wise
correlation analyses were also conducted for the sham group. No
significant correlations were found between changes in dACC- or AIC-
seeded rsFC and corresponding changes in the task performance

following sham stimulation.

Whole-brain-wise correlation analysis revealed that, following dACC
stimulation, changes in rd ACC-seeded rsFC with the left superior frontal
gyrus (including the medial part) were significantly negatively correlated
with the changes in the number of exploded balloons in the BART. In
contrast, no significant whole-brain-wise correlations were observed
between AIC-seeded rsFC and the adjusted number of pumps in the

BART following AIC stimulation. To further examine stimulation
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specificity, whole-brain-wise correlation analyses were also conducted
for the sham group. No significant correlations were found between
changes in dACC- or AIC-seeded rsFC and corresponding changes in the

task performance following sham stimulation.

5.3.4 Self-perception of TPS’s efficacy

At the end of the experiment, participants were asked about their
perceptions of TPS efficacy on task performance and mood. Among
completers, 7 of 18 participants in the AIC-TPS group (39%), 8 of 19
participants in the dACC-TPS group (42%), and 5 of 20 participants in
the sham group (25%) reported that TPS had affected their performance
or mood. Of note, among these participants, all 8 in the dACC group, all
5 in the sham group, and 5 of 7 in the AIC group perceived improvement
after stimulation, whereas 2 of 7 participants in the AIC group reported

worse performance.

5.3.5 Safety

Among the 60 participants, all in the AIC-TPS and dACC-TPS groups,
and 15 participants (75%) in the sham group reported mild to moderate
side effects. The most common were tingling and pain at the stimulation
site. Nearly all symptoms resolved spontaneously within 12 hours without
the need for medication. One participant in the AIC group reported pain
(VAS = 6) at the stimulated site and headache (VAS = 6) after AIC

stimulation, which temporarily affected sleep quality but resolved
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spontaneously within two days. Detailed information on adverse events is

provided in Table 16.

Table 16. Adverse events occurred during the experimental period in Study 4

AIC-TPS (n=20)

dACC-TPS (n=20) Sham vertex-TPS

(n=20)

Number of participants reporting each adverse event during

stimulation (%)

Tingling 19 (95%) 15 (75%) 2 (10%)
pain 8 (40%) 3 (15%) 4 (20%)
Pressure 3 (15%) 4 (20%) 1 (5%)
sensation
Striking 1 (5%) 7 (35%) 1 (5%)
sensation
Dizziness 2 (10%) 2 (10%) 3 (15%)
Sleepiness 1 (5%) 2 (10%) 2 (10%)
numbness 2 (10%) 4 (20%)
Headache 4 (20%) 1 (5%)
Heating 3 (15%) 1 (5%)
Tinnitus 1 (5%) 2 (10%)
Blurred vision 1 (5%) 2 (10%)
Numbness in the 2 (10%) 1 (5%)
arms/legs/hands
Vibration in 1 (5%) 1 (5%)
the ears
Nausea 1 (5%)
Pain around 1 (5%)
the ears
Neck pain 1 (5%) 3 (15%)
Pain in the 1 (5%) 1 (5%)
temple
Muscle tightness 1 (5%)
in the face
Number of participants reporting each adverse event after
stimulation (%)
Headache 4 (20%) 1 (5%)
Dizziness 1 (5%) 2 (10%) 2 (10%)
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Pain 2 (10%) 1 (5%)

Tingling 1 (5%) 1 (5%)
Sleepiness 1 (5%) 1 (5%)
Numbness in the 1 (5%)

hands

AIC-TPS: transcranial pulse stimulation over the bilateral anterior insula cortex;
dACC-TPS: transcranial pulse stimulation over the bilateral dorsal anterior cingulate
cortex; Sham vertex-TPS: sham transcranial pulse stimulation over the vertex; NA:

not applicable.
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5.4 Discussion

5.4.1 Feasibility and safety of TPS for stimulating the dACC and AIC

Our findings demonstrated that ten sessions of dACC-TPS and AIC-TPS
administered over a two-week period are both feasible and safe in healthy
adults. Mild AEs, primarily transient tingling and pain at the stimulation
site, were reported in all participants in the AIC-TPS and dACC-TPS
groups and by 15 out of 20 participants in the sham group. All symptoms
resolved within 12 hours without medication. One moderate AE - pain
(VAS = 6) at the stimulated site, accompanied by headache (VAS = 6)
following stimulation - was reported by a participant in the AIC group;
this event temporarily affected sleep quality but resolved spontaneously
within two days. Overall, the low dropout rate of 5% further supports the
feasibility of TPS for stimulating the dACC and AIC.

The AE rate in our study was higher than that reported for fTUS in the
literature. For example, in a fTUS study targeting the amygdala, only 2
out of 29 participants (6.9%) reported AEs such as headache and
irritability during the treatment period (Barksdale et al., 2025). On the
other hand, while all participants in our dACC-TPS and AIC-TPS groups
reported AEs, the incidence of individual AEs was higher in the AIC-TPS
group. Specifically, as shown in Table 16, tingling was reported by 19 of
20 participants (95%) and pain by 8 of 20 (40%) in the AIC-TPS group,
compared with 75% and 15%, respectively, in the dACC-TPS group. A
likely explanation for these region-specific differences in AEs is the
distinct scalp locations and their relative sensitivities to pain: for dACC
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stimulation, the TPS handpiece is positioned at the forehead, whereas for
AIC stimulation, it is placed at the temple, a site that is more sensitive to

pain.

5.4.2 Stimulation effects on behavioral performance

Study 4 provided evidence that dACC stimulation decreases impulsivity,
whereas AIC stimulation increases impulsivity. Specifically, ten sessions
of TPS over two weeks modulated performance on the BART following
dACC and AIC stimulation, compared with sham stimulation. A
significant decrease in the number of exploded balloons in the BART was
observed following dACC stimulation, but not following AIC or sham
stimulation. Conversely, an increase in the adjusted average number of
pumps was observed following AIC stimulation, compared with both
dACC and sham stimulation. These findings demonstrate that TPS
modulates region-specific functions, consistent with prior fMRI evidence.
Specifically, the dACC has been implicated in evaluating the value of
cash-outs, and the AIC has been associated with the number of pumps in

the BART (Schonberg et al., 2012).

5.4.3 Stimulation effects on rsFC

Target-specific TPS-induced changes in rsFC were observed following
both dACC and AIC stimulation, compared with sham stimulation. Our
results showed that dACC stimulation increased the rsFC of dACC,
which aligns with the findings from a transcranial focused ultrasound
study (Yaakub et al., 2023). In contrast, AIC stimulation was found to

reduce the AIC-seeded rsFC. Previous studies have established the rsFC
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profiles for the dACC and AIC. The dACC shows positive rsFC with
prefrontal regions such as the ventrolateral prefrontal cortex and DLPFC,
which is linked to higher-order cognitive function (Margulies et al.,
2007). Similarly, the AIC exhibits positive rsFC with middle and inferior
frontal (Cauda et al., 2011) and superior temporal cortices (Ghaziri et al.,
2024), facilitating the integration of cognitive, homeostatic, and
emotional processes. Taken together, our findings suggest that TPS of the
dACC enhances its positive rsFC with the cognitive control network,
whereas TPS of the AIC attenuates its positive rsFC with the integrative
network. This discrepancy may reflect the distinct functional roles of
these regions within the SN. The dACC appears to be more engaged in
processing external environmental signals, while the AIC is more
sensitive to internal signals (Koutsoumpari et al., 2025). This divergence
— extrinsic versus intrinsic — could account for the different patterns of
rsFC changes induced by external stimulation such as TPS. Similarly,
prior TPS studies have reported both increases and decreases in rsFC
following stimulation. For example, enhanced global efficiency within
the cortical sensorimotor network was observed after somatosensory
cortex-TPS in healthy adults compared with sham stimulation (Matt et al.,
2022). Upregulated global efficiency in the dorsal attention network was
also found following whole-brain stimulation in patients with Alzheimer's
disease compared to the baseline (Matt et al., 2025). Conversely, down-
regulation of rsFC (compared to the baseline) within the limbic system
following whole-brain stimulation predicted improved global cognition in

participants with mild cognitive impairment (Lo et al., 2024). The
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predominant mechanistic framework for TPS, based on
mechanotransduction (d'Agostino et al., 2015), posits that its effects are
driven by neural excitation. This process enhances cellular metabolism by
activating mechanosensitive ion channels and upregulating brain-derived
neurotrophic factor and vascular endothelial growth factor, thereby
promoting neurogenesis and angiogenesis (Ito, Fukumoto, and
Shimokawa, 2009; Matsuda et al., 2020; Sun et al., 2006; Yahata et al.,
2016). However, this excitatory model alone cannot fully explain the
bidirectional effects observed across studies. Therefore, the target-
specific effects identified in our study highlight the need for further

investigation into the mechanisms underlying TPS.

5.4.4 Study limitations

Study 4 has several limitations. First, as a pilot study, the sample size was
relatively small, resulting in limited statistical power to validate the
efficacy of dACC-TPS or AIC-TPS. Second, although changes in
behavioral performance were observed after ten sessions of dACC-TPS
and AIC-TPS, the long-term efficacy of these stimulations remains
uninvestigated. Third, the absence of significant correlations between
behavioral and neuroimaging outcomes leaves the underlying neural

mechanisms of TPS’s modulatory effects uncertain.

5.4.5 Future research direction

Study 4 provides preliminary groundwork for the future clinical

application of TPS for targeting deeper brain regions. However, before
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clinical application in depression treatment, further studies are needed to
(1) employ larger sample sizes to confirm the short-term and long-term
efficacy of dACC-TPS and AIC-TPS, and (2) utilize online neuroimaging
or neurophysiological investigations to further elucidate the neural

mechanisms underlying these modulatory effects.
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Chapter 6 Conclusions and Suggestions for Future Research

This research establishes TPS as a safe, well-tolerated, and effective
intervention for MDD, with demonstrable neuromodulation on
depression-relevant brain circuits. These findings on MDD provide a
strong foundation for optimizing TPS therapeutic efficacy by increasing
treatment sessions and refining targeting strategies. On the other hand, a
single TPS session did not demonstrate sufficient utility as a combined
therapy for modulating behaviors. Furthermore, TPS applied to the dACC
and AIC was shown to be both feasible and safe in healthy adults,
producing changes in risk-taking behavior and demonstrating target-
specific neuromodulatory effects. Collectively, these findings provide a
strong foundation for future studies to optimize TPS protocols, explore
the AIC and dACC as novel therapeutic targets, and further examine the

underlying neural mechanisms of its antidepressive effects.

Future studies are required to (1) investigate the neural mechanisms
underlying TPS’s antidepressive effect using online neuroimaging or
neurophysiological approaches; (2) assess the immediate and short-term
aftereffects of multiple TPS sessions; (3) confirm both the short-term and
long-term efficacy of deeper brain TPS stimulation in larger samples; and
(4) evaluate the feasibility and therapeutic potential of deeper brain TPS

in patients with MDD.
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Appendices

Table S1. Search strategy of MEDLINE through PubMed

#1 "low intensity transcranial ultrasound"

#2 "transcranial focused ultrasound"

#3 "transcranial unfocused ultrasound"

#4 "transcranial pulse stimulation"

#5 "transcranial ultrasound"

#6 "low intensity transcranial focused ultrasound"

#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6

#8 "focused ultrasound"

#9 transcranial

#10 ultrasound

#11 #8 AND #9

#12 #9 AND #10

#13 #7 OR #11 OR #12

#14 neuromodulation

#15 #13 AND #14

Filters Results by year: from 1940 to 2023 (search date:
31 May 2023)
Language: English and Chinese
Source: MEDLINE

Table S2. Search strategy of Embase through Embase
#1 "low intensity transcranial ultrasound"
#2 "transcranial focused ultrasound"
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#3 "transcranial unfocused ultrasound"
#4 "transcranial pulse stimulation"
#5 "transcranial ultrasound"
#6 "low intensity transcranial focused ultrasound"
#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6
#8 "focused ultrasound"
#9 transcranial
#10 ultrasound
#11 #8 AND #9
#12 #9 AND #10
#13 #7 OR #11 OR #12
#14 neuromodulation
#15 #13 AND #14
Filters Publication Years from: <1966 to 2023 (search
date: 31 May 2023)
Language: English and Chinese
Source: Embase

Table S3. Search strategy of CE

NTRAL through Cochrane Library

#1 "low intensity transcranial ultrasound"

#2 "transcranial focused ultrasound"

#3 "transcranial unfocused ultrasound"

#4 "transcranial pulse stimulation"

#5 "transcranial ultrasound"

#6 "low intensity transcranial focused ultrasound"
#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6
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#8 "focused ultrasound"

#9 transcranial

#10 ultrasound

#11 #8 AND #9

#12 #9 AND #10

#13 #7 OR #11 OR #12

#14 neuromodulation

#15 #13 AND #14

Filters Search date: 31 May 2023
Language: English and Chinese

Table S4. Search strategy of CINAHL through EBSCOHost

#1 "low intensity transcranial ultrasound"
#2 "transcranial focused ultrasound"

#3 "transcranial unfocused ultrasound"
#4 "transcranial pulse stimulation”

#5 "transcranial ultrasound"

#6 "low intensity transcranial focused ultrasound"
#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6
#8 "focused ultrasound"

#9 transcranial

#10 ultrasound

#11 #8 AND #9

#12 #9 AND #10

#13 #7 OR #11 OR #12

#14 neuromodulation

214




#15

#13 AND #14

Filters

Search date: 31 May 2023

Language: English and Chinese

Table S5. Search strategy of WOB through Web of Science

#1 "low intensity transcranial ultrasound"

#2 "transcranial focused ultrasound"

#3 "transcranial unfocused ultrasound"

#4 "transcranial pulse stimulation"

#5 "transcranial ultrasound"

#6 "low intensity transcranial focused ultrasound"
#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6

#8 "focused ultrasound"

#9 transcranial

#10 ultrasound

#11 #8 AND #9

#12 #9 AND #10

#13 #7 OR #11 OR #12

#14 neuromodulation

#15 #13 AND #14

Filters Publication date: from database inception to 2023

(search date: 31 May 2023)

Language: English and Chinese
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The treatment compliance in Study 2: Among 74 participants who
completed 12 TPS treatment sessions, 48 participants (n = 23 active, n =
25 sham) adhered to the treatment protocol (3 sessions per week for 4
weeks). Among the 26 participants (n = 15 active, n = 11 sham) who
failed to adhere to the treatment protocol, 25 completed 12 TPS sessions
in 5 weeks (n = 14 active, n = 11 sham), while one completed the
treatment sessions in 8 weeks (n = 1 active). The reasons for non-
compliance were as follows: (1) time conflicts (n = 11 active,n=7
sham); (2) unexpected breakdown of the TPS device (n = 4 active, n =4
sham).
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Table S6. Changes in MADRS scores from baseline to Week 2 and from
Week 2 to posttreatment (Week 4)

Baseline Week2 Posttreatme
nt

Mean Mean Mean (SE) p-value (baseline vs. p-value (Week 2

(SE) (SE) Week 2) vs. posttreatment)
Active 27.35 19.23 15.34 (1.45)  peorrected < .001 Peorrected = 0.002
group (1.42) (1.23)
Sham  27.85 21.72 19.77 (1.48)  Peorrected < .001 Peorrected = 0.252
group (1.42) (1.24)
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Table S7. Correlation analysis between the rsFC changes in significant
clusters for the Group x Time interaction effect and improved MADRS
scores in Study 2 (n = 33 active group vs. n = 33 sham group for
completers).

Cluster Clusters with a significant interaction Correlation with p-value
No. effect (active vs. sham x pre vs. post) improved total MADRS (uncorrected)
scores
Cluster 1 Left inferior frontal gyrus, orbital part, r=0.288 104
triangular part;

Left middle temporal gyrus;
Left temporal pole: superior & middle
temporal gyrus
Cluster 2 Right superior & middle temporal gyrus; r=-0.148, 411
Right angular gyrus;
Right inferior parietal gyrus;
Right supramarginal gyrus
Cluster 3 Left middle & superior temporal gyrus; 1= 0.043 811
Left supramarginal gyrus;
Left angular gyrus;

Left inferior parietal gyrus

Cluster 4 Right temporal pole: superior & middle r=0.361 .039°
temporal gyrus;

Right middle temporal gyrus

Cluster 5 Left posterior cingulum gyrus; r=0.04 .808
Left & right precuneus;
Left & right calcarine

Cluster 6 Left middle frontal gyrus, orbital part; r=0.196 274
Left superior frontal gyrus, medial;

Left anterior cingulum

Cluster 7 Right superior & middle temporal gyrus r=0.376 031"
Cluster 8 Left & right superior frontal gyrus, r=0.114 528
medial
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Cluster 9 Right inferior frontal gyrus, triangular

Cluster
10

Cluster
11

Cluster
12

part

Left superior & middle frontal gyrus

Right & left supplementary motor area;

Right inferior frontal gyrus, orbital &

triangular part

r=-0.105

r=0.285

r=0.123

r=0.250

561

.108

494

.160
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Figure S1. Reaction time interference (incongruent vs. neutral trials) in
the counting Stroop task.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard errors.
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Figure S2. Accuracy interference (neutral vs. incongruent trials) in the
counting Stroop task.

10

Accuracy interference (%)

before TPS midpoint after TPS

g ACC  ++uls+ AIC Sham

The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard errors.
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Figure S3. False alarm rate (FAR) in No-Go trials in the Go/No-Go test
(GNGT) with 50% No-Go trials.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard error.
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Figure S4. False alarm rate (FAR) in No-Go trials in the Go/No-Go test
(GNGT) with 20% No-Go trials.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard error.
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Figure S5. Scores of the reading mind in the eyes test (RMET) in
individual groups.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; Bars indicate the standard errors. *:
p-value < 0.05 after Bonferroni correction. Asterisks above the line
indicate the within-group difference between baseline and midpoint.
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Figure S6. Subjective happiness scale (SHS) scores in individual groups.

23
22 ]—
21
20
15
18

17
16

SHS scores

15

14
before TPS midpoint after TPS

e AT sesfee AIC Sham

The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard errors.
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Figure S7. Warwick-Edinburgh mental well-being scale (WEMWBS)
scores in individual groups.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard errors.
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Figure S8. Profile of mood scale (POMS) scores in individual groups.
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The dots, triangles, and squares indicate the mean values in the dACC,
AIC, and sham groups, respectively; The bars indicate the standard errors.
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Table S8. Rs-FC results displaying AIC-seeded clusters with a significant interaction effect (JACC vs. sham x post-TPS vs.
pre-TPS) and the corresponding post-hoc analyses (completers: n = 18 dACC group; n = 18 sham group) in Study 4

Interaction effect (Prwg-corr < 0.05) Post-hoc Post-hoc analysis,
analysis, active vs. sham
pre vs. post
Cluster Brain regions defined by F k Peak MNI AAL for the peak dACC sham pre-TPS post-TPS
No. AAL coordinates, MNI
Xyz
rAIC-  Cluster 1 Frontal Mid Orb R; 54.96 (Prwe-corr < 907 36 51 -9 Frontal Mid Orb R t=- t=-  t=0.256, t=0.608,
seeded Frontal Inf Orb R; 0.0001; Pepr-corr < 1.430, 1.002, p=0.800 p=0.547
Frontal Inf Tri R; 0.0001) p= p=
Frontal Sup Orb R; 0.171  0.330
Frontal Mid R
Cluster 2 Frontal Inf Tri R; 43.95 (PrwE-cor < 120 54 30 30 Frontal Inf Tri R t=- t=-  t=-0.080, t=0.349,
Frontal Mid R; 0.0001; Prpr-corr = 1.840, 1.423, p=0.936 p=0.719
Frontal Inf Oper R 0.001) p= p=
0.083 0.173
Cluster 3 Postcentral R; 36.68 (Prwe-cor = 98 57-2454 Postcentral R t= t= t=-0.727, t=0.803,
SupraMarginal R; 0.001; PrpRr-cor = 0.768, 1.544, p=0.472 p=0.428
Parietal Inf R 0.003) p= p=
0.453 0.141
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Cluster 4 Temporal Sup R;
Temporal Mid R

Cluster 5 Temporal Mid R;
Temporal Sup R

Cluster 6 Temporal Pole Mid R;
Temporal Mid R

Cluster 7 Calcarine R;
Lingual R

Cluster 8 Frontal Inf Tri L

Cluster 9 Precentral L;

Postcentral L

41 .20 (PFWE-COIT =

0001, Prpr-corr =
0.003)

28.71 (PFWE—conr =

0. 002, Prpr-corr =
0.004)

26.18 (PFWE—conr =

0003, Prpr-corr =
0.005)

27.19 (PFWE—corr =

0008, PEpRr-corr =
0.009)

25 90 (PFWE-corr =

0013, PFDR-corr =
0.014)

34 13 (PFWE-corr =

0040, PFDR-corr =
0.038)

97

87

81

69

62

47

60 -42 15

57-21 -6

5112-27

21-639

-51276

-60 0 36

229

Temporal Sup R =_
1,892,
p=
0.076

Temporal Mid R t=-
1.679,
p=
0.111

Temporal Pole Mid R t=-
1.777,
p=
0.093

Calcarine_R =_
1.550,
p=
0.139

Frontal Inf Tri_ L t=-
2.746,
p=
0.014*

Precentral L t=-
2.141,

1.183,

=-0.519, t=0.613,
p=0.607 p=0272

t=0.013, t=0.330,
p=0.990 p=0.743

t=1.442, t=0.803,
p=0.159 p=0.427

=-0.107, t =-0.040,
p=0916 p=0.968

t=0.107, t=0.789,
p=0.915 p=0.435

t=-0.189, t=0.549,
p=0.851 p=0.587



Cluster Temporal Mid L 27.55 (PrwE-cor = 44 -54 -24 -6 Temporal Mid L t=- t=-  t=1.569, t=1457,
10 0.050; Prpr-corr = 2.115, 1.392, p=0.063 p=0.077
0.044) p= p=
0.050 0.182
IAIC-  Cluster 1 Frontal Inf Tri R; 36.85 (Prwe-corr < 209 51276 Frontal Inf Tri R t=- t=-  t=-0463,t=0.241,
seeded Frontal Inf Orb R; 0.0001; Pepr-corr < 0.898, 0.037, p=0.323 p=10.406
Frontal Mid Orb R 0.0001) p= p=
0.382  0.971
Cluster 2 Supp_Motor Area R; 27.84 (PrwE-cor = 123 151569 Supp Motor Area R t=- t=-  t=-0.537,t=0.082,
Frontal Sup R; 0.001; PepRr-cor = 1.132, 0.710, p=0.297 p=0.468
Frontal Sup Medial R 0.005) p= p=
little] 0.273  0.487
Cluster 3 Frontal Sup Medial L, R; 38.74 (Prwe-cor = 77 05739 Frontal Sup Medial L t=- t=-  t=0.339, t=0.863,
Cingulum_Mid R 0.013; PepRr-cor = 1.380, 0.527, p=0.368 p=0.197
0.037) p= p=
0.185  0.605
Cluster 4 Postcentral R; 33.46 (PrwE-cor = 70 57-2154 Postcentral R t=- t= t=-0.437,t=0.991,
Parietal Inf R; 0.019; PrpRr-cor = 0.904, 1.495, p=0.333 p=0.164
SupraMarginal R 0.042) p= p=
0.379 0.153
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Cluster 5 Temporal Sup R; 28.15 (PrwE-corr = 56 60-39 18 Temporal Sup R t=- t=-  t=0.219, t=0.375,

Temporal Mid R 0.044; Prpr-corr = 1.700, 1.373, p=0.414 p=0.355
0.079) = p=
0.107 0.187
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Figure S9. AIC-seeded rsFC changes in clusters showing significant interaction effects (1ACC vs. sham x post-TPS vs. pre-
TPS) in Study 4.
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The dots represent mean rsFC values extracted at pre-TPS and post-TPS for individual clusters. rAIC-seeded rsFC: significant interaction effects were
observed with clusters whose peak MNI coordinates were located in the right middle frontal gyrus (orbital part), right inferior frontal gyrus (triangular part),

right postcentral gyrus, right superior and middle temporal gyrus, right temporal pole: middle temporal gyrus, right calcarine, left inferior frontal gyrus
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(triangular part), and left precentral gyrus. IAIC-seeded rsFC: significant interaction effects were observed with clusters whose peak MNI coordinates were
located in the right inferior frontal gyrus (triangular part), right supplementary motor area, left superior frontal gyrus (medial part), right postcentral gyrus,

and right superior temporal gyrus.
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Table S9. RsFC results displaying dACC-seeded clusters with a significant interaction effect (AIC vs. sham x post-TPS vs.
pre-TPS) and the corresponding post-hoc analysis (completers: n=17 AIC group; n=18 sham group) in Study 4.

Interaction effect (Prwg-corr < 0.05) Post-hoc Post-hoc analysis,
analysis, active vs. sham
pre vs. post
Cluster Brain regions defined by F k Peak MNI AAL for the peak AIC sham pre-TPS post-TPS
No. AAL coordinates, MNI
Xyz
rdACC- Cluster 1 Frontal Mid Orb R, L;  33.01 (PrwE-cor < 1396 63 -3 Frontal Mid Orb R t= t= t=0.803, t=1.033,
seeded Frontal Sup Orb L 0.0001; Prpr-corr = 0.139, 0.431, p=0.428 p=20.309
[little]; 0.001) p= p=
Frontal Sup Medial R 0.892  0.672

[little];
Frontal Sup R [little]

Cluster 2 Frontal Sup Medial R;  42.90 (PrwE-cor < 120 123948 Frontal Sup Medial R t= = t=1.183, t=-0.125,
Frontal Sup R; 0.0001; Prpr-corr = 1.783, 0.340, p=0.245 p=0.901
Frontal Mid R 0.001) p= p=
0.094 0.738
Cluster 3 Fronal Mid L; 37.94 (Prwe-corr = 118 -36 33 33 Fronal Mid L t= t=- t=0.198, t=-0.124,
Frontal Inf Tri L [little] 0.001; Pepr-corr = 0.116, 0324, p=0.844 p=10.902
0.001) p= p=
0.909 0.750
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IdACC-
seeded

Cluster 4 Frontal Sup Medial R, L; 26.47 (PrwEg-cor =
0006, Prpr-corr =

Cingulum_Ant R

Cluster 5 Temporal Mid R;

Cluster 6 Temporal Mid R;
Angular R [little]

Cluster 7 Frontal Mid Orb R;
Frontal Mid R

Cluster 1 Frontal Sup Orb L;
Frontal Mid Orb L, R

Cluster 2 Temporal Mid R

0.010)

26.22 (PFWE—conr =
0.024; PFDR-(;()r[ =

0.031)

2543 (PFWE—conr =
0025, Prpr-corr =

0.031)

31.19 (PFWE—corr =
0039, PEpRr-corr =

0.041)

3395 (PFWE-COIT =
0002, PFDR-corr =

0.009)

26.78 (PFWE-con' =
0005, PFDR-corr =

0.014)

78

57

56

50

90

73

65721

69 -36 -9

48 -66 18

3954-3

-1557 -6

48 -66 18

Frontal Sup Medial R t=

Temporal Mid R

Temporal Mid R

Frontal Mid Orb R

Frontal Sup Orb L

Temporal Mid R

0.351,
p =
0.730
t:
1.423,
p =
0.174
t:
0.943,
p =
0.360

0.979,
p=
0.342
t=-
0.321,
p=
0.752
t=-
0.446,

0.859,

0.402

1.079,

t=0.943, t=0.706,
p=0352 p=0485

t=1.862, t=0.190,
p=0.072 p=0.851

t=0.905, t=-0.644,
p=0372 p=0.524

=-0.954, t=0.803
p=0347 p=0.428

t=2.246, t=1.482,
p =0.030% p=0.148

t=-0.038, t=-1.152,
p=0970 p=0.257
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p= p=
0.662 0.078

236



Figure S10. dACC-seeded rsFC changes in clusters showing significant interaction effects (AIC vs. sham x post-TPS vs.
pre-TPS) in Study 4.
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The dots represent mean rsFC values extracted at pre-TPS and post-TPS for individual clusters. rdACC-seeded rsFC: significant interaction effects were

observed with clusters whose peak MNI coordinates were located in the right middle frontal gyrus (orbital part), right superior frontal gyrus (medial part), left
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middle frontal gyrus, right superior frontal gyrus (medial part), right middle temporal gyrus, and right middle frontal gyrus (orbital part). IAIC-seeded rsFC:
significant interaction effects were observed with clusters whose peak MNI coordinates were located in the left superior frontal gyrus (orbital part), and right

middle temporal gyrus.
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