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Background: Recent randomized controlled trials (RCTs) in patients with
prolonged disorders of consciousness (pDoC) have yielded limited success.
Among them, only studies involving amantadine have provided Class Il
evidence. The effects of other non-invasive brain stimulation techniques remain
inconclusive, largely due to patient heterogeneity and the clinical complexities
of implementing such interventions. Low-intensity focused ultrasound pulses
(LIFUP), as a novel, non-invasive, and safe neuromodulation technique, have the
potential to both stimulate and inhibit deep subcortical structures. This makes
LIFUP a promising approach for modulating consciousness and promoting
recovery in patients with pDoC. This study aims to evaluate the therapeutic
efficacy and safety of LIFUP through a randomized controlled design.

Methods and analysis: Our primary research focus involves conducting
multimodal neurofunctional assessments throughout the intervention period.
Specifically, we intend to investigate the relationship between Blood Oxygen Level-
Dependent (BOLD) signals, electroencephalography (EEG) patterns, thalamic
concentrations of glutamate and glutamine (Glx) and gamma-aminobutyric acid
(GABA) and behavioral outcomes under two different LIFUP parameter settings
(100 Hz transcranial ultrasound stimulation [TUS] and theta-burst TUS [tbTUS]).
Discussion: Through a comprehensive exploration of parameter setting combined
with multimodal neurofunctional assessments, this study evaluates both therapeutic
potential and safety considerations of ultrasound-based interventions for pDoC.
We hypothesize that the two stimulation protocols (100 Hz TUS and tb TUS) will
differentially modulate neural connectivity, thalamus activity, and the GIx/GABA
balance. The findings may advance evidence-based interventions for pDoC and
identify potential neuroplasticity biomarkers to guide future therapeutic strategies.
Clinical trial registration: Chinese Clinical Trial Registry, ChiCTR2400092904.
Registered on 26 November 2024.
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1 Introduction

Consciousness is a fundamental aspect of human existence and
has long intrigued both philosophers and scientists alike (1). In a
clinical context, Plum and Posner proposed that consciousness can
be conceptualized as comprising two principal dimensions: arousal,
referring to wakefulness, and awareness, referring to subjective
experience or phenomenology (2). However, evaluating the presence
of consciousness in individuals who have survived severe brain injury
remains a significant challenge. Clinically, the assessment of
consciousness and its disorders primarily depends on observable
behavior to infer the patient’s level of consciousness (3). Disorders of
consciousness (DoC) encompass conditions marked by altered arousal
and awareness (4), including coma (a state of complete
unresponsiveness without wakefulness) (2), vegetative state (VS) (5),
also referred to as Unresponsive Wakefulness Syndrome (UWS) (6)
and the minimally conscious state (MCS) (7). The VS is a state of
wakefulness without awareness in which there is preserved capacity
for spontaneous or stimulus-induced arousal evidenced by sleep-
wake cycles and a range of reflexive and spontaneous behaviors (5). In
contrast, MCS patients show intermittent signs of awareness and may
slowly regain some cognitive function (7). Among patients with
prolonged disorders of consciousness (pDoC)(any disorder of
consciousness that has continued for at least 4 weeks following sudden
onset brain injury) (5), predicting recovery remains fraught with
uncertainty. Nevertheless, both in the acute and chronic stages of
DoC, there were documented cases of patients gradually regaining
consciousness and functional abilities over time**. This capacity for
recovery has drawn significant interest in the neuroscience community
(4). Some studies suggested that the nervous system may retain viable
neurons even during severe stress states, and that not all neural
populations were uniformly affected by the initial insult (8, 9). The
body may activate intrinsic protective mechanisms, as observed in
patients who regain consciousness after cardiac arrest or COVID-19-
related coma (8). A notable study of 50 patients with chronic VS/UWS
(duration >6 months) followed for nearly 2 years found that 6 patients
(12% of the sample) ultimately recovered consciousness (10). These
findings underscored the clinical significance of pursuing effective
interventions and treatments aimed at enhancing the potential for
recovery in patients with pDoC (11).

Currently, despite a growing landscape of studies investigating
non-invasive neuromodulatory treatments for pDoC (12, 13), none
has yet been established to systematically improve consciousness levels
or functional recovery in this population. First, regarding transcranial
direct current stimulation (tDCS) (14), a multicenter randomized
clinical trial conducted in 2023 evaluated the effects of tDCS during
rehabilitation. While no significant therapeutic effect was observed at
the group level, subgroup analysis at a 3-month follow-up revealed
notable improvements in patients with minimally conscious state
(MCS) and traumatic etiologies. Second, in the field of transcranial
magnetic stimulation (TMS) (15), repetitive TMS (rTMS) applied to
the dorsolateral prefrontal cortex in 16 patients with DoC (5 MCS and
11 VS/UWS) resulted in increased (the Coma Recovery Scale-Revised)
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CRS-R scores in 36% of VS/UWS patients and all MCS patients.
Moreover, a 2022 study applying 20 Hz rTMS (16) demonstrated
significant improvements in consciousness in the real stimulation
group compared to the sham group. However, in-depth analysis
revealed that only a subset of patients experienced clinically
meaningful gains. Third, for transcutaneous auricular vagus nerve
stimulation (taVNS), a 2023 randomized double-blind controlled trial
(17) involving 57 DoC patients found that while the intervention
group showed higher CRS-R scores post-treatment compared to the
control group, the difference did not reach statistical significance.
Finally, in the realm of Low-intensity focused ultrasound pulses
(LIFUP), Monti et al. (18) pioneered the use of non-invasive
ultrasound to stimulate the thalamus (100 Hz TUS) in a patient with
MCS following traumatic brain injury in 2016. The patient exhibited
significant clinical improvement, marking a pivotal moment in the
application of LIFUP for DoC. Subsequent studies have reported
increases in CRS-R scores in both acute (19) and chronic (20) DoC
cases. However, The absence of rigorous comparison with a sham
stimulation group limits these findings, highlighting the need for
controlled investigations.

LIFUP holds substantial promise as a noninvasive modality for
modulating human neural circuits (21). Compared to conventional
non-invasive brain stimulation techniques, ultrasound offers
unparalleled spatial precision, capable of targeting both cortical and
deep subcortical brain structures with a resolution on the order of just
a few cubic millimeters. This high degree of focus allows for the
precise stimulation of small subcortical regions, such as the thalamus,
which previously required invasive deep brain stimulation (DBS)
techniques (21). Moreover, LIFUP is regarded as a highly safe method
of neuromodulation (22, 23). Given the heterogeneity among patients
with DoC, LIFUP presents a promising therapeutic avenue, though its
clinical efficacy remains to be confirmed through well-designed
randomized controlled trials. The underlying mechanisms of LIFUP
are not yet fully elucidated. A prevailing hypothesis suggests that the
acoustic pressure delivered by LIFUP induces nanoscale deformation
of neuronal membranes, which may modulate the activity of ion
channels and mechanosensitive receptors embedded in the membrane
(22, 23). In particular, LIFUP may alter the function of
mechanosensitive ion channels, influencing the excitability and
spontaneous firing rates of neurons, thereby inducing both short-term
and long-term neuroplastic changes (21-23). These physiological
effects may further result in modulations of cerebral blood flow, the
release and uptake of neurotransmitters, and ultimately, alterations in
neural circuit function (24-26). As such, LIFUP represents a
compelling tool for investigating and potentially restoring
consciousness in patients with DoC.

In 2021, Cain et al. (20) conducted a pilot intervention using
thalamic LIFUP on three patients with pDoC, of whom two
demonstrated significant improvements in behavioral responsiveness
compared to baseline. In 2022, a similar intervention (19) was
applied to 11 patients with acute DoC, with nine exhibiting
behavioral improvements. Both studies reported favorable safety
profiles and a high response rate. However, these proof-of-concept
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case series lacked a sham-controlled condition, limiting the strength
of causal inferences. In a separate 2022 study (27), an 80-s train of
theta-burst patterned transcranial ultrasound (tbTUS) was applied
to the motor cortex of 15 healthy participants. The results revealed
elevated corticospinal excitability sustained for up to 30 min,
alongside reduced short-interval intracortical inhibition and
enhanced intracortical facilitation, suggesting that tbTUS may
promote long-term cortical plasticity. Given the operational
characteristics of LIFUP, thalamic stimulation using specific
parameter sets may likewise elicit excitatory effects and induce
plastic changes within thalamic circuits. However, no studies to date
have directly compared the effects of different LIFUP parameter
configurations, specifically, 100 Hz TUS and tbTUS in patients with
pDoC. This represents a critical gap in current knowledge.
Investigating whether these parameters produce differential
outcomes and how they modulate neural functional connectivity,
neurotransmitter dynamics, and EEG signal features is essential.
Such insights could optimize treatment protocols and advance our
understanding of the neurobiological mechanisms underlying
recovery in pDoC.

Based on the above, this study aims to evaluate the efficacy and
safety of LIFUP as a potential neuromodulatory treatment. Another
major focus of our investigation is to explore the relationship between
multimodal neurofunctional assessments and behavioral outcomes in
patients with pDoC. We hypothesize that participants receiving
LIFUP delivered via either 100 Hz TUS or tbTUS will exhibit
significantly improved behavioral recovery metrics compared to
sham-controlled participants. Furthermore, we predict that 100 Hz
TUS (19, 20) will induce superior neuroplastic effects relative to
tbTUS (27), as quantified through multimodal functional connectivity
analyses. These differential effects are anticipated to manifest as: (1)
increased phase-locking value (PLV) in whole-scalp or region-specific
high-density electroencephalography (HD-EEG), and (2) enhanced
effective connectivity (EC) in task-based functional magnetic
(fMRI),
neuromodulation networks.

resonance imaging particularly ~ within  targeted

2 Methods and analysis
2.1 Study design

This is a single-site, controlled randomized trial conducted at the
Intensive Care Rehabilitation Ward of Shanghai Yangzhi Rehabilitation
Hospital, also known as the Shanghai Sunshine Rehabilitation Center.
In this parallel-group study, 78 patients with pDoC will
be prospectively randomized in a 1:1:1 ratio to one of three arms:
Group A (100 Hz TUS), Group B (tbTUS), or Group C (sham
LIFUP stimulation).

All enrolled patients will receive two sessions of TUS treatment
whether it is real or sham stimulation. In addition to CRS-R
assessments, comprehensive neurophysiological and neuroimaging
assessments, including HD-EEG, Somatosensory Evoked Potentials
(SSEPs), fMRI, proton magnetic resonance spectroscopy (MRS) and
positron emission tomography-computed tomography (PET-CT), will
be performed at baseline (pre-treatment) and follow-up (post-
treatment) time points. Longitudinal outcome measures will
be assessed at three timepoints: 1 month (30 + 7 days), 3 months
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(90 + 14 days), and 6 months

final intervention.

(180 + 30 days) following the

During each treatment session, vital signs including body
temperature, heart rate, blood pressure, and respiratory rate will
be monitored to ensure safety. The vital signs of the patients will
be continuously monitored 24 h after the intervention. The trial will
be supervised by a team comprising at least one neurologist, one
neurorehabilitation specialist, and associated research staff. All
procedures and evaluations will adhere strictly to the study protocol.
A schematic flow chart of the trial design is provided in Figure 1.

2.2 Selection of subjects
2.2.1 Inclusion criteria

1 Participants must have sustained their injury or onset more
than 28 days prior to enrollment;

2 Participants must be over 18 years of age;

3 Participants must exhibit a behavioral profile consistent with
either a VS/UWS or a MCS, as assessed by the CRS -R;

4 Participants must not have experienced any significant
fluctuations in their medical condition during the past week.
Common causes of instability include fever exceeding 37.3 °C
within the past 7 days, epileptic seizures, paroxysmal
sympathetic hyperactivity, and inability to maintain adequate
oxygenation for 40 min. The above conditions will be assessed
by two ICU physicians based on the patient’s status over the
recent week.

2.2.2 Exclusion criteria
1 Participants with significant/severe cardiac disease;
2 Participants with a history of neurological illness prior to the
current injury;
3 Participants who are unable to safely undergo MRI scanning
due to a severe infection;
4 Participants with intracranial metal implants.

All patients will be recruited from the intensive care and
rehabilitation wards. The study will be conducted from March 2025 to
December 2025. Potential participants will be identified by reviewing
electronic medical records within the hospital information system
(HIS). Researchers will explain the details of the study to the patients’
legal guardians. Upon obtaining consent, a neurologist will evaluate
each candidate based on the inclusion and exclusion criteria. Those
who meet the eligibility requirements will be formally invited to
participate in the study and will undergo a comprehensive neurological
examination, followed by a rehabilitation assessment, prior to
the intervention.

2.2.3 Sample size

For the behavioral assessment using the CRS-R, this study adopts
arandomized controlled intervention design. Repeated measures will
be analyzed using ANOVA to account for potential confounding
variables. Based on a power analysis conducted using G*Power, with
an effect size of 0.40, a significance level () of 0.05, statistical power
(1 — p) of 0.80, a two-tailed test (o = 0.05), and an equal allocation
ratio among the three groups (N1: N2: N3 = 1:1:1), the required each
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. Excluded patients:
Screeplng pDoC 1.Severe cardiac
patients n= disease.n=
Iy 2.Neurological
illness.n=
Inclusion patients n=78 3.Serious infection.n=
l 4 Intracranial metal
implants.n=
Baseline
assessments:5CRS-
R,fMRI,MRS,EEG,SSEPs,PET-CT.
Subjects will be allocated 1:1:1 to arms A, B, and C.
GroupA (100Hz) GroupB(tb TUS) GroupC(sham)
n=26 n=26 n=26
LIFUP intervention The first LIFUP
—
The interval time
The second LIFUP between two LIFUP
is 2 to 3 days
Outcomes evaluation after the intervention:CRS-
RfMRI,MRS,EEG,SSEPs,PET-CT
<Fol|ow up time:1,3,6 months.>
FIGURE 1

Flow diagram of the study.

group sample size is calculated to be 18. After applying Bonferroni
correction, the significance threshold for individual comparisons
should be adjusted to o = 0.0167. To maintain this corrected alpha
level, each group would require a sample size of 22. Considering a
potential 15% dropout or exclusion rate, a minimum of 76 participants
is required. Therefore, the study will enroll a total of 78 participants:
26 in Group A, 26 in Group B, and 26 in Group C. In the event of
patient withdrawal or death during the study, we will implement
standardized procedures. All withdrawal cases will be documented
systematically, including: (1) voluntary withdrawal (participant-
initiated consent revocation), (2) loss to follow-up (>3 consecutive
contact attempts failed), (3) clinical deterioration (>2-point GCS
decrease sustained for 48h), and (4) investigator-determined
data
management, all collected pre-withdrawal data will be retained per

withdrawal (with protocol-specified justification). For

intention-to-treat principles, with final evaluable assessments carried

forward for primary analysis. Mortality cases will trigger immediate
reporting to the Ethics Committee of Shanghai Yangzhi Rehabilitation
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Hospital (Shanghai Sunshine Rehabilitation Center), followed by
survival analysis using Kaplan-Meier methodology and independent
adjudication of causes by a clinical endpoint committee. Statistical
approaches will include sensitivity analyses (completers vs.
non-completers) and multiple imputation for missing data.

2.2.4 Randomization

Randomization will be performed using the random number
generation function in the R programming language (set.seed). All
eligible participants will be randomly assigned to one of three groups
in a 1:1:1 ratio: Group A (100 Hz TUS), Group B (tbTUS), and Group
C (sham stimulation). To ensure allocation concealment and fairness,
a randomization sequence will be generated by an independent
researcher who is not involved in the trial's implementation or
outcome evaluation. The randomization sequence will be kept
confidential and will not be disclosed to outcome assessors or
statisticians. Baseline assessments will be completed after group
assignment. Healthcare providers and therapists involved in the
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participants’ care, including acupuncturists and cognitive therapists,
will remain blinded to group allocation to minimize bias.

2.3 Interventional methods

After initial screening and evaluations, all patients in the three
groups will undergo two sessions of LIFUP. Prior to LIFUP, K-Plan
simulation will be performed to determine the optimal stimulation
trajectory. Prior to the intervention, baseline assessments will
be conducted within a 7- to 10-day window, including five repeated
CRS-R evaluations, HD-EEG, SSEPs, fMRI, MRS and PET-CT. The
first session of LIFUP will be administered between days 11 and 13,
with the second session delivered after a 2- to 3-day interval. Each
stimulation session will be conducted according to its corresponding
parameter specific duration. CRS-R evaluations will be conducted 1 h
before and after each session of LIFUP. Following the second session
of LIFUP, repeat assessments including EEG, SSEPs, fMRI, MRS, and
PET-CT will be conducted, with all evaluations completed within
5-7 days post-intervention. The intervention phase will last
approximately 23 days in total. The entire process of examination and
treatment is shown in Figure 2.

2.3.1 Parameters

For the stimulation protocol in Group A (100 Hz TUS), LIFUP will
be applied with the following parameters: Fundamental Frequency
(FF):500 kHz, Pulse Repetition Frequency (PRF): 100 Hz, Pulse
Width(PW):0.5 ms, Duty Cycle (DC):5%, Sonication Duration (SD):30 s,
Number of Sonication:20, Spatial-peak Pulse-Average Intensity
(ISPPA):14.39 W/cm (2), and Spatial-peak Temporal-Average Intensity
(ISPTA):719.73 mW/cm (2). Peak rarefactional pressure:0.68 MPa. The
pulse timing parameters of 100 Hz TUS are shown in Figure 3.

Under stimulation condition Group B, referred to as tb TUS
following protocol (27), the parameters will be set as follows: FF of
500 kHz, PRF of 5 Hz, PW of 20 ms, DC of 10%, SD of 200 ms, with a
total of 400 sonication. ISPPA is 7.19 W/cm (2), and the ISPTA is
719.73 mW/cm (2). Peak rarefactional pressure:0.48 MPa. The pulse
timing parameters of tbTUS are shown in Figure 4. Group C will
undergo the tbTUS protocol, but the transducer’s power supply will
remain deactivated. In order to minimize possible sound-related
confounds during TUS (28), white noise will be delivered to participants
through earbuds while sonication is administered. The neural activity
and safety of both stimulation protocols (100 Hz TUS and tbTUS) have

10.3389/fneur.2025.1597567

been validated in several previous studies (19, 20, 27, 29). The energy
levels employed in this study are well below the limits set by the
U. S. Food and Drug Administration (FDA) for diagnostic ultrasound
interventions through the human skull (mechanical index, MI < 1.9;
spatial-peak pulse-average intensity, ISPPA<190 W/cm (2)) (30).

2.3.2 LIFU instrument

The LIFU signals were produced by a four-element ring array
transducer (NeuroFUS Pro, DAPX-500, Brainbox Ltd., Cardiff, UK)
featuring a 64 mm outer aperture diameter and radius of curvature.
This transducer was connected to a programmable RF amplifier
(Transducer Power Output System, TPO-203, Brainbox Ltd., Cardiff,
UK) and driven at 500 kHz by a 4-channel power amplifier (Sonic
Concepts). According to the manufacturer’s test results, the output
power and phase of each element were precisely controlled to generate
an in-water focal pressure of 948.7 kPa (equivalent to a pulse-average
spatial peak intensity, ISPPA, of 30 W/cm (2)) at a focal distance of
53.6 mm. The measured -3 dB focal size in water was 19.5 mm (lateral)
by 53.0 mm (axial). If the average skull attenuation (insertion loss) is
—10 dB (31), the estimated intracranial acoustic parameters include a
peak focal pressure of 300 kPa and an ISPPA of 15 W/cm (2). The
actual insertion loss varies depending on individual patient skull
characteristics. For precise targeting, transducer positioning was
guided by neuronavigation (Brainsight, Rogue Research Inc.), with
real-time tracking accounting for individual skull attenuation
characteristics that inherently reduce the effective focal intensity.

2.3.3 Target

Based on foundational research involving DBS in non-human
primates (32), clinical DBS case studies (33), mechanistic insights
(34), and accumulated therapeutic experience (19, 20), the stimulation
targets for this study are selected from the medial and intralaminar
thalamic nuclei group of the ALL3 atlas (35). Specifically, these include
the Reuniens nucleus (Thal_RE), the medial magnocellular portion of
the mediodorsal nucleus (Thal_MDm), and the lateral portion of the
mediodorsal nucleus (Thal_MD]), as well as the intralaminar thalamic
nuclei (Thal_IL). The stimulation will target either the left or right side
of the thalamus, in accordance with the anatomical references outlined
in the ALL3 atlas (35).

The target acquisition process involves the following steps:

1 Data conversion: Digital Imaging and Communications in
Medicine (DICOM) data are first converted into the

Active or The second
sham sonication  TUS sonication
E‘azs-www CRé;fR/ SSEPs PET-CT
EEG/fMRI =
SSEPs/PET-CT /MRS
D1-10 D15 D16-17 D18-23

FIGURE 2
The LIFUP intervention protocol.
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Duration Ramp Duration Ramp Shape Repetition Interval/Frequency
Pulse 0.5ms 0ms None 10 ms / 0.1 kHz
Pulse Train 30000 ms 0Oms None 30000 ms / 0,000 kHz
Pulse Train Repeat 600000 ms 0Oms None
Pulse Duration: 0.5 ms ~—
PRI: 10 ms
FIGURE 3
Pulse timing parameters of 100 Hz TUS.
Duration  Ramp Duration Ramp Shape Repetition Interval/Frequency
Pulse 20 ms 0ms None 200 ms / 0,005 kHz
Pulse Train 200 ms 0Oms None 400 ms / 0.003 kHz
Pulse Train Repeat 80000 ms 0ms None
Pulse Duration: 20 ms s——

PRI: 200 ms

FIGURE 4
Pulse timing parameters of tbTUS.

standardized Neuroimaging Informatics Technology Initiative
(NIfTT) format.

2 Segmentation: The segmentation function in SPM12 (36) is
applied to each three dimensional (3D) T1-weighted MRI
image to segment gray matter, white matter, and
cerebrospinal fluid.

3 Thalamic mask extraction and normalization: A thalamic mask
is extracted from the ALL3 template and then normalized to
the individual’s T1-weighted MRI for precise anatomical

localization (demonstrative images are provided in Figure 5).

In cases where patients exhibit skull defects, LIFUP intervention
may be considered on the intact side of the skull. However, the absence

Frontiers in Neurology

of skull can lead to a significant increase up to 50% in ultrasound
energy at the target site. This amplification compromises the
standardization, stability, and safety of the intervention. Therefore,
LIFUP is not recommended for patients with large skull defects or
those who have undergone cranioplasty involving metallic implants.
Additionally, caution should be exercised when considering LIFUP
for patients with implanted ventriculoperitoneal (VP) shunts
for hydrocephalus.

2.3.4 Simulations (k-Plan)

We will utilize k-Plan software to conduct our simulations, using
a transducer model configured according to the physical properties of
the NeuroFUS transducer and the phase settings specified for the TPO
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FIGURE 5

The target of this study is delineated on the MNI template, with the red area specifically indicating the region of interest.

unit. Given the deep subcortical location of the left and right thalamus,
we will simulate the ultrasound beam with a focal depth tailored to the
target distance determined by Brainsight, which individually reflects
the focal depth required for each participant’s anatomical structure.
Transcranial simulations targeting the left or right thalamus will
be performed for each participant. All patients will have undergone a
cranial CT scan during their hospital stay, which will be used for
default CT calibration. We will use 3D Slicer to co-register the head
CT data with the participant’s T1-weighted MRI to ensure precise
anatomical alignment. Following the simulation, relevant reports and
results will be generated. Based on these outcomes, we will identify the
optimal stimulus location. Subsequently, Brainsight software will
be used to guide and implement the stimulation procedure in
accordance with the simulation results. (Illustrative images are
provided in Figure 6). The simulated images displayed in Figure 6
were generated using standardized neuroimaging templates. The MR
template employed in k-Plan corresponds to the ICBM 1522009¢
Nonlinear Symmetric template (1 x 1 x 1 mm resolution; filename:
mni_icbm152_t1_tal nlin_sym_09c.nii), as described by Fonov et al.
(37). The CT template implementation follows the methodology
outlined by Rorden et al. (38). For additional technical details
regarding these planning images, please refer to the official k-Plan
documentation available at.!

2.3.5 Procedure

Ultrasound transmission gel (Hainuohai, Qingdao Hainuo
Bioengineering Co., Ltd., China) will be applied to each participant’s
scalp to ensure optimal acoustic coupling. A gel pad (Jiangkangtang,
Zhengzhou Kangyijian Medical Devices Co., Ltd., China) will be used
in conjunction with the transducer probe. Care will be taken to
eliminate any air bubbles between the transducer surface and the
participant’s head, as these may interfere with ultrasound transmission.
Neuro-navigation will be performed using Brainsight software
(version 2.5.3, Rogue Research Inc., Montreal, Quebec, Canada) based

1 https://dispatch.k-plan.io/static/docs/planning-images.html
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on each participants anatomical T1-weighted MRI scan. The target
lesion depth will be adjusted for each individual according to the
simulation scheme generated in K-Plan. During the LIFUP sessions,
the navigation software will be used to continuously identify and
monitor the targeted stimulation regions. The software will also
be used to locate sensor coordinates and detect any deviations from
the predetermined focal point.

2.3.6 Safety assessments and follow-up

We will make sure to get approval from key family members
before proceeding. In terms of safety, we will record important
parameters such as heart rate, blood oxygen and blood pressure
during LIFU intervention and imageological examination data
collection. In addition, any adverse events that occurred to the patients
during the course of the study will be recorded. Patients will undergo
follow-up assessments using CRS-R at 1, 3, and 6 months after LIFUP
intervention treatment, and if possible, re-examination of fMRI and
EEG will be conducted.

2.4 Outcome measures

The primary outcome of this study is the recovery of consciousness
measured by CRS-R and CRS-Rj,qe,. Secondary outcomes will include
the assessment of neurophysiological changes through multimodal
neuroimaging and electrophysiological measures (fMRI, MRS, EEG)
to evaluate intervention efficacy and safety. Additionally, SSEPs and
PCT-CT measurements will be obtained at both baseline and endpoint
assessments. These measurements will provide valuable insights into
the impact of the study and aid in further understanding the research
findings. Any adverse outcomes or side effects will be documented
throughout the treatment process.

2.4.1 Primary outcome detection (behavioral data
evaluation)

CRS-R and CRS-Rj,4. at the individual level, the CRS-R will
be used to evaluate the progress of patients with pDoC. The CRS-R
comprises 23 items across six subscales that assess auditory, visual,
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FIGURE 6

Pressure maps derived from ultrasound modeling superimposed on the MRI image of the MNI template, which was obtained from k-Plan.
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motor, oromotor/verbal, communication, and arousal functions.
Changes in patient status will be assessed by comparing pre- and post-
treatment scores for each subscale. At the group level, the CRS-Rygex
score will be used to evaluate behavioral reactivity across both
intervention and control groups, as it is considered to provide a more
representative measure of functional recovery. CRS-R assessments will
be conducted at baseline, before the intervention, and after each
treatment session to capture the best observed performance for each
patient. For patients who undergo two sessions of LIFUP, scores will
be averaged and included in the group-level analysis.

2.4.2 Secondary outcome detection (image and
electrophysiological data assessment)

At baseline and following treatment of LIFUP, patients will undergo
a series of MRI scans using a 3.0 T Siemens VIDA scanner (Siemens
Healthineers, Erlangen, Germany) equipped with a 64-channel head coil.
The experiment will acquire the following sequence of scans:
T1-weighted imaging, BOLD fMRI, DTI, and 1H-MRS (see
Supplementary material 1 for details). Previous psychophysiological
interaction (PPI) analysis19 revealed a more complex change in
connectivity between the thalamus and the rest of the brain during LIFU
application. The primary objective of this study is to investigate potential
changes in thalamocortical connectivity, particularly between the
thalamus and prefrontal/parietal cortices, before and after intervention.
GIx/GABA concentrations will be quantified using 1H-MRS. While
prior studies24,25 have reported stimulation-induced Glx or GABA level
changes in cortical regions, these findings remain largely restricted to
superficial cortical areas. In this study, we aim to examine whether
different stimulation parameters induce measurable changes in
concentrations of Glx/GABA within the medial and intralaminar nuclei
of the thalamus. This may provide further insight into the underlying
neural mechanisms of recovery in patients with DoC.

Additionally, participants will undergo a head PET-CT scan using
a Vereos PET-CT scanner (Philips, Netherlands). Each subject will
receive an intravenous injection of fluorodeoxyglucose (FDG), dosed
at 0.1 mCi/kg based on body weight. After injection, participants will
rest quietly in a dimly lit room with eyes closed for 60 min before the
scan. Regional changes in glucose metabolism may serve as direct
indicators of treatment efficacy and help predict clinical outcomes.
Similar metabolic investigations have been reported in studies
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focusing on the hippocampus (39) (more detailed information
regarding fMRI and PET-CT procedures can be found in the
Supplementary material 1).

SSEPs will be assessed during the baseline phase prior to
stimulation of LIFUP. A follow-up SSEPs evaluation will be conducted
1 day post-treatment during the experimental phase. Drawing on
previous protocols involving thalamic TUS stimulation in healthy
individuals (40), SSEPs are proposed as a useful indicator for
monitoring treatment efficacy and prognostic outcomes.

Both resting-state and task-related EEG recordings will
be obtained once on the day before and once on the day after
intervention of LIFUP. EEG serves as a critical diagnostic and
prognostic tool in patients with pDoC. To date, no studies have
systematically reported changes in EEG functional connectivity,
complexity measures, or spectral power before and after treatment of
LIFUP in this population. Additionally, task-evoked EEG responses
following intervention of LIFUP have not yet been explored. This
study aims to bridge this gap by investigating EEG-based changes in
neural dynamics and connectivity associated with LIFUP, thereby
offering new insights into its therapeutic mechanisms in pDoC (more
detailed information on SSEPs and EEG protocols is provided in the
Supplementary material 1).

2.5 Data analysis

We will perform a comprehensive analysis combining behavioral
outcomes of CRS-Rj,4, (R code available at)* and neuroimaging data
(fMRI, MRS, PET-CT). Statistical analyses will be conducted at both
the individual and group levels, comparing outcomes before and after
treatment, as well as between intervention and control groups. The
main statistical approach will include repeated-measures ANOVA to
examine within- and between-group effects, accounting for potential
confounding variables. Continuous variables will be analyzed using
paired or independent sample t-tests, while categorical variables will
be assessed using the Mann-Whitney U test. Chi-square tests or

2 https://github.com/Annen/CRS-R/blob/master/CRS-R_index.R
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Fisher’s exact tests will be employed to evaluate and document adverse

events. To explore associations between neurotransmitter
concentrations and other outcomes, regression analyses will
be conducted. For SSEPs, changes in amplitude and latency before and
after treatment will be compared using t-tests. EEG data will
be analyzed using EEGLAB (41) to evaluate both local and cross-
regional functional connectivity metrics, including phase locking
value (PLV) and power spectral density (PSD). Functional MRI
assessments will be conducted using SPM12 (36) to examine seed-to-
seed functional and effective connectivity during both resting-state
and task-based conditions. MRS will be primarily employed to
compare pre- and post-treatment changes in Glx and GABA
concentrations within the stimulated brain regions. Additionally,
PET-CT imaging will be used to assess alterations in glucose
metabolism, both in the stimulated areas and across the whole brain,
following the intervention. For fMRI or EEG data analysis, we will
implement FDR or FWER correction for multiple comparisons, but

will not utilize machine learning validation approaches.

3 Discussion

Based on the results of our study (Supplementary material 4), the
patient showed improved behavioral scores, though not as significantly
as those observed in patients with DoC who underwent surgery of DBS
(33). Given that our data is limited to a single case, further studies are
needed to assess both the efficacy and safety of this approach (LIFUP).
Currently, no studies provide Class I evidence regarding noninvasive
neuromodulation in patients with pDoC. With the advancement of
stereotactic neurosurgery in treating neurological disorders (42), DBS
emerged in the 20th century through pioneering case reports involving
patients with DoC (43). Most interventions of DBS have targeted
patients in a state of VS/UWS, primarily focusing on the thalamus.
However, outcomes had generally been underwhelming, and more
importantly, this technique was not widely applicable to patients with
pDoC (44). More recently, in 2023, Schiff et al. applied DBS therapy to
five patients with severe traumatic brain injury (msTBI), leading to
enhanced executive functioning (45). Building on these studies, LIFUP
presents a non-invasive technique capable of penetrating the skull and
targeting subcortical structures. This makes it a promising alternative
for patients who are not suitable candidates for DBS, and it may also
serve as a preoperative assessment tool for the suitability of
DBS. However, due to the still unclear mechanisms underlying the
onset and progression of DoC, the use of LIFUP as a standalone
treatment in pDoC remains at an exploratory stage.

The mechanism underlying recovery from pDoC remains poorly
understood. At the level of neural functional connectivity, pDoC was
associated with severe disruptions in resting-state network connectivity,
particularly within higher-order networks (46). Interestingly, has been
observed in the limbic system including the orbitofrontal cortex,
insula, hypothalamus, and ventral tegmental area in patients with VS/
UWS (47). Such hyperconnectivity may reflect early-stage injury
responses, as brain injury often disrupted normal neural connectivity
and may initially provoked compensatory overactivation (48). As
described in studies of DBS, stimulation of the central thalamus could
both increase and decrease functional connectivity, suggesting that the
brain may adjust connectivity toward a balanced, homeostatic state
during recovery (49). While tbTUS demonstrate excitatory (27)
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cortical effects, its deep nuclear actions appear more complex. Notably,
recordings of local field potentials in the internal globus pallidus
during intervention of 120 s tbTUS in DBS-implanted patients revealed
enhanced theta and beta activity, though the underlying excitatory/
inhibitory mechanisms remain to be elucidated (50). This temporal and
spatial complexity suggests ultrasound’s therapeutic effects may vary
by both disease stage and anatomical target. Finally, we suggest that the
mechanisms underlying the recovery of DoC require more precise
experimental designs of TUS. In the future, this approach could
potentially be combined with DBS-implanted patients.

To our knowledge, this is the first randomized controlled trial to
investigate the effects and safety of LIFUP on patients with
pDoC. We aim to compare the effects of two different parameter sets
(100 Hz TUS and tbTUS), and to explore the relationship between
behavioral recovery in pDoC and BOLD and EEG signal changes, as
well as thalamic concentrations of Glx/GABA. These findings may
contribute to a better understanding of the neurobiological
mechanisms underlying recovery in pDoC.

However, it should be noted that this is a single-center clinical
trial. Future multicenter studies with larger sample sizes will
be necessary to validate these results. Moreover, whether the optimal
stimulation target should be the left thalamus or bilateral thalami
remains an open question, requiring further clinical investigation.
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