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Abstract

Background: Neuromodulation of the auricular branch of the vagus nerve using low-intensity focused ultrasound (LIFU)
is an emerging mode of treatment for anxiety that could provide a complementary or alternative treatment modality for
individuals who are refractory to conventional interventions. The proposed benefits of this technology have been largely
unexamined with clinical populations. Further research is required to understand its clinical potential and use in improving and
managing moderate to severe symptoms.

Objectives: The aim of this study was to do a preliminary investigation into the efficacy, safety, and usability of the wearable
headset that delivers LIFU to the auricular branch of the vagus nerve for the purpose of alleviating anxiety disorder symptoms.

Methods: This study was a pre-post intervention study design for which we recruited 28 participants with a Beck Anxiety
Inventory score of 16 points or greater. Participants completed 5 minutes of treatment daily consisting of LIFU neuromodula-
tion delivered to the auricular branch of the vagus nerve. Participants did this for a period of 4 weeks. Assessments of anxiety
symptom severity (Beck Anxiety Inventory), depression symptom severity (Beck Depression Inventory), posttraumatic stress
disorder symptom severity (Post Traumatic Stress Disorder Checklist for the Diagnostic and Statistical Manual of Mental
Disorders [Fifth Edition]), and sleep quality (Pittsburgh Sleep Quality Index) were taken prior to starting treatment and weekly
for 4 weeks of treatment. Usability and safety were also assessed using an exit questionnaire and adverse event logging.

Results: After completing 4 weeks of LIFU neuromodulation to the auricular branch of the vagus nerve, the average Beck
Anxiety Inventory score decreased by 14.9 (SD 10.6) points (Cohen d=1.06; P<.001), the average Beck Depression Inventory
score decreased by 10.3 (SD 7.8) points (Cohen d=0.81; P<.001), the average Post Traumatic Stress Disorder Checklist for
the Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition) score decreased by 20.0 (SD 20.5) points (Cohen
d=0.94; P<.001), and the average Pittsburgh Sleep Quality Index score decreased by 2.2 (SD 3.1) points (Cohen d=0.65;
P=.001). On the exit questionnaire, participants rated the treatment highly for ease of use, effectiveness, and worthiness of the
time invested. Only 1 adverse event was reported throughout the entire trial, which was mild and temporary.

Conclusions: This preliminary study provided justification for further research into the efficacy, safety, and feasibility of
using LIFU to modulate the auricular branch of the vagus nerve and reduce the symptoms of anxiety, depression, and
posttraumatic stress disorder.

Trial Registration: ClinicalTrials.gov NCT06574971; https://clinicaltrials.gov/study/NCT06574971
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Introduction

Anxiety is the “anticipation of real or imagined future threat
or danger” [1], which manifests itself with a mix of emo-
tional signals, such as hyperarousal and panic, and physiolog-
ical ones, including increased heart rate, shortness of breath,
sweating, and chest pain [2]. The emotional and physiological
responses experienced with anxiety result from the activation
of the hypothalamus, which engages the sympathetic nervous
system (SNS) [3,4]. This sympathetic activation is adaptive
in short bursts and enables us to handle threats and stressors,
but in anxiety disorders, the SNS may be overly sensitive or
chronically activated, leading to distress and health challenges
over time [5,6]. Clinically significant anxiety symptoms are
disproportionate to the future threat, endure after it has
passed, and cause substantial distress or incapacitation [1,7].
The etiology of anxiety disorders is complex, with heritabil-
ity ranging from 30% to 67% depending on the research
study and anxiety disorder type [1]. However, trauma, chronic
stress, and other environmental factors play an important role
in the development of maladaptive anxiety [7].

The complex etiology of anxiety opens opportunities for
intervention at multiple points in the course of the illness
from a variety of disciplines. There are also several multidis-
ciplinary approaches that offer a more holistic care plan. The
primary goal of preventative strategies is to lower the risk
of developing disordered anxiety responses prior to onset.
Preventative psychoeducational interventions for adolescents
and adults have been shown to reduce the risk of anxiety
onset [8] with small to moderate effect sizes [1,8]; however,
studies of these interventions tend to end their follow-ups
after only 9 months, so the long-term stability of their
benefits after intervention completion is still in question [1].
Once an active anxiety disorder has developed, psychothera-
peutic treatments for it range in intensity from self-guided
programs to highly intense weekly sessions with a licensed
therapist. Self-guided treatments derived from evidence-based
psychotherapies are more effective than active controls but
show smaller effect sizes than therapist-guided programs [9].
Cognitive behavioral therapy is widely considered to be the
gold standard for anxiety disorder treatment, particularly in
adults, although Haller et al [10] found mindfulness-based
cognitive therapy and acceptance and commitment therapy
to be similar in efficacy. In recent years, virtual psychother-
apy modalities have emerged as a compromise that balan-
ces the convenience of self-help approaches and the rigor
and guidance of a traditional in-person therapy session.
Thus, recent advances in telehealth have paved the way for
approaches that afford convenience and accessibility without
a loss of efficacy [11,12].

Pharmacotherapy is similar in efficacy to psychother-
apy, and both pharmacotherapy and psychotherapy are
considered first-line treatments for anxiety disorders in
most standard care plans [1]. Selective serotonin reuptake
inhibitors, serotonin and norepinephrine reuptake inhibitors,
benzodiazepines, antipsychotics, and [-blockers are all used
to treat anxiety. Despite this wealth of options, anxiety
disorders remain chronic and refractory to treatment in
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many individuals, with 15%-40% achieving less than 50%
remission in symptoms [13]. Studies of combinations of
psychotherapeutic and pharmacological approaches to anxiety
treatment are sparse, leaving confusion surrounding which
combinations are most efficacious [1]. Taken as a whole,
while current neurobiological and psychosocial treatment
approaches to anxiety disorders are sufficient for a large
portion of affected individuals, there is still a substantial
proportion of patients who would benefit from additional
treatment options.

Low-intensity focused ultrasound (LIFU) is an emerging
mode of treatment for anxiety that could provide an alter-
native treatment modality. LIFU can stimulate or inhibit
neural activity, depending on the parameters of the energy
applied to neural tissue. Also referred to as acoustic neuro-
modulation, the use of LIFU to modulate the activity of
neural structures is a promising method for noninvasive
treatment of neurological disorders [14]. While the major-
ity of investigations featuring LIFU neuromodulation have
primarily focused on modulation of neural structures within
the central nervous system, disorders affecting the peripheral
nervous system stand to benefit from this powerful tool as
well [15]. LIFU neuromodulation of the peripheral nervous
system is accomplished through a nonthermal, noncavitation
bioeffect produced by setting the parameters to the inter-
mediate intensity range. At intensities between 1 and 200
W/cm?, ultrasound is able to noninvasively and reversibly
enhance peripheral neural activities by activating low-thresh-
old mechanosensitive nerve endings, opening mechanosensi-
tive ion channels to evoke action potentials [15]. Ultrasound
of intermediate intensity also enhances the neural activity of
peripheral nerve axons, leading to increased nerve conduc-
tion velocities in both A- and C-type fibers, which is likely
caused by mechanical gating of other ion channels [16]. In
addition, enhanced neural activity could be attributed to a
direct effect of acoustic radiation forces on the lipid-bilayer
neural membrane. Plausible mechanisms for this include
a transient capacitive current from rapid changes of local
membrane capacitance and transmembrane pore formation to
allow sodium and potassium ions to pass through [15,16].

The vagus nerve, also known as cranial nerve X, is the
longest cranial nerve and its branches enable the organs to
adjust to the demands of a person’s internal state and external
environment. The vagus nerve is a primary component of
the parasympathetic nervous system, which, paired with
the SNS, constitutes the autonomic nervous system [4,17].
Normally, sympathetic and parasympathetic nerve pathways
act synergistically to create a state of equilibrium appropri-
ate to meet the demands of the current internal state and
external challenges. Disruption of the balance of sympathetic
and parasympathetic activity in favor of sympathetic activity
is one indicator of anxiety disorders [4,18].

The many branches of the vagus nerve are increasingly
seen as pathways for promoting or restoring health and
ameliorating the physiologic unease that gives rise to anxiety
and other negative mental states [19]. The vagus nerve
operates bidirectionally, meaning states of homeostasis and
calm can be induced from the bottom up or the top down.
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The brain can use cognitive strategies to dissipate states of
bodily unease (top down) or activate vagal nerve pathways
to create psychological comfort and a sense of safety (bottom
up) [20]. In addition to its role in regulating the parasym-
pathetic nervous system, the vagus nerve also projects to
the amygdala and hippocampus, both of which are impor-
tant to extinction learning techniques commonly used in the
treatment of anxiety and posttraumatic stress disorder (PTSD)
[21,22]. Stimulation of the vagus nerve can downregulate
sympathetic activity, restoring visceral order and psychologi-
cal calm [23,24].

Early research into the clinical applications of vagus
nerve stimulation (VNS) primarily centered on epilepsy
and depression [17], but the vagus nerve is an attractive
target for antianxiety therapies as well. In addition to its
role in regulating the parasympathetic nervous system, the
vagus nerve also projects to the amygdala and hippocam-
pus, both of which are important to extinction learning
techniques commonly used in the treatment of anxiety and
PTSD [21,22]. Preliminary clinical studies have demonstrated
VNS’s therapeutic applications to treatment-resistant anxiety
disorders [23] and long COVID-19 symptoms [25]. Physio-
logical changes as an effect of VNS are also well known
in the literature. Wittbrodt et al [26] discovered that trans-
cutaneous cervical VNS increased activation of the anterior
cingulate and hippocampus during exposure to traumatic
scripts. Lamb et al [27] found that transcutaneous auricular
vagal nerve stimulation (taVNS) improved respiratory sinus
arrhythmia and skin conductance during exposure to physical
and emotional stress. Bremner et al [28] found that transcu-
taneous cervical VNS decreased inflammatory markers and
sympathetic tone while increasing medial prefrontal function
during exposure to trauma-specific and neutral stressors.

While VNS is traditionally done electrically, ultrasound’s
noninvasiveness and specificity make it ideal for VNS [29].
Ultrasound has been successfully used for vagus nerve
neuromodulation in rats [30] and for peripheral nerve [29]
and suborgan [31] stimulation in humans. With a recent
study showing the feasibility of transauricular VNS as an
at-home intervention [20,22], transauricular ultrasound VNS
has emerged as a noninvasive, yet potentially effective,
at-home treatment for the management of anxiety symptoms.
In response to this, we have developed a wearable headset
with an ultrasound transducer that delivers LIFU to the
auricular branch of the vagus nerve that can be used at home
for treatment of anxiety symptoms. The purpose of this study
was to do a preliminary investigation into the efficacy, safety,
and usability of the wearable headset that delivers LIFU to
the auricular branch of the vagus nerve for the purpose of
alleviating the symptoms of anxiety. Because depression [32]
and PTSD [33] frequently co-occur with anxiety, we also
investigated the efficacy of transauricular ultrasound VNS
for alleviating the symptoms of depression and PTSD in
individuals with anxiety.
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Methods
Study Design

This was a pre-post-intervention study in which all partici-
pants received the intervention daily, at home, for a period
of 4 weeks. The clinical trial is registered at ClinicalTri-
als.gov [NCT06574971]. Informed consent was obtained
from each of the 28 participants prior to screening. All
activities were completed remotely and a ZenBud device with
a user manual and participant instructions was shipped to
each participant’s home. Participants completed 5 minutes of
LIFU to the auricular branch of the vagus nerve each day
using the ZenBud device. Treatment could be completed at
any convenient time of day and did not have to be comple-
ted at the same time every day, as long as the treatment
was completed within every 24-hour period. Assessments
were completed on the web on the day before the first
treatment session and then weekly. The final assessment
was completed on the day of the final treatment after the
final treatment session. The battery of assessments included 4
validated clinical outcome measures: Beck Anxiety Inventory
(BAI), Beck Depression Inventory (BDI), PTSD Checklist for
Diagnostic and Statistical Manual of Mental Disorders (Fifth
Edition) (DSM-V) (PC5), and Pittsburgh Sleep Quality Index
(PSQI). The details of these assessments are further described
in the data collection section.

Participant Recruitment

Adults in the United States were recruited through web-based
social media advertising mentioning a study investigating a
new treatment for anxiety disorders. Interested individuals
filled out a study registration form containing only contact
information and were then contacted by a member of the
research team via email with further details of the study
and a link to sign the informed consent. Upon completion
of the informed consent, candidates were then screened for
inclusion and exclusion criteria using web-based question-
naires. Interested individuals were included if they scored 16
or higher on the BAI, were older than 18 years, and did not
have any additional conditions that were contraindications for
VNS or ultrasound. Conditions that were contraindications
for VNS included a history of vagotomy, heart arrhythmias,
schizophrenia, or rapid cycling bipolar disorder. Conditions
that were contraindications for ultrasound included presence
of a pacemaker, pregnancy, active cancer, decreased sensation
or open wounds in the ear, ear infection, or metal implants
in or around the ear. A BAI score of 16 was chosen as the
cutoff threshold because a score of 16 or higher in the BAI
classifies an individual as having moderate to severe anxiety
symptoms [34]. We did not exclude individuals who were
receiving other treatments for their anxiety as long as the
treatment was not initiated or ceased within the past month.

A total of 100 individuals completed the interest form,
63 signed the informed consent and were screened, and 28
were enrolled in the study. Each participant was assigned a
unique identifier code so that participant information could be
managed in a confidential manner throughout the study and
the data could be deidentified upon completion of the study.
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Only the principal investigator and the study coordinator had
access to the unique identifier code assignments.

Ultrasound Device

ZenBud, the device used for this trial, is a proprietary
Conformité Européenne—compliant over-the-ear wearable
headset that was developed by NeurGear (Figure 1A and
B). The ZenBud delivers LIFU to the auricular branch of
the vagus nerve through several layers of skin. The ZenBud
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is designed to mimic a standard headset so that users can
integrate the use of the device into their routine with minimal
effort and discomfort. When the user plugs the ZenBud
device into the battery pack it immediately turns on. There is
a hardware limit in the circuitry so that the device shuts down
after running for 29 minutes, limiting the duration of use. The
ZenBud device specifications include a center frequency of
5.3 MHz, a pulse repetition frequency of 41 Hz, a duty cycle
of 50%, and an average intensity of 1.03 MPa.

Figure 1. (A) The ZenBud headset, powerpack, power brick, and bottle of gel. The ultrasound transducer is located in the round earpiece on the right
side of the headset. (B) The ZenBud device as depicted properly placed on a model human head.

A detailed instruction manual was provided in the package
with every device. A copy of the manual is provided as
Multimedia Appendix 1. The participants were instructed
to use the device once a day for 5 minutes unless instruc-
ted otherwise by a health care professional. There were no
stipulations set for the time of day that treatment could be
completed and participants were free to choose a time that
was convenient for them. For step-by-step set up and use,
participants were instructed to apply a pea-sized amount of
the aqua sonic gel to the blue part of the device located
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directly above the headset (Figure 2A), position the blue
circular pad against the skin just above the ear canal (Figure
2C), adjust the headset until they felt a moderate pressure
(without pain) just above the ear canal where the blue circular
pad was positioned (Figure 2B), and begin stimulation by
plugging the USB cable into the battery pack (Figure 2D).
Once the headset is plugged into the battery pack the device
starts working and a low humming noise can be heard. The
manual instructs users to listen for the humming sound to
indicate that the device is working properly.
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Figure 2. Images extracted from the ZenBud user manual depicting step-by-step setup and operation of the device. (A) Application of the ultrasonic
gel. (B) Placement of the headset with the headset located over the right ear. (C) Correct placement of the headset on the ear. (D) Treatment is started

upon inserting the USB cable into the battery pack.

Blue Circular Pad
should press here

Earbud inserts here

(€)

Data Collection

Assessments were done using a battery of 4 validated clinical
outcome measures. These were taken on the day before
the first treatment session, weekly, and on the day of the
final treatment session after the final treatment session was
completed. The following 4 clinical outcome measures were
used.

Beck Anxiety Inventory

The BAI is a rating scale used to evaluate the severity of
anxiety symptoms in individuals aged 17 years and older.
It contains 21 self-report items that reflect common physio-
logical symptoms of anxiety such as numbness or tingling,
feeling hot, and trembling. Participants indicate how much
they have been bothered by each symptom, from “not at
all” to “severely,” using a 4-point Likert scale. The item
scores are then summed, with possible scores ranging from
0 to 63. A total score of 0-7 is classified as minimal
anxiety, 8-15 as mild, 16-25 as moderate, and 26-63 as
severe [35,36]. The BAI has a Cronbach o value of 0.91,
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On Right Ear
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a good test-retest reliability (#=0.65, 95% CI 0.61-0.69),
and correlates moderately (Pearson r=0.51) with the revised
Hamilton Anxiety Rating Scale (HAM-A) [34,35,37,38].

Beck Depression Inventory Version Il

Depression and anxiety are highly comorbid, with 60% of
patients with anxiety disorders also having depression [32].
Long-term activation of the stress response may explain
this overlap [39], implying that inhibiting overactivation of
the stress response may alleviate depressive symptoms in
addition to anxiety and stress. The BDI-II is a valid and
reliable self-report measure for depression that quantifies
depressive symptoms over the last week [40]. For each of
the 21 items, respondents are asked to choose the statement
they most agree with out of a group of 4 choices. Each
statement corresponds to a score ranging from O to 3 and
total scores range from O to 63 [3541,42]. The scores are
classified as minimal depression (0-13), mild depression
(14-19), moderate depression (20-28), and severe depression
(29-63) [38,41]. The BDI is positively correlated with the
Hamilton Depression Rating Scale with a Pearson r of 0.71,
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showing good agreement. The test was also shown to have a
high 1-week test-retest reliability (Pearson r=0.93), suggest-
ing that it was not overly sensitive to daily variations in mood
and high internal consistency (a=.91) [38,41].

PTSD Checklist for DSM-V (PCL-5)

While the DSM-V does not classify PTSD as an anxiety-
related disorder, both PTSD and anxiety disorders involve
dysregulation in neural structures dealing with fear, arousal,
and anticipation of future threats [33]. Thus, there is reason to
believe that VNS simulation could be beneficial for PTSD-
related symptoms. The PCL-5 is a self-report questionnaire
that helps assess the presence and severity of PTSD symp-
toms. The PCL-5 can be used to screen for PTSD, assist
in making a provisional diagnosis, and monitor symptoms
over time [43] . The measure asks participants to rate how
much they were bothered by certain PTSD symptoms over
the past month on a 5-point Likert scale ranging from “not
at all” to “extremely” [44]. Total scores range from 0 to 60
and scores ranging from 31 to 33 are widely accepted as the
cutoff for diagnosing PTSD [45]. In a systematic review of
PCL-5 validation studies, Forkus et al [45] concluded that
the full 20-item version showed good to excellent internal
consistency across studies (Cronbach a values ranging from
0.83 to 0.97) and acceptable temporal stability (correlations
>0.60) across time points within 1-5 weeks of one another.
Scores were also moderately to highly correlated with other
measures of PTSD as well as measures of anxiety, depression,
suicidal ideation, and sleep.

Pittsburgh Sleep Quality Index

Anxiety and sleep disturbance are frequently co-occurring
[46] such that sleep disturbance is a DSM-V criterion for
generalized anxiety disorder. Studies have found correlations
between BAI scores and subjective sleep quality among
college students [47], indicating that measuring sleep quality
could provide insight into the burden of anxiety on well-
being. The PSQI is a validated and widely used global
measure of sleep quality [48,49]. It comprises 19 self-report
items and 5 items to be reported by a sleeping partner, but
the 19 self-report items are commonly used on their own in
research contexts [50]. The different items call for responses
in different formats (bedtimes, number of hours, Likert scales,
etc), thus the instrument is scored with the use of 7 compo-
nent scores that are summed for 1 total score ranging from
0 to 21 [48]. The original creators of the PSQI found that
a score of 5 or greater differentiated between “good” and
“poor” sleepers, with a sensitivity of 89.6% and a specificity
of 86.5% [48]. Research since has generally supported the
validity of this cutoff. Mollayeva et al [49] did a meta-anal-
ysis of the psychometric properties of the PSQI and found
that it showed acceptable internal reliability for within-group
comparisons across studies (Cronbach a values ranging from
0.70 to 0.83). They also found that intraclass correlations
for PSQI scores across timepoints met the cutoffs for use in
within-group comparisons (0.70 or greater) [49].
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Exit Survey

In addition to the clinical outcome measures, participants also
completed an exit survey on the final day of the trial. This
survey asked questions regarding overall satisfaction with the
treatment, impact on daily functioning and quality of life,
ease of use, symptom improvement, side effects, and how
quickly effects from the treatment were perceived to be felt.
The purpose of this questionnaire was to provide further
insight into the perceived experiences of the participants
during the treatment period, which is important information
for full and complete understanding of the treatment’s impact.

Adverse Event Tracking

Adverse events (AEs) and device deficiencies were docu-
mented and categorized in accordance with ISO14155:2020.
These AEs were documented based on reports provided
by the participants through email or on the exit survey.
The investigators closely tracked the AEs and their resolu-
tion throughout the study. Each AE was categorized by
type and seriousness according to the definitions provided
in ISO14155. Whether an AE was related to the device
or procedures was also distinguished. All available details
for each AE were recorded in the participant case report
forms, including relationship to the investigational device,
severity (mild, moderate, or severe), onset date, resolution
status, any action taken, and if there were any sequelae. For
the causality assessment of all AEs, the MDCG 2020-10/1
guideline was followed. This guidance is specifically aimed at
severe adverse events; however, it was extrapolated to all AEs
for this study.

According to MDCG 2020-10/1, causal relatedness was
defined as an AE associated with the investigational
device beyond reasonable doubt. Probably device-related was
defined as having a relationship with the use of the inves-
tigational device that seems relevant or the event cannot
be reasonably explained by another cause. “Possibly device
related” was defined as having a relationship with the use
of the investigational device that was weak but cannot be
ruled out completely. “Not device related” was defined as
an event not having a temporal relationship with the device
or not following a known response pattern to the device.
The AEs were then further classified into mild, moderate, or
severe categories. Mild severity AEs correspond to awareness
of easily tolerated and mildly irritating signs or symptoms,
with no or minimal loss of time from normal activities;
these symptoms are transient and do not require therapy or a
medical evaluation. Moderate cases are events that introduce
a low level of inconvenience or concern to the participant
and may interfere with daily activities; moderate experiences
may cause some interference with functioning. Severe cases
are events that substantially interrupt the participant’s normal
daily activities and generally require systemic drug therapy or
other treatment; these events are usually incapacitating.

Statistical Analysis

The primary and secondary end points of the study are
thoroughly described in the “Data Collection” section. These
end points included pre- to posttreatment changes from
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baseline to the end of treatment at 4 weeks for the BAI
as the primary end point and the BDI, PCL-5, and PSQI
as secondary end points. Baseline scores were defined as
the BAI, BDI, PCL-5, and PSQI scores on the first day
of treatment, prior to the first treatment session. The within-
group analyses were based on a per-protocol estimand and
tested with paired 2-tailed ¢ tests, where the normality
assumption was confirmed with the Shapiro-Wilk test and a
value was set to .05. The effect sizes reported in this paper are
based on Cohen d and calculated as the mean score at the end
of treatment minus the mean score at baseline, divided by the
pooled SD for the 2 scores. The use of per-protocol esti-
mand ensured that the changes in outcome measures within
each treatment arm were reflective of scenarios where the
participants used the treatment as directed and thus included
only the participants who were compliant to treatment. The
usage criteria for inclusion in the per-protocol analysis was
set at 5-29 minutes of treatment per day 6-7 days per week
across the intended 4-week treatment period. There were only
2 missing scores, 1 in week 2 and 1 in week 3. Because these
data are a time series that exhibits a trend line and the number
of missing values was very small, these were filled using a
linear interpolation between the score from the previous week
and the score from the following week. There was no missing
baseline or final scores.

To determine the appropriate sample size a power analysis
was performed assuming a dependent ¢ test with a signifi-
cance level of 5%, power of 80%, and moderate effect size
of 0.6 between pairs. This gave us a necessary sample size
of 25 participants. Accounting for a potential dropout rate
of 20% gave us a target sample size of 30 participants. All
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analyses were performed using GraphPad Prism 10.3.0 (507;
Dotmatics).

Ethical Considerations

Ethical approval for this trial was obtained from the
WIRB-Copernicus Group (WCG) institutional review board
(reference no. 20233919), and the study was conducted in
compliance with the principles outlined in the Declaration
of Helsinki. Signed and documented informed consent was
obtained from all participants prior to starting the study. For
their time, participants were given a US $25.00 Amazon gift
card.

Results

Study Participants

Between October 22, 2023, and October 2, 2024, 100
individuals completed the web-based interest form (Figure
3). A total of 63 participants consented to the trial, with 26
of these not satisfying the criteria of having a BAI score
of 16 or greater, 4 not responding to requests to complete
the screening questionnaire, and 1 not responding to requests
for confirmation of their shipping address. A total of 32
participants were shipped a device, with 3 of these not
responding to requests to complete the baseline assessments
and 1 participant failing to respond to requests to take the
reassessments after week 2. In total, 28 participants comple-
ted all LIFU sessions and weekly assessments (28/32, 87.5%).
Data for all 28 participants who completed the trial are
included in the analysis.
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Figure 3. Flowchart of study participants through the trial.
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The average age of the participants was 48.1 (SD 15.6)
years. The group was heavily weighted toward women, with
22 women and 6 men. The National Institutes of Health
reports that generalized anxiety affects approximately 2.7%
of American adults, with women experiencing the disorder
at a higher rate (3.4%) versus men (1.9%), making the fact
that the sample contained a higher percentage of women a
reflection of actual population distributions. The self-reported
average duration of time suffering with anxiety was 16.5 (SD
11.8) years. There were also 8 participants currently receiving
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Completion rate (n=28 of 32), 87.5%

treatment for their anxiety and 20 who were not receiving any
treatment.

Beck Anxiety Inventory

After 4 weeks of treatment with the ZenBud, the average BAI
score decreased by 14.9 (SD 10.6) points from 26.5 (SD 12.5)
to 11.5 (SD 11.1) (Figure 4). This change in score was both
statistically significant (P<.001, 2-tailed dependent ¢ test) and
clinically meaningful. While there is no consistently defined
definition of clinical improvement for the BAI, based on the
categorical definitions of severity for the scores, there was
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a great deal of progression into decreased severity levels of weeks of using the ZenBud, 22 participants had BAI scores
anxiety throughout the treatment period. As seen in Figure 5, into the mild or minimal severity rages, and only 6 partici-
at the start of the study, 22 participants had BAI scores in the = pants had scores in the moderate or severe ranges. In terms of
moderate or severe anxiety ranges and only 6 participants had Cohen d, the effect size was large at 1.06.

BALI scores in the mild or minimal severity ranges. After 4

Figure 4. The progression of Beck Anxiety Inventory scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual
participant. The thick line represents the group mean.
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Figure 5. Categorical movement across degrees of severity based on the Beck Anxiety Inventory (BAI) definitions. At the start of the study, 20
participants had BAI scores in the moderate or severe anxiety ranges and only 6 participants had BAI scores in the mild or minimal severity ranges.
After 4 weeks of using the ZenBud, 20 participants had BAI scores into the mild or minimal severity ranges, and only 6 participants had scores in the

moderate or severe ranges.

Severe

Moderate

hild

Minimal

Beck Depression Inventory

After 4 weeks of treatment with the ZenBud, the average BDI
score decreased by 10.3 (SD 7.8) points from 24.2 (SD 10.5)
to 13.9 (SD 12.6) (Figure 6). Similar to results seen for the
BAI, this change in score was both statistically significant
(P<.001; 2-tailed dependent ¢ test) and clinically meaningful.

https://neuro.jmir.org/2025/1/e69770
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A 17% reduction in score on the BDI is considered clinically
meaningful [3]. Based on this definition, as seen in Table
1, 714% (20/28) of participants demonstrated a clinically
meaningful reduction in score by the end of the trial. In terms
of Cohen d, the effect size was large at 0.81.
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Figure 6. The progression of Beck Depression Inventory scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual

participant. The thick line represents the group mean.
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Table 1. The number of participants who experienced clinically significant reductions in Beck Depression Inventory score following 4 weeks of

treatment with the ZenBud.

Degree of score change

Participants, n (%)

Clinical decrease

Nonclinical decrease

Nonclinical increase

20 (71)
5(18)
3(11)

Post Traumatic Stress Disorder Checklist
for the DSM-V

After 4 weeks of treatment with the ZenBud, the average
PCL-5 score decreased by 20.0 (SD 20.5) points from 38.8.8
(SD 18.0) to 18.8 (SD 18.9) (Figure 7). Similar to results
seen for the BAI and BDI, this change in score was both

https://neuro.jmir.org/2025/1/e69770

statistically significant (P<.001; 2-tailed dependent ¢ test) and
clinically meaningful. A 10-point reduction in score on the
PCL-5 is considered clinically meaningful [43,51]. Based
on this definition, as seen in Table 2 , 71.4% (20/28) of
participants demonstrated a clinically meaningful reduction in
score by the end of the trial. In terms of Cohen d, the effect
size was large at 0.94.
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Figure 7. The progression of PCL-5 scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual participant. The thick

line represents the group mean.
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Table 2. The number of participants who experienced clinically significant reductions in PCL-5 score following 4 weeks of treatment with the

ZenBud.

Degree of score change

Participants, n (%)

Clinical decrease
Nonclinical decrease

Nonclinical increase
Clinical increase

20 (71)
3(11)
4 (14)
14

Pittsburgh Sleep Quality Index

After 4 weeks of treatment with the ZenBud, the average
PSQI score decreased by 2.2 (SD 3.1) points from 12.1
(SD 3.2) to 99 (SD 3.2) (Figure 8). While this change in
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score was statistically significant (P=.001; 2-tailed dependent
t test), it was not clinically meaningful. In terms of Cohen d,
the effect size was medium at 0.65.

JMIR Neurotech 2025 | vol. 4 169770 | p. 12
(page number not for citation purposes)


https://neuro.jmir.org/2025/1/e69770

JMIR NEUROTECHNOLOGY

Kohler et al

Figure 8. The progression of PSQI scores through 4 weeks of treatment with ZenBud. The thin lines represent each individual participant. The thick

line represents the group mean. PSQI: Pittsburgh Sleep Quality Index.
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Satisfaction and Acceptability

After the final treatment and assessment, battery partici-
pants completed an exit survey asking questions regarding
satisfaction with the treatment, acceptability, and quality-of-
life impact. When asked about satisfaction with ease of use,
89.3% (25/28) of participants responded with very satisfied or
satisfied (Figure 9A). In addition, 82.1% (23/28) of partici-
pants reported that they would continue using the device if
offered the opportunity (Figure 9B). When asked whether the
treatment was worth the time invested in the trial, 82.1%
(23/28) of participants strongly agreed or agreed that the

https://neuro.jmir.org/2025/1/e69770
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time invested was worth it (Figure 9D). When asked about
the impact on quality of life, 78.6% (22/28) of participants
reported that the treatment somewhat or greatly impacted
their quality of life (Figure 9E). When asked how long it took
to feel initial effects, 53.6% 15/28) of participants noticed
effects in less than 1 week and 32.1% (9/28) felt initial
effects by 1 week (Figure 9C). When asked whether they
would recommend the treatment to someone with a similar
condition, 75.0% (21/28) of participants responded with very
likely or likely (Figure 9F).
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Figure 9. Results of the exit survey. (A) Responses of the participants when asked “How satisfied were you with the ease of using the device?” (B)
Responses of the participants when asked “Would you continue using this device for treatment?” (C) Responses of the participants when asked “How
quickly did you feel the effects of the ZenBud device during your trial?” (D) Responses of the participants when asked “Do you feel the device was
worth the time invested in the trial?”” (E) Responses of the participants when asked “How did the device impact your overall quality of life?” (F)
Responses of the participants when asked “How likely are you to recommend this device to others with similar conditions?.”
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Adverse Events

Only 1 AE was reported throughout the duration of the trial.
On the exit survey following completion of the 4 weeks of
treatment, 1 participant reported that the treatment would
make them feel jittery for a short period of time afterward.
This effect was short-lived and classified as a mild AE that
was probably device related. The participant reported that this
side effect was not enough of an effect to make them stop
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treatment or drop out of the study. Overall, the high satisfac-

tion rates as described in the “Satisfaction and Acceptability

i1

section combined with the low rate of AE support a strong
benefit-to-risk profile for the ZenBud. However, this study
was done with a small sample size and these results need to
be further validated with a larger sample size.
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Discussion

Principal Findings

The main objective of this study was to provide preliminary
evidence of the efficacy, safety, and usability of the ZenBud
for treating symptoms of anxiety in humans. Overall, the
study represents one of the first clinical trials supporting the
safety, patient tolerability, and efficacy of using LIFU to
the auricular branch of the vagus nerve for the treatment of
anxiety symptoms.

Among the 28 participants, 92.9% (26/28) demonstrated
improvements in anxiety symptoms, 89.3% (25/28) demon-
strated improvements in depression symptoms, 82.1% (23/28)
demonstrated a reduction in symptoms of PTSD, and 65.5%
(18/28) demonstrated improvements in sleep quality after 4
weeks of treatment. The average score reduction on the BAI
was clinically meaningful at 14.9 points (SD 10.6, P<.001;
2-tailed dependent 7 test), reflecting a general movement from
severe anxiety symptoms to mild [35,36]. The average score
reduction on the BDI was clinically meaningful at 10.3 points
(SD 7.8, P<.001; 2-tailed dependent ¢ test), which was a
42.6% decrease in score, far greater than the 17% clinically
meaningful threshold [3]. The average score reduction on the
PCL-5 was clinically meaningful at 20.0 points (SD 20.5,
P<.001; 2-tailed dependent ¢ test) [43]. It is also noteworthy
to mention that the PCL-5 is commonly used to determine
whether an individual meets a provisional diagnosis of PTSD
and requires further assessment to confirm the diagnosis. The
cutoff score for meeting the criteria for a provisional PTSD
diagnosis is 31-33. Based on using a cutoff score of 32, at
the start of the study 18 participants exceeded the threshold
score for a provisional PTSD diagnosis. Upon completion of
the study, 14 of these participants (77.8%) had dropped their
score below the threshold score of 32 and no longer met the
requirements for a provisional PTSD diagnosis. The average
score reduction on the PSQI was 2.2 (SD 3.1, P=.001;
2-tailed dependent ¢ test) which, while statistically significant,
was not clinically meaningful, indicating that the improve-
ments in anxiety, depression, and PTSD symptoms did not
carry over into improved sleep quality. The effect sizes were
also large for the BAI (Cohen d=1.06), BDI (Cohen d=0.81),
and PCL-5 (Cohen d=0.94) indicating that the observed score
improvements were substantial enough to have a meaningful
impact beyond just statistical significance.

The extent of improvement in anxiety, depression, and
PTSD observed in this study is comparable with the clinically
meaningful results reported in other clinical trials featuring
noninvasive VNS as a treatment intervention. Srinivasan et
al [52] conducted a randomized controlled trial of taVNS
with 60 retired schoolteachers who had been diagnosed with
anxiety during the COVID-19 pandemic. The participants did
30-minute sessions 4 times per week (16 total sessions) and
demonstrated significantly greater reductions in Generalized
Anxiety Disorder-7 (GAD-7) scores and salivary cortisol
levels compared with control group participants. Zhang et
al [53] investigated the effect of taVNS on anxiety symp-
toms and neural functioning in 30 individuals with Parkinson

https://neuro.jmir.org/2025/1/e69770

Kohler et al

disease and anxiety compared with 30 controls with no
anxiety. They treated patients with Parkinson disease with
taVNS for 2 weeks and measured progress using the HAM-A
and nerve activation in the bilateral prefrontal cortex during
a verbal fluency task. After 2 weeks of taVNS treatment,
the group demonstrated a significant decrease in HAM-A
scores (P<.001) and increased activation of the left trian-
gle portion of the inferior frontal gyrus. Ferreira et al [54]
treated college students with chronic anxiety with a week of
taVNS. Immediately postintervention and 2 weeks postinter-
vention the students demonstrated substantial reductions in
pain perception, Beck Anxiety Inventory scores, and masseter
activation. Rong et al [55] treated 91 patients with mild to
moderate depression with taVNS for 30 minutes twice a day
for 12 weeks. Upon completion of treatment the average
reduction in score in the 24-item Hamilton Depression
Rating Scale (HAM-D-24) was both statistically significant
and clinically meaningful, the responder rate was 80%, and
the remission rate was 39%. In our study, we saw similar
results in only 4 weeks, making an investigation into longer
treatment periods with LIFU an important area of future
research.

The results of this study are also consistent with the
results of studies investigating the use of transcranial
focused ultrasound (tfUS) targeting the amygdala for the
treatment of generalized anxiety disorders. Mahdavi et al [56]
recruited 25 participants with treatment-refractory general-
ized anxiety disorder and treated them with tfUS targeting
the right amygdala for 8 weekly 10-minute sessions. The
results showed an average reduction in BAI score of 12.88
(SD 10.42) points and an average reduction in HAM-A
scores of —12.64 (SD 12.51). Chou et al [57] recruited 30
healthy individuals and compared activation of the amygdala,
hippocampus, and dorsal anterior cingulate cortex during
a fear task after treating them with active or sham tfUS
targeting the left amygdala. They found decreased activa-
tion of the amygdala (P=.04), hippocampus (P=.05), and
dorsal anterior cingulate (P=.02) in the active tfUS group
when compared with the sham. They also found decreased
amygdala-insula (P=.03) and amygdala-hippocampal (P=.01)
resting state functional connectivity and increased amygdala-
ventromedial prefrontal cortex (P=.05) resting state functional
connectivity.

Limitations

While the results of this study are optimistic, this study was
preliminary and suffers from several limitations. This study
did not feature a control group, making it impossible to
quantify the possible impact of a placebo effect or distinguish
the specific effects of the ZenBud device from other factors
that may have influenced the results. The lack of a control
group also limits the ability to directly compare the efficacy
of the ZenBud with other interventions. Other than participant
reports, there was also no objective way of determining the
exact amount of time the device was used by each partic-
ipant. While the majority of participants were not receiv-
ing treatment during the study, there was no control over
concurrent therapeutic modalities participants were receiving.
The lack of control for these additional therapies may have
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influenced the results, making it difficult to attribute the
observed effects exclusively to the ZenBud device. Further
research with larger sample sizes, control groups, control over
concurrent treatment modalities, and physiological measure-
ments needs to be done to validate these findings and further
negate the possibility of placebo effects.

Kohler et al

LIFU to modulate the auricular branch of the vagus nerve
and reduce the symptoms of anxiety, depression, and PTSD.
Given the wide prevalence of anxiety disorders, depression,
and PTSD, and the shortfalls of current treatment options,
this novel treatment approach has potential to meaning-
fully improve patient outcomes and continued research is

. warranted.
Conclusions

This preliminary study provided justification for further
research into the efficacy, safety, and feasibility of using
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