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ABSTRACT

Background: To evaluate the therapeutic effectiveness and safety of a neurofeedback
wearable device for stress reduction.

Methods: A randomized, double-blind, controlled study was designed. Participants

had psychological stress with depression or sleep disturbances. They practiced either
neurofeedback-assisted meditation (n = 20; female, 15 [75.0%]; age, 49.40 + 11.76 years)

or neurofeedback non-assisted meditation (n = 18; female, 11 [61.1%]; age, 48.67 +12.90
years) for 12 minutes twice a day for two weeks. Outcome variables were self-reported
questionnaires, including the Korean version of the Perceived Stress Scale, Beck Depression
Inventory-II, Insomnia Severity Index, Pittsburgh Sleep Quality Index, and State Trait Anxiety
Index, quantitative electroencephalography (QEEG), and blood tests. Satisfaction with device
use was measured at the final visit.

Results: The experimental group had a significant change in PSS score after two weeks of
intervention compared with the control group (6.45 + 0.95 vs. 3.00 + 5.54, P=0.037). State
anxiety tended to have a greater effect in the experimental group than in the control group
(P=0.078). Depressive mood and sleep also improved in each group, with no significant
difference between the two groups. There were no significant differences in stress-related
physiological parameters, such as stress hormones or qEEG, between the two groups.
Subjective device satisfaction was significantly higher in the experimental group than in the
control group (P=0.008).

Conclusion: Neurofeedback-assisted meditation using a wearable device can help improve
subjective stress reduction compared with non-assisted meditation. These results support
neurofeedback as an effective adjunct to meditation for relieving stress.

Trial Registration: Clinical Research Information Service Identifier: KCT0007413
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INTRODUCTION

The stress response is an adaptive reaction that occurs in stressful situations. It is mediated
by the “stress system,” which includes the hypothalamus, autonomic nervous system, and
organs.! In case of chronic stress, long-term activation of the adrenal glands can release
excess cortisol (a stress hormone).2 Elevated cortisol levels can increase the risk of many
health problems, including anxiety, depression,3 immune disorders,4 heart disease, high
blood pressure,5 and diabetes.® In clinical practice, three main self-regulation strategies

are currently used in stress reduction therapy, including meditation, relaxation, and
biofeedback.? Over the last few decades, numerous physiological and psychological benefits
of meditation practice have been demonstrated, including tension relaxation, improved
concentration, and effects on emotional and cognitive function. In particular, meditation can
help relieve stress.89 Some studies have found that meditation can induce plastic changes in
the brain, thereby creating new neurons and circuits.10,11

Novice meditators can find it difficult to meditate. Without understanding whether they

are doing it right, they often stop treatment before any meaningful effects are observed.
Therefore, the application of machine-aided learning may offer alternatives for beginners
struggling to maintain regular meditation practice. Recent studies have shown that
technology-assisted mindfulness meditation practice through mobile applications improves
stress management and cognitive efficiency, such as working memory.12:13 Neurofeedback
measures brain waves, a physiological phenomenon that is difficult for humans to recognize,
and converts them into easy-to-understand information. During this process, a person
directly observes the signal from his or her body displayed on the computer, experiences

the kind of effort needed to show the increase or decrease of a specific brain wave, and can
directly control it.14 The feedback stimuli may be visual, auditory, or other sensory stimuli.
The stimuli can inform the user of brain activity so that the user can recognize a response,
thus increasing the level of self-control and self-awareness.15 This enhances the plasticity
of the brain by strengthening its self-regulatory ability. As in the principle of learning
theory, it involves learning the optimal state by looking at the success signal of one’s body.16
Neurofeedback, one of the techniques for training brain self-regulation, has the potential to
increase the effectiveness of meditation.1”

There are five biomarkers that have been most studied to evaluate stress in
electroencephalography (EEG) signals; alpha, theta, beta, delta and asymmetry of alpha.
Among them, many studies show changes in brain waves related to stress condition,
including a reduction in alpha band power, an increase in beta activity, and a change in
theta value.18,19 Qverall, in stressful situations, the brain shows a trend in which stable brain
wave activity decreases and brain waves related to mental load become more activated. The
average alpha and theta power of people with anxiety gradually increased after neurofeedback
mindfulness control.20 There was also a study that conducted neurofeedback training to
enhance alpha, strengthen theta, and reduce beta.2! The most relevant and consistent

EEG finding is that it can increase theta and alpha power.22 Other studies have suggested
that neurofeedback can mediate the effects of mindfulness meditation.23:24 A study on
neurofeedback training for stress mitigration confirmed the efficacy using a two-channel
device at the Fp1 and Fp2 positions.25

This study was designed to evaluate the safety and therapeutic effects of a neurofeedback
wearable device (MAVE®) on stress reduction. The meditation content of the device was

https://doi.org/10.3346/jkms.2024.39.e94 2/14



Neurofeedback-Assisted Meditation Using a Wearable Device

JKMS

https://jkms.org

scientifically verified, and feasibility was assessed by experts.2628 We hypothesized that
neurofeedback-assisted meditation could effectively improve stress, depression, and

sleep compared with meditation without neurofeedback assistance. In addition, when
neurofeedback-assisted meditation was performed using a wearable device, the efficacy and
safety of the device were evaluated.

METHODS

Participants

The present study was conducted at the sleep clinic of Seoul National University Bundang
Hospital. Participants were recruited between May 2021 and October 2021 through
advertising in the hospital and local community. All participants were aged 19-65 years

and had psychological stress and symptoms of depression or sleep disturbance. Enrolled
participants underwent screening tests at their first visit. A psychiatrist conducted a clinical
interview to evaluate the inclusion and exclusion criteria. We included those who met both of
the following criteria: 1) Perceived Stress Scale (PSS) score > 14 and 2) either Beck Depression
Inventory-II (BDI-II) score > 20 or Insomnia Severity Index (ISI) score > 8. Individuals

were excluded if they had other major psychiatric disorders, any sleep disorders based on

the diagnostic criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fifth
edition (DSM-5) or International Classification of Sleep Disorders (ICSD)-3, major medical
conditions, or neurological abnormalities. We also excluded those who had recently received
steroid and hormone therapy, those who suffered from chronic pain, and those who had
acute severe stressful life events within the last month, as these conditions could cause an
increase in stress hormone levels.

Procedure

Neurofeedback-assisted meditation intervention

Eligible participants were randomly assigned in a 1:1 ratio to either the experimental group
practicing neurofeedback-assisted meditation or the control group practicing neurofeedback
non-assisted meditation for two weeks. Random assignment was performed via the stratified
permuted block randomization method by a single person not directly involved in this clinical
trial. Both participants and investigators were blinded to the treatment conditions. A device
with the same configuration was used, thus it was impossible to distinguish between the
experimental and control groups. Demographic, medical, and anthropometric data were
collected after the screening test. Quantitative electroencephalography (QEEG), questionnaires,
heart rate variability tests, and blood tests were then conducted for each participant.

Participants were asked to perform meditation using the device twice a day for a total of two
weeks (14 days, 12 minutes per session). The MAVE® device is designed to measure EEG signals
through two channels of EEG sensors on the forehead and pulse signals through one channel
that measures pulse signals (photoplethysmography) in the right earlobe (Fig. 1A). The MAVE®
device is composed of a measurement unit and analysis software. In order to process artifacts,
signal processing is performed in the analysis software. Independent component analysis
(ICA) is used to remove artifacts caused by eye-rolling. Additionally, an adaptive filtering
method is employed to eliminate eye blink-induced artifacts, and muscle activity that affects
the entire frequency range of the electromyography (EMG) signal is excluded. Since MAVE®

is a 2-channel system, independent component analysis (ICA) is not used in its software. The
measurement stack uses a 12-bit analog-to-digital converter (ADC) with a sampling rate of
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Fig. 1. MAVE® device and Neurofeedback protocol using MAVE® device and mobile application. (A) MAVE® device
consists of a headband with 2 channels of EEG sensor and one channel of PPG sensor. (B) A 2-min resting EEG
measurement was performed prior to meditation to determine baseline EEG. The relative power of the target
frequency bands (alpha, theta, and high beta bands) was determined. Based on the baseline value, it was set to
reach the threshold when all formulas were simultaneously satisfied in the alpha, theta, and high beta bands.
EEG = electroencephalography, PPG = photoplethysmography.

250 samples per second. The MAVE® application provides mindfulness-based meditation
content and guides meditation with voice guidance. Brain waves were measured while the
participant was meditating and undergoing a signal processing procedure (QEEG spectral
analysis). The brain waves returned auditory signals according to the threshold condition
of the neurofeedback protocol algorithm. Therefore, the user received both the meditation
content guide and neurofeedback as sound stimulation. When the meditation was
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completed, the measured bio-signals and the feedback signal log were stored in the user’s
smartphone. User identifiers (ID) and access log information were also saved.

The neurofeedback protocol algorithm is illustrated in Fig. 1B. It consisted of 2 minutes of
resting EEG measurement and 10 minutes of neurofeedback combined with meditation for
a total of 12 minutes per session. Resting EEG measurements were performed for 2 minutes
prior to meditation using the application with eye closed. This was used to determine the
baseline EEG. The relative power of the target frequency bands, including alpha, theta,

and high beta bands, were also determined. Based on the baseline value determined in this
manner, the protocol was set to reach the threshold when alpha and theta waves, which

are brain waves to be strengthened, and high beta waves, which are brain waves to be
suppressed, were simultaneously satisfied, as shown in the formula. This setting condition
was established based on EEG changes known to be common when meditation is effectively
performed (Fig. 1B).29,30

When the condition of the above three band values was satisfied, the auditory stimulus
signal was provided as output along with feedback. Through this, the participant could know
whether his or her meditation state was progressing effectively. The neurofeedback signal
uses the sound of a cricket (1 second) in a high-frequency band that does not interfere with
meditation. The experimental group meditated while receiving feedback on their EEG status.
The control group used the same mindfulness-based meditation content provided by the
application. However, the feedback auditory signal was provided at a random time point,
independent of the neurofeedback protocol output.

Approximately one week after the second visit, participants were enquired over phone

to check if they were using the device properly (number of days of use per week [%]) and
whether there were any adverse reactions. The final visit took place two weeks after the
initiation of the intervention. Vital signs, physical examination, questionnaire, qEEG,
heart rate variability test, and blood tests (cortisol, adrenocorticotropic hormone [ACTH],
interleukin-6 [IL-6], tumor necrosis factor-alpha [TNF-a], and brain-derived neurotrophic
factor [BDNF]) were evaluated or performed after using the device. Treatment compliance
was assessed twice during the study period: a telephonic interview on day 8 of the
intervention and a final assessment at the end of the two-week intervention. We collected
data on participants’ satisfaction with the device via a questionnaire at the final visit on a
scale of O (lowest degree) to 10 (highest degree) scale. The participants were enquired if they
experienced any side effects in an open-ended manner.

Measures

Questionnaires

All participants were asked to complete self-report questionnaires on the symptoms of stress,
depression, and anxiety before and after the intervention. The PSS was adopted to estimate
the degree of perceived stress in daily life. The PSS, a classic stress assessment instrument
developed in 1983, is widely used today.3! This tool helps understand how different situations
affect an individual’s feelings and their perceived stress over the past month. The PSS consists
of 10 items with total scores ranging from O to 40, with a higher score indicating more severe
stress symptoms.32 Symptoms of depression and anxiety were evaluated using the BDI-II

and State-Trait Anxiety Inventory (STAI), respectively. The STAI has the advantage of being
able to measure both trait anxiety, which is considered stable over time, and state anxiety,
which is affected by stressful situations. Participants were administered the Pittsburgh Sleep
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Quality Index (PSQI) and ISI to evaluate subjective sleep quality and insomnia symptoms,
respectively. The PSQI consists of 19 questions, with a total index of over five indicating

a subjective sleep complaint.33 The ISI consists of seven questions. It is a 28-point test,

with higher scores indicating more severe insomnia.34 The World Health Organization
Quality of Life (WHOQOL-BREF) scale has been widely used as a quality-of-life assessment
tool. It consists of 26 items in the domains of physical health, psychological health, social
relationships, and environment.35 Subjective device satisfaction was evaluated on a scale of 1
(very dissatisfied) to 10 (very satisfied) using a questionnaire at the final visit after 14 days of
device use.

Blood biomarkers

The levels of ACTH, cortisol, BDNF, and inflammatory biomarkers, such as IL-6 and TNF-a,
were measured. Cortisol follows a robust circadian rhythm that peaks 30 minutes after waking
and gradually declines throughout the day.36,37 Therefore, blood tests for biomarkers before and
after the intervention were performed at designated times in the afternoon (from 1 PM to 5 PM)
as the initial and follow-up assessments for each participant.38 Blood samples were collected
from the antecubital vein, processed according to the protocol, and transferred to Seoul Clinical
Laboratories (Yongin, Korea), a global clinical testing laboratory.

QEEG
All participants underwent qEEG twice, that is, before and after the intervention. Waking
EEG was recorded with participants in a sitting position for 15 minutes, during which

they were instructed to close their eyes and relax. Electrodes were placed according to the
extended international 10-20 system. The EEG signal was amplified and digitized with
64-channel Neuroscan Synamps (Compumedics, Charlotte, NC, USA) at a sampling rate of
1kHz. The acquired EEG data were processed using NeuroGuide (Applied Neuroscience,
Inc., St. Petersburg, FL, USA). The high-pass filter was set to 100 Hz and the low-pass filter
was set to 0.3 Hz. Each EEG was visually inspected to exclude artifacts caused by small body
movements, eyelid movements, or fine sleep. Spectral analysis was performed with fast
Fourier transform for six bands (delta: 1.0-4.0 Hz; theta: 4.0-8.0 Hz; alpha: 8.0-12.0 Hz;
beta: 12.0-25.0 Hz; high beta: 25.0-30.0 Hz; and gamma: 30.0-40.0 Hz). The electrodes
were grouped into five cerebral regions to calculate the average power value of each region:
frontal (FP1, FP2, F3, F4, F7, and F8), temporal (T3, T4, TS, and T6), central (C3 and C4),
parietal (P3 and P4), and occipital (O1 and O2).

Statistical analysis

Continuous variables were presented as means * standard deviations, while categorical
variables were expressed as proportions, unless otherwise specified. All statistical analyses
were performed using SPSS Statistics version 16.0 (SPSS Inc., Chicago, IL, USA). For
continuous variables (e.g., age and body mass index), a two-sample #-test was used to
compare the values obtained between the two groups. For categorical variables, such

as sex and medication use, the y* test was used. To investigate within-group differences
between pre- and post-intervention assessments, including questionnaires, blood tests,
and qEEG, a paired t-test or Wilcoxon signed-rank test was adopted. Repeated measures
analysis of variance (ANOVA) was used to assess differences between the groups before
and after treatment. Generalized estimating equations were used to analyze qEEG changes
between groups by region over time. Bonferroni correction was used for post-hoc multiple
comparisons and independent samples.
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Ethics statement

All participants provided informed consent prior to participating in the study. This study
was reviewed and approved in April 2021 by the Institutional Review Board (IRB) of Seoul
National University Bundang Hospital (B-2103/670-002). It was registered at the Clinical
Research Information Service, Korea (CRIS registry number, KCT0007413), and the first
registration date was June 17, 2022. All methods used in this study were performed in
accordance with relevant guidelines and regulations.

RESULTS

Baseline demographics and clinical characteristics

The planned sample size of 80 participants was reduced to 53 due to the coronavirus disease
2019 situation and time constraint of the city-funded study. A total of 53 participants were
screened in this study, of which 49 were randomly assigned to two groups, after excluding
three who did not meet the PSS or BDI-II/ISI criteria and one who revealed the intention

to withdraw immediately after screening (Fig. 2). Therefore, 25 and 24 participants were
assigned to the experimental and control groups, respectively. In the experimental group,
three people, including one who complained of earlobe discomfort, dropped out. In the
control group, five people, including three who complained of side effects, such as headache
and earlobe pain, expressed their intention to drop out. The dropout rate was 12.0% (3/25) in
the experimental group and 20.8% (5/24) in the control group, with no significant difference
between the two groups (P = 0.403). Participants who completed the test at the last visit after
the intervention but used the device for less than 90% of the time were excluded from the

| Assessed for eligibility (N = 53) |

Excluded (n = 4)
- Not meeting inclusion criteria (n = 3)
- Declined participation (n = 1)

| Randomized (n = 49) |

v v

Allocated to Exp. group (n = 25) Allocation Allocated to control (n = 24)
- Did not complete (n = 3) - Did not complete (n = 5)

| |

Care providers (n = 3), Follow-up Care providers (n = 3),
team (n=1), center (n=1) team (n =1), center (n=1)
performing the intervention performing the intervention

I !

Analysis
Completed follow-up (n = 22) | | Completed follow-up (n =19)

! !

Analyzed (n = 20)
- Excluded due to test error (n =1)
- Device usage < 50% (n =1)

Analyzed (n =18)
- Device usage < 50% (n =1)

Fig. 2. Flow chart showing the selection of study participants.
Experimental group: neurofeedback-assisted meditation group; Control group: neurofeedback non-assisted
meditation group.
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Table 1. Demographics and clinical characteristics of the study population

Characteristics Experimental group (n = 20) Control group (n = 18) Pvalue
Sex (female) 15(75.0) 11(61.1) 0.489
Age, yr 49.40+11.76 48.67 = 12.90 0.856
Married 14 (70.0) 12 (66.7) 0.976
Education, yr 15.50+ 2.14 15.72 + 3.18 0.942
BMI, kg/m? 23.32+2.19 23.61+ 2.71 0.715
Medication use (present) 6(30.0) 3(23.7) 0.627
Smoker 2(10.0) 1(5.6) 0.612
Alcohol 10 (50.0) 10 (55.6) 0.732
Questionnaires, score
PSS 25.85 + 4.97 24.22 + 5.17 0.329
BDI-II 31.70+ 10.14 29.72 + 10.09 0.551
ISI 17.40 £ 5.84 17.22 £ 5.14 0.922
STAI-S 58.45+9.68 55.06 = 10.83 0.346
STAI-T 59.65+10.28 56.78 +9.29 0.374
PSQI 11.95+ 3.65 11.83+3.19 0.917
WHOQOL 69.70 +12.95 67.61+11.19 0.600
Blood test
IL-6, pg/mL 1.35+0.88 1.20+0.75 0.707
BDNF, ng/mL 27.21 = 6.84 30.46 = 6.34 0.139
TNF-a, pg/mL 0.70 + 0.22 0.69 +0.24 0.613
Cortisol, pg/dL 8.21 + 3.47 8.58 + 2.80 0.723
ACTH, pg/mL 13.49+5.61 16.41 +7.56 0.196

Data are presented as mean + standard deviation for numerical data and as number (percentage) for categorized
data.

BMI = body Mass Index, PSS = Perceived Stress Scale, BDI-Il = Beck Depression Inventory-11, ISI = Insomnia Severity
Index, STAI = State-Trait Anxiety Inventory, PSQI = Pittsburgh Sleep Quality Index, WHOQOL = World Health
Organization Quality of Life assessment instrument, IL-6 = interleukin-6, BDNF = brain-derived neurotrophic
factor, TNF-a = tumor necrosis factor-alpha, ACTH = adrenocorticotropic hormone.

analysis. Finally, 38 participants who completed all the study protocols were included in the
analysis (Fig. 2). When demographics and clinical characteristics, including questionnaires
and blood tests, were compared, no statistically significant difference was found between the
experimental and control groups in the baseline evaluation. The mean age was 49.1 + 12.15
years. The majority (26/38, 68.4%) of the participants were females. The demographic and
clinical characteristics of the study population are shown in Table 1.

Effects of MAVE" intervention

Table 2 shows the results of the primary and secondary outcomes measured before and after the
intervention period in the experimental and control groups. The difference in PSS scores before
and after two weeks of intervention was significantly different between the two groups. In the
experimental group, the PSS score decreased considerably from 25.85 * 4.97 at baseline to 19.40
+4.56 after the intervention over two weeks, which was statistically significant (P < 0.0001).
In the control group, the PSS level decreased by 3.00 (from 24.22 +5.17 at a baseline to 21.22
+4.60) after two weeks of intervention; however, the decrease was not statistically significant.
Therefore, the neurofeedback-assisted meditation group had a more pronounced subjective
stress reduction, indicating that the difference in PSS scores between the groups over time

was significant as shown by repeated-measures ANOVA (P = 0.037). Regarding state anxiety,
there was a significant change within the experimental and control groups after two weeks of
intervention. Although statistical significance was not reached for the difference between the
two groups, the effect was found to be greater in the experimental group than in the control
group (11.95 £ 10.46 vs. 6.50 £ 7.69, P=0.078). Depressive mood and sleep improved in both the
groups. There were no significant differences between the two groups. As a result of the blood
test, both the experimental and control groups showed a decrease in serum BDNF levels after
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Table 2. Primary and secondary outcome measures before and after 2 weeks of intervention

Variables Experimental group (n = 20) Control group (n = 18) Pvalue
Pre-intervention Post-intervention P Pre-intervention Post-intervention P

Questionnaires, score
PSS 95.85 + 4.97 19.40 + 4.56 <0.001""" 24.29 + 5.17 21.29 + 4.60 0.318 0.037"
BDI-II 31.70+ 10.14 17.55+ 10.58 <0.001*"" 29.72 + 10.09 20.22 + 8.10 < 0.001**" 0.200
ISI 17.40 = 5.84 11.45+ 5.41 0.003™" 17.22+5.17 11.83+5.88 0.001"" 0.810
STAI-S 58.45+ 9.67 46.50 + 11.45 <0.001""" 55.06 = 10.83 48.56 + 7.56 0.002"" 0.078
STAI-T 59.65 + 10.28 48.50 + 12.09 0.001™* 56.78 + 9.99 50.44 + 8.02 <0.001™"" 0.132
PSQI 11.95 + 3.65 8.50 + 3.80 0.001"" 11.83 + 3.19 8.33+92.35 <0.001""" 0.963
WHOQOL 69.70+ 12.95 76.90 + 23.12 0.011" 67.61+11.19 73.56+ 12.93 0.034" 0.833

Blood tests
IL-6, pg/mL 1.35+0.88 1.37 + 0.89 0.540 1.20 £ 0.75 1.31+0.87 0.831 0.856
BDNF, ng/mL 27.21 + 6.84 24.52 + 8.60 0.027" 30.46 + 6.34 25.96 + 8.62 0.010" 0.318
TNF-a, pg/mL 0.70 + 0.22 0.70+ 0.32 0.354 0.69 + 0.24 0.67 + 0.22 0.663 0.730
Cortisol, pg/dL 8.91 + 3.47 7.49 + 3.23 0.442 8.58 + 2.80 7.02 + 2.97 0.105 0.529
ACTH, pg/mL 13.49+ 5.61 13.18+ 8.86 0.895 16.41+ 7.56 14.67 + 6.01 0.983 0.657

Data are presented as mean = standard deviation.

PSS = Perceived Stress Scale, BDI-Il = Beck Depression Inventory-Il, ISI = Insomnia Severity Index, STAI = State-Trait Anxiety Inventory, PSQI = Pittsburgh Sleep
Quality Index, WHOQOL = World Health Organization Quality of Life assessment instrument, IL-6 = interleukin-6, BDNF = brain-derived neurotrophic factor,
TNF-o = tumor necrosis factor-alpha, ACTH = adrenocorticotropic hormone.

Bold face P values denote statistical significance: "P < 0.05, P < 0.01,

https://jkms.org

*kk

P <0.001.

Table 3. Device-related scores

Variables Experimental group (n=20)  Control group (n = 18) P
Days of device use, days 13.80+ 0.41 13.61+ 1.50 0.573
Number of times the device was used, No. 26.10 + 2.55 26.33 + 2.89 0.718
Device satisfaction, score 7.85+1.31 6.72 + 1.07 0.008™"
Side effects of using the device 2 (10.0) 0(0.00) 0.168

Data are presented as mean + standard deviation for numerical data and as number (percentage) for categorized
data.
Bold face P values denote statistical significance: “"P < 0.01.

the intervention, although no significant difference was observed before and after treatment
between the groups. Serum cortisol and ACTH levels also decreased after the intervention in
both groups. However, there were no significant differences within or between groups before
and after the intervention (Table 2). Table 3 shows the device-related scores for the control and
experimental groups. Satisfaction of the device was significantly higher in the experimental
group than in the control group (7.85 +1.31 vs. 6.72 +1.07, P=0.008). There was no significant
difference in the number of days of device use frequency between the groups.

qEEG

The group-by-region over time effect was not significant for the absolute EEG power in all
bands, except for the alpha band, which had a significant effect (y> =10.643, P=0.031).
However, differences in brain regions were not found in the post hoc test. There was no
significant change in the absolute power of any band in any brain region within or between
groups. With respect to the relative EEG power, the group-by-region interaction over time was
not significant for most bands. Regarding the relative power, only in the delta band was a Group
x Region x Time effect (y>=9.912, P=0.042). However, there were no regional differences in
the post hoc tests. In addition, independent analyzes were conducted for each channel between
groups before and after the intervention, but no significant results were obtained.

Safety reports

During the study, side effects were reported by three (12.0%) participants in the
neurofeedback-assisted meditation group and three (15.8%) in the non-assisted meditation
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group. Of these six participants, four expressed their intention to drop out and two
completed the use of the device for two weeks. Two participants complained of headaches
while using the device, three reported redness or pain in the earlobe, and two reported chest
discomfort (feeling of stinging). The relevance and severity of the side effects reported by the
participants were evaluated, and only earlobe discomfort was considered relevant. All side
effects were mild, and the symptoms were temporary. In addition, there was no significant
difference between the experimental and control groups in the incidence rate of adverse
events among completers (10.0% [2/20] vs. 0% [0/18], P=0.168).

DISCUSSION

In this study, the efficacy and safety of neurofeedback-assisted meditation therapy were
confirmed for those experiencing symptoms of psychological stress. We hypothesized that
neurofeedback could enhance meditation performance, resulting in a reduction in subjective
stress, depression and anxiety, and physiological changes as effects of meditation. Compared
to the non-assisted meditation treatment group, the neurofeedback-assisted meditation
group showed a significant improvement in subjective stress levels. The neurofeedback-
assisted group also showed a greater improvement in state anxiety than the control group,
although the difference was not statistically significant. No significant decrease in serum
cortisol level was observed in either the experimental or control groups. Regarding safety, no
serious adverse events occurred during the study period. The risk of adverse events using the
MAVE® device was low. There were no significant differences between the two groups. In the
evaluation of device satisfaction, subjective device satisfaction was significantly higher in the
experimental group than in the control group.

In this study, a significant change in the PSS score indicating stress level was observed

after two weeks of meditation intervention. Compared with the control group, in which no
statistically significant change was observed, the neurofeedback-assisted meditation group
showed a remarkable decrease in the PSS score, which was meaningful as it confirmed

the effect of neurofeedback-assisted meditation treatment over time.39 This is consistent
with the results of previous studies showing that practicing mindfulness meditation had a
positive effect on stress reduction. This implies that the effect of neurofeedback assistance
can further maximize the effect of meditation over a short period of time. After two weeks

of intervention, the experimental group showed significantly higher satisfaction than the
control group in the subjective satisfaction questionnaire of device use. This may be because,
first, in the neurofeedback-assisted meditation group, effects of stress reduction and tension
relief were greater. Thus, the comfort of the device itself can be high. Alternatively, this could
be related to a feedback signal. In this study, auditory cues were used to investigate the effects
of neurofeedback. In the experimental group, the measured EEG was calculated according

to a predetermined protocol, and an auditory signal was provided when changes beyond the
preset level were shown. In contrast, in the control group, the auditory signal was provided
randomly by dividing it into three sections during the 10-minute meditation time. Sensitive
individuals might feel that they have no control over their feedback because the randomly set
feedback signal cannot be ruled out. However, if no signal is given in the control group, the
participants can easily recognize the group to which they are assigned.

According to a study on the effect of a biofeedback-assisted meditation program in diabetic
patients with depression, stress improvement was shown in those who participated in a
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90-minute weekly meditation program with a researcher for six weeks.40 We hypothesized
that wearable neurofeedback-assisted meditation could also lead to significant positive
changes in physiological measures of relaxation and stress. However, these results do

not support our expectations. No significant differences were found in stress-related
physiological variables, such as serum cortisol between neurofeedback-assisted meditation
and non-assisted meditation. This suggests that the intervention period was too short to
achieve physiological changes, unlike subjective stress changes. In addition, in this study,
the type and degree of stress were limited, and various physical diseases that could affect
cortisol levels were excluded. Many exclusion criteria for physical condition might have
influenced the degree of change in serum in the results of this study. Previous studies have
shown that meditation intervention has a significant, large effect on cortisol in a sample of
a patient with physical illness or in those experiencing a large amount of stress.40 Moreover,
there were no significant differences between the groups in the evaluation of most other
questionnaires, including BDI-II and PSQI. One possible explanation for the significant
improvements in both groups could be the effect of meditation itself. The difference between
the two groups was relatively small, regardless of whether neurofeedback was assisted,
suggesting that the effect of meditation was strong. Even the non-assisted meditation group
may have experienced a sense of accomplishment from completing the meditation practice,
contributing to their improvement. Another possible explanation is the placebo effect. The
act of participating in a study and receiving some form of intervention can lead to positive
response or improvement in symptoms.

Neurofeedback has been introduced to smartphones and mobile applications.12 With the
development of wearable devices, the measurement and monitoring of physiological signals
(respiration, pulse, etc.) has become simple and accessible to the public. Therefore, it is easy
and convenient to provide feedback on a user’s physiological signals immediately. Attempts
to apply this to biofeedback are increasing. The wearable device processes the measured
signal (input) and provides audible or visual feedback (output). This feedback allows the

user to focus on their state and further adjust their behavior, thereby forming a loop. With
the development of dry electrodes, it is now possible to conveniently measure EEG without
restrictions in place.41,42 In addition, an EEG measuring device designed to be lightweight
wirelessly while reducing the number of electrodes is being developed into a portable
wearable device.! Therefore, not only biofeedback using breathing and pulse but also
neurofeedback, which monitors and feeds back brain waves, can be a natural direction for
the development of wearable devices. In fact, most participants gave positive feedback about
the devices, stating that they could be used conveniently anytime and anywhere, which shows
high compliance and a high number of days of using the device. Only three (7.2%) of the 41
participants who completed all pre- and post-intervention tests did not achieve 50% of the
device use. All 38 patients included in the analysis showed more than 90% compliance. There
have been studies that have observed the effects of neurofeedback-mediated meditation.13,43
Our study has a strength in that mindfulness meditation was performed both in sham and
neurofeedback-assisted intervention to demonstrate the neurofeedback effect.

This study has some limitations. First, there is no single EEG pattern associated with
meditation, although there are various approaches to meditation. Thus, some studies

have shown that each meditation style affects a specific area of the brain.4446 However,
mindfulness may be the most appropriate meditation practice to manage stress and anxiety,
as it requires a much more relaxed form of observation than other meditation styles,

such as focus meditation, open heart, and quiet mind.2% Second, this study had a short
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intervention period, a small sample size and lack of analysis of the correlation between the
EEG and the clinical scale changes, which may have limited the ability to detect significant
physiological alterations. Furthermore, the absence of a follow-up phase to assess the
durability of the neurofeedback training effects over time is another limitation. Therefore,
future studies with a longer intervention period, larger sample size, and a follow-up phase
are warranted to further investigate the long-term effectiveness and sustainability of the
observed effects. Third, most participants in this study were beginner meditators who had
never experienced meditation. If they were not fully engaged in meditation, they were likely
to think about themselves or something related to them, which could be expressed as a
decrease in alpha amplitude or an increase in beta or gamma in the default mode network
as a result.47 However, it was confirmed that not only experienced meditators but also

Neurofeedback-Assisted Meditation Using a Wearable Device

beginners could control their experience in relation to the feedback signal.48 Therefore, this
might be a reasonable selection of participants, considering the purpose of this study and
MAVE® device is to increase access to neurofeedback and meditation. To compensate for
these limitations, an education session was conducted so that the participants could use

the device and perform meditation after the screening test. In addition, this study protocol
was retrospectively registered in the clinical trial registry because the Clinical Research
Information Service, a Korean clinical trial registration platform, allows retrospective
registration for clinical trials that have already been conducted. However, registration should
be completed in advance to meet international standards.

Our randomized, double-blind, and controlled study in individuals with symptoms of
psychological stress revealed that neurofeedback-assisted meditation with a portable
wearable device could be used anytime and anywhere to help improve subjective stress
compared with unassisted meditation. The MAVE® device can be considered a convenient and
safe adjuvant treatment option in line with this new trend. However, it is unclear whether its
effects persisted over time. This is a worthwhile area for future research. Large-scale samples
and long-term longitudinal studies are needed in the future. This study is meaningful in

that few studies have directly compared the portable neurofeedback device, which is simple
and can measure EEG without any location or time restriction, depending on whether
neurofeedback is assisted.
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