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Abstract: Stress significantly impacts our society, making strategies for its mitigation neces-
sary. A possible approach may involve binaural beats (BBs), i.e., an auditory stimulation
obtained by presenting pure tones with slightly different frequencies to the user’s ears,
resulting in a third phantom beat (fgg). While studies in the literature investigate the
effects of BBs at a constant stimulation frequency, with this pilot study, we present an
innovative approach that adapts the beat frequency in real time within the theta range
(4.0-8.0 Hz) to reduce acute mental stress. A stress index, obtained from the predictions of a
random forest regressor, was considered to adjust the stimulation. The regressor considered
features from an electrocardiogram (ECG) and the ECG-derived respiratory signal. Thirteen
healthy subjects underwent a stressful protocol involving multiple mental arithmetic tasks
during which constant (CBB) or adapted (ABB) stimulation occurred. Task performances
like accuracy and reaction times were recorded. The results show that ABBs significantly
lowered the average stress index (p < 0.05) and heart rate (p < 0.05) compared to CBBs. No
statistically significant differences were detected in task performance. The results support
the importance of adaptive and personalized approaches for mitigating stress. Future
research is necessary to assess the goodness of our proposal, considering a larger sample,
different stressors, and an objective and external assessment of stress (e.g., cortisol levels).

Keywords: neurostimulation; stress; binaural beats; ECG; machine learning; stress
mitigation; adaptive stimulation; personalized treatments

1. Introduction

Given the significant impact of stress in our society, especially in the professional
sphere [1], innovative solutions for its detection are necessary. A consolidated and widely
employed methodology for stress recognition is the analysis of cortisol levels, which
requires either salivary, hair, urinary, plasma, serum, or sweat fingernail samples [2].
Nevertheless, this approach is not suited for real-time assessment [3], making the analysis
of physiological signals, e.g. those, collected through wearable devices [4,5], a more
practical alternative. In this regard, a significant role is played by machine learning [6,7]
and deep learning algorithms [8,9], which combine data from wearable sensors to detect
stress effectively. Once a stressful response is detected, the secondary objective is to relieve
stress. Nowadays, there are different strategies for this purpose, and one potential approach
is auditory stimulation through binaural beats (BBs) [10,11]. BBs are obtained by presenting
two pure tones with different frequencies to the ears of the user (e.g., fo and fy +J Hz to
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the left and right ears), resulting in a third phantom beat, named in the following as fgp,
centred at the difference between the two frequencies.

Studies in the literature investigated this stimulation both during passive listen-
ing [12,13] and the execution of cognitive tasks [14-16], which are commonly adopted
to induce acute mental stress in controlled conditions [17]. Overall, the majority of the
studies involving during-task stimulation focus on assessing the enhancement of cognitive
performances through BB stimulations at different frequency bands: for example, beta
(13.0-30.0 Hz) [18] and gamma (above 30 Hz) [18,19]. An interesting application of this
auditory stimulation is working memory enhancement, with different studies highlighting
its effectiveness [14,20,21]. Concerning the use of BBs for stress mitigation, studies have
already explored the impact of this stimulation in reducing the effects of acute mental
stress [16,22,23], making this stimulation an alternative to meditation—relaxation tech-
niques [24] and mindfulness-based stress reduction programs [25]. Furthermore, the find-
ings of the systematic review in ref. [26] suggest BBs as a promising and user-friendly tool
for alleviating the symptoms of anxiety and depression.

Despite the fascinating outcomes mentioned above, other studies indicate either
absent or inconsistent improvements in cognitive performance [27] and absent or unclear
brainwave entrainment toward the frequency of stimulation [12,28,29], which is the concept
at the basis of the BB stimulation. As suggested in ref. [30], a missed brainwave entrainment
is probably due to a lack of consensus about its definition and methodological issues, which
include varied frequencies used as carriers (fy), different fpp, duration of the stimulation,
and presence or absence of embedded noise to mask the beats.

Given the missing consensus, the efficacy of BBs is still an open problem regardless
of their application, making further research necessary to understand the effect of this
stimulation better. With particular reference to the methodological issues listed above, we
believe that a significant role is played by the frequency of the beats, i.e., fgp. In particular,
almost all studies in the literature focus on a stimulation at constant frequencies, belonging
to different bands of electroencephalography activity, such as theta (4.0-8.0 Hz), alpha
(8.0-13.0 Hz), and beta (13.0-30.0 Hz), but not at personalized frequencies. To the best of
our knowledge, only one study [31] investigated a personalized stimulation by adjusting
fBB for each participant in the theta and beta range based on their heart rate using the
Brain-Body Coupling Theorem proposed by Klimesch [32].

Inspired by the above, with this pilot study, we investigate a novel approach of stimu-
lation by continuously adjusting fgp on the participant’s physiological response within the
theta range to reduce acute mental stress. We named this approach adaptive binaural beats
(ABBs) stimulation, and, as physiological signals, we considered the electrocardiogram
(ECG) and the ECG-derived respiratory (EDR) signals. In other words, we propose a
closed-loop system that considers participants’ cardiac and respiratory activity to adjust
the stimulation (see Figure 1A). To the best of our knowledge, this is the first study to
investigate the use of BBs within a closed-loop system for stress mitigation. In this work,
the adaptive approach is compared to constant BB stimulation (CBB), which, as previously
noted, represents the standard method commonly adopted in the literature.

This paper is structured as follows: Section 2 provides a detailed description of the
participants involved in the experiment, along with the instruments, experimental protocol,
and algorithm to adapt the fpp; Section 3 focuses on the performance comparison between
our approach and the constant stimulation, whereas Sections 4 and 5 will be dedicated to
the discussion, limitations, and future directions.
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Figure 1. (A) Graphical representation of the proposed adaptive stimulation approach considering the
features of the electrocardiogram (ECG) and ECG-derived respiratory (EDR) signals. (B) Experimental
protocol. It consists of a sequence of relaxing videos and mental arithmetic tasks, acting as stressors.
Steps 1 and 2 were considered for training the random forest regressor, whereas steps 4 and 6 were
used to test the effect of constant and adapted stimulations (STIM ON). Notably, during the viewing
of the relaxing videos (steps 3 and 5), the auditive stimulation was turned off (STIM OFF). At the end
of each task, a visual analog scale (VAS) questionnaire was presented to the participants with values
ranging from 0 (no stress) to 5 (high stress) to assess the perceived stress. The temporal duration of
the tasks was 2 and 4 min, respectively, for the relaxing videos and mental arithmetic tasks.

2. Materials and Methods
2.1. Participants

For this work, 18 healthy Italian students were enrolled. The sample was com-
posed of 11 women and 7 men, 23.21 £ 1.45 years old and with a body mass index of
21.29 4 2.11 kg/m? (mean and standard deviation, respectively). To minimize the influ-
ence of the circadian cycle, all the experiments were conducted between 11 a.m. and 3 p.m.
Volunteers were asked to refrain from consuming substances like coffee, narcotics, memory
or concentration supplements, alcohol, or drowsiness-inducing medications at least 3 h
before the experiment. Participants had a minimum education qualification of a high
school degree and no history of traumatic events. Given their effect on stress perception,
details relative to the hours of sleep (6.75 &= 1.12 h) were collected as well. This study was
conducted following the Declaration of Helsinki and was authorized by the University of
Turin’s Ethics Committee (approval number 0125508).

2.2. Instruments

The ECG was collected through the PolarH10 chest strap. The signal was sampled at
130 Hz and streamed in real time to a workstation (HP Laptop 14s-dq0xxx, Intel i5-8265U @
1.60 GHz CPU and 8 GB RAM-HP, Palo Alto, CA, USA). The tones were presented to the
left and right ears (see Figure 1A) and were created through a Python (version 3.11) script,
with a carrier (fp) at 400.0 Hz. The beat frequencies (fgp) ranged within the theta range
(4.0-8.0 Hz), and the beat modulation was obtained by modifying the frequency of the right
tone (fr, see Figure 1A). Sennheiser HD 201 headphones were used to deliver the sounds.
To avoid discomfort during the auditive stimulation, a relaxing song [33] in mono format
(i.e., identical for both channels) was summed to the tones, thus not altering the creation of
the BBs given the exact contribution to both the left and right channels. It is worth noting
that other studies also consider the possibility of embedding the BBs into sounds like pink
noise [34] and natural sounds (e.g., the sound of the sea [35]). The signal-to-music ratio
chosen was —6.0 dB, and the sounds were reproduced at 40 dB(A) (measured with the
Decibel X app—version 9.9.0 and iPhone 12 mini, Apple Inc., Cupertino, CA, USA).
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2.3. Experimental Protocol

In a preliminary phase lasting approximately 10 min, we let participants acclimatize be-
fore the beginning of the experiments, and we asked them to fill out two forms: an informed
consent and a form to gather information like hours of sleep, body weight, and height.
With particular reference to the latter, the form proposed by ref. [36] was used. Additionally,
participants filled out two questionnaires: the Stress-Trait Anxiety Inventory (STAI) and
the Perceived Stress Scale (PSS). All the documents were written in Italian.

To induce acute mental stress in the investigated sample, a modified version of the
mental arithmetic task (MAT) was adopted. The task was developed using a Python
script and consisted of 60 operations, with 4 s for each question. All the operations
were considered, and a maximum of 2-digit numbers were used. Participants used the
workstation’s keyboard to respond to the questions. We informed the participants that they
could perform the tasks once and that their performances would be compared with all the
above to elicit a more significant stress response during the execution of the experiment [17].

The framework of the experimental protocol can be appreciated in Figure 1B. It
includes a sequence of relaxing videos (VIDs) and MATs for a total of 3 blocks. The temporal
duration of the tasks was 2 and 4 min for the VIDs and MATSs, respectively. For this study, we
used videos of natural settings, given their efficacy in enhancing physiological restoration
and relaxation [37]. Furthermore, we asked the participants to fill out a visual analog scale
(VAS) questionnaire at the end of each step. This procedure allowed us to keep track of the
participants’ stress perception. The questionnaire had 5 levels ranging from 0 (no stress) to
5 (high stress).

Data collected during steps 1 and 2 were used to train a regressor for stress detection
(described in Section 2.4). Step 3 served as a relaxing phase, whereas step 4 investigated
the effects of either a constant or adapted BB stimulation. Step 5 was dedicated to the last
resting phase, and step 6 served to test the remaining condition. Participants received
auditory stimulation only during steps 4 and 6 (STIM ON), whereas BBs were turned
off (STIM OFF) during the relaxing video. Half of the participants received constant
stimulation followed by the adaptive one, whereas the latter experienced the opposite
condition. The order of stimulation was chosen randomly, and the VIDs were different for
steps 1, 3, and 5. Regarding the MATSs, participants received the same questions during
the three tasks, and the individual performance, expressed as the response’s accuracy and
reaction time (i.e., the required time to respond), was monitored. At the end of the protocol,
a NASA-TLX questionnaire was filled out by volunteers to assess their mental workload.
Both the VAS and the NASA-TLX are commonly adopted self-assessment reports used in
experimental protocols studying stress [17].

2.4. Stress Index Estimation

To adapt the fpp, we needed to assess the participants’ level of stress over time. For this
purpose, we implemented a random forest regressor for each subject to estimate a stress
index. Data collected during steps 1 and 2 (see Figure 1B) were used to train the regressor,
with samples labeled as 0 (no stress) during the VID and 1 (stress) during the MAT.

Features from the ECG and the ECG-derived respiratory (EDR) signals were estimated.
Concerning the ECG, we estimated the RR interval (the time between consecutive R peaks),
the QT interval (the temporal duration between the Q and T waves), the QTc interval
(defined as the ratio between the QT and the square root of the RR interval), and the RTg
and RPg ratios, which represent the amplitude ratios between the R peak and the T and
P peaks, respectively. Concerning the EDR, we estimated the duration of the breath cycle
(Rp), the ratio of the consecutive peaks” amplitude (Pr), and the ratio between a peak and
the next valley (A,p). We refer the reader to Figure 2A,B, where an example of an ECG from
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one participant and the graphical representation of some investigated features, both for the
ECG and EDR, are reported. The Neurokit2 toolbox (version 0.2.7) was used to estimate
the mentioned features.
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Figure 2. (A) Example of signal received in real time from PolarH10 chest strap with red circular
marker indicating the R peaks. (B) Average ECG waveform from one participant with a graphical
representation of some investigated features like RPg, QT interval, and RTg. (C) EDR signal from the
same subject including an illustration of some investigated features: Rp, Pg, and App. The reader is
referred to Section 2.4 for a detailed explanation of the acronyms.

Concerning the ECG, the RR interval is certainly the most adopted feature to assess
the onset of a stressful response. However, the use of features like QT and QTc is not new
for the stress assessment. Indeed, studies highlighted a change in QT [38,39] and QTc [40]
intervals during the execution of cognitive tasks. On the other hand, features like RPg
and RTg are not commonly adopted in stress-inducing and assessment studies. However,
a significant T-wave reduction was documented during the execution of a cognitive task [41].
For this reason, we took into account the changes in the T and P waves to the R peak, to have
a relative measure in every ECG waveform. We included also the duration of breath cycles
in the EDR signal due to the physiological responses that typically occur under stressful
conditions [42]. In addition, A,, and Pg can measure the irregularities of one’s breath
during a stressful condition [43]. Finally, supplementary features were considered along
with traditional ones used for stress detection (e.g., the RR interval) in order to extract more
insights from the data and possibly enhance the accuracy of the estimation.

To consider the different dynamics of the ECG and EDR signals, we used the respi-
ratory cycles to naturally segment the ECG signal. Therefore, the features within each
respiratory cycle were averaged to obtain a single value. Additionally, to enrich the model,
we considered the temporal variation in the feature over time. Specifically, we assessed
changes in the average feature values across windows spanning three respiratory cycles
with a two-cycle overlap. This was performed by calculating the ratios of feature values
between each cycle. For each stress index value, three consecutive cycles were taken into
account, with an overlap of two.

Before training the regressor, the feature set was standardized, and the mean and
standard deviation of the features were saved and later used in the subsequent stages of the
experiments. To determine the optimal regression model for each subject, a grid search was
performed to evaluate various hyperparameters, including the number of trees (400, 700,
and 1000), tree depths (unrestricted, 10, 20, and 30), and the minimum samples required
for splits and leaves (2, 5, and 10 and 2, 4, and 6, respectively). Bootstrap sampling was
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consistently applied throughout the process. Each combination was assessed using 5-fold
cross-validation, and the model with the highest average coefficient of determination (R?)
was selected.

2.5. Adaptive fpp Stimulation

Stress index values were at the basis of the adaptive stimulation approach. Indeed,
they were used to estimate a stress predictor (S) described in the next lines. For every four
values of the stress index while stimulating at a certain fpp, S was calculated considering
the average of the last two index values (the first two are discarded as their effect could be
affected by a transient) and fpp was modified to minimize S. Initially, three fpp were inves-
tigated: fpp, and fpp, = Afpp, with Afpp = 1 Hz. Thereafter, the fgp value corresponding
to the minimum S was identified. Then, Afpp was halved and the frequencies fgp = Afpp
were explored, choosing the stimulation frequency for which S was smaller. The previous
steps were then iterated. The fpp research started with a beat frequency of 6.0 Hz, and Afpp
could not be lower than 0.125 Hz. The beat frequencies remained within the theta range
(4.0-8.0 Hz), and if an extreme was reached, fgp was varied by 0.25 Hz in the opposite
direction to move away from the approached extreme. The number of stress index values
used to adjust fpp was determined experimentally, along with the number of respiratory
cycles taken into account by the regressor. It is important to mention that the duration of
the stimulation at a specific fpp is not fixed and depends on the time required to estimate
the four stress indexes for evaluating the predictor S (related to the breath rate). Once
initialized, the fpp adaptation continues for the whole duration of the cognitive task.

2.6. Statistical Analysis

Statistical analyses on the collected data were performed with MATLAB® (MathWorks,
Inc., Natick, MA, USA, R2024a). To assess the effects of multiple treatments, we applied the
2-way ANOVA Scheirer-Ray-Hare test [44], considering treatment and subject as factors
without interaction terms to account for repeated measurements. For pairwise comparisons,
we employed the Wilcoxon signed-rank test. A significance level («) of 0.05 was set for
all analyses.

3. Results

As mentioned in Section 2.3, the data collected in steps 1 and 2 (see Figure 1B) were
used to train the regressor. Participants showing an average coefficient of determination (R?)
lower than 50% during cross-validation were excluded, along with those not simultaneously
showing an increase in heart rate during steps STIM ON compared to STIM OFF (see
Figure 1B) and a level of perceived stress estimated through the VAS lower than three,
thus indicating that the tasks were not perceived as sufficiently stressful. Additionally,
one subject was excluded due to technical issues after the training. Overall, a total of
13 subjects were considered for the subsequent analysis. For those participants, the results
of the questionnaires, indicated as mean =+ standard deviation, were 22.08 + 6.99 for the
PSS, 37.54 £ 9.86 for the STAI and 57.69 + 9.38 for the NASA-TLX. Considering the ranges
reported in [45] for the PSS (i.e., low: [0-13], moderate: [14-26], and high [25-40]) and the
ones in [46] for the STAI (i.e., low: [20-37], moderate: [38-44], and high: [45-80]), the mean
values of the self-report assessment indicate moderate stress and state anxiety before the
beginning of the experiment. On the other hand, the results of the NASA-TLX suggest that
participants experienced a high mental workload because of the experiment [17].

The stress index trends for all the participants during training are shown in Figure 3A.
The purple block includes the predictions during the VID, whereas the remaining is relative
to the MAT. Overall, regressors showed an average R? of 0.78 during the training phase.
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In addition to the stress index, the average heart rates during the tasks and the results of
the VAS are shown in Figure 3B,C, respectively. For the latter plots, the median values of
the two distributions are reported. The results indicate statistically significant differences
(p < 0.01) between the VID and MAT.
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Figure 3. (A) Stress index trends during steps 1 and 2 (training phase) for all the participants. The solid
black line represents the average of the curves. Results indicate an average determination coefficient
(R?) of 0.78. (B) Average heart rate for the investigated sample during the relaxing video (VID) and
the mental arithmetic task (MAT). (C) Results of the visual analog scale (VAS) questionnaire for both
the VID and MAT. Statistically significant differences are indicated with ** for p < 0.01. Concerning
(B,C), the bar represents the median of the distribution.

Figure 4A illustrates the regressor’s feature ranking, where the average importance
of each feature is reported. The RR interval finds the first place in the ranking with an
average importance of about 50%. Despite the general trend, this was not valid for all the
participants. Indeed, Figure 4B,E show the top five features of two participants, and the RR
was not always in first place. Figure 4C,F depict the boxplots of the RR intervals during the
two tasks, whereas 4D,G are relative to RTg. Despite the statistically significant differences
between the VID and MAT’s distributions (not represented in Figure 4), it is possible to
appreciate differences in the overlap of the boxplots, which can be quantified through the
area under curve (AUC) of the receiver operating characteristic.

For the first subject (Figure 4C,D), the AUC was higher for the RR interval rather than
the RTg. On the other hand, an opposite result can be appreciated for the second subject
(Figure 4F,G), with a higher AUC for RTy than the RR interval.

The stress predictor (S) changes over time are reported in Figure 5A,B. The figures
take into account the two possible stimulation orders: adapted stimulation followed by a
constant one (AC) and vice versa (CA). The purple block represents predictions during
the VIDs (STIM OFF), whereas the yellow and light orange blocks correspond to adaptive
(ABB) and constant (CBB) stimulation (STIM ON), respectively. For both Figure 5A,B,
the participant stress predictor is reported in gray, whereas the black line represents the
average of the curves. Regardless of the stimulation order, ABBs showed lower mean
values of S: 0.69 (ABB) and 0.76 (CBB) for AC, and 0.68 (CBB) and 0.59 (ABB) for CA.
Ultimately, Figure 5C shows the fpp frequencies over time for the ABB condition.
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Figure 4. (A) Ranking of the features as determined by the random forest regressor. The values
are reported as average values between the participants. (B) Ranking of the top 5 features for
subject 1 (S1). (C) RR interval estimated during VID and MAT. (D) RTr during the same tasks.
(E-G) Same as (B-D) but for another subject, i.e., subject 2 (52).
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Figure 5. (A) Stress predictor (S) for the participants receiving the adapted (ABB) and constant (CBB)
stimulation, with this specific order. (B) Similar to (A) but considering the participants receiving
the opposite stimulation order. (C) fpp changes during the ABB stimulation. The solid black line
represents the average of the curves, each relative to one participant.

Figure 6A enriches the content of Figure 5A,B by considering the average of the
stress index in each step of the protocol (except the training) for each subject. The results
indicate that ABB led to statistically lower values of the average stress index compared
to CBB (p < 0.05), with a reduction of approximately 17% (considering the median of the
distributions). As reported in Figure 5B, no statistically significant differences were detected
in the VAS results for the CBB and ABB conditions. Similarly, no statistical differences were
detected for the MAT performances (i.e., accuracies and reaction times). It is important to
note that for Figure 6A,B, the pairwise comparisons with VIDs were omitted for brevity,
despite being statistically significant.

To facilitate the pairwise comparison between the CBB and ABB conditions, Figure 7A
displays the average stress indexes during CBB and ABB stimulations for all the partici-
pants. Furthermore, given the significant importance of the RR interval (see Figure 4A),
the participants’ average heart rates were estimated for the two stimulation conditions. The
results are shown in Figure 7B and, except for one participant indicated in red, the ABB led
to a reduction in the average heart rate. It is worth noting that the same participant also
showed an increase in the average stress index, as shown in Figure 7A. In addition, we
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investigated another temporal metric linked to parasympathetic predominance: the root
mean square of successive differences (RMSSD) [47]. No statistically significant differences
were found in the pairwise comparison. However, the median of the ABB distribution is
higher than that of the CBB distribution, and the p-value from the statistical test (p = 0.068)
slightly exceeded the level of significance. Similarly to what is conducted for the previous

part of the Figure 7, the participant showing worsening as a result of ABBs is also shown
in red.
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Figure 6. (A) Average stress indexes from all the participants considering steps 3, 4, 5, and 6.
(B) Results of the VAS questionnaire. (C) Accuracies of the MATs during CBB and ABB stimulations.
(D) Reaction times of the MATS during CBB and ABB stimulations. Statistically significant differences
are indicated with * for p < 0.05.
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Figure 7. (A) Average stress indexes with pairwise comparison for CBB and ABB stimulations.
(B) Comparison of the average heart rates. (C) Comparison of the root mean square of successive
differences (RMSSD). Statistically significant differences are indicated with * for p < 0.05. Observe
that one particular subject exhibits behavior contrary to the trend seen in the others; this deviation is
highlighted by the red segments.

4. Discussion

Given the significant impact of stress on our society, new solutions for its mitigation
are necessary. In this regard, BBs may play a significant role, given their convenience and
non-invasiveness. Overall, a consensus about their effectiveness is missing, and this is
certainly due to missing standardized approaches, methodological issues, and personalized
treatments. With this work, we present a different stimulation approach, which takes into
account the physiological response of the subject to adapt fpp and reduce acute mental
stress artificially recreated through a modified version of the MAT.

To adapt the fpp in real time, we considered the output of a regressor, which was
implemented to recognize a stressful condition. For this reason, the training phase was
pivotal. The outcomes of that phase, which are reported in Figure 3, highlight that the
protocol was capable of inducing acute mental stress in the participants. Indeed, both the
average heart rate and the VAS outcome resulted in higher values compared to the relaxing
condition, as expected [17]. The RR interval played a significant role, as evidenced by the
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ranking of the different features (as shown in Figure 4A), followed by others that manifest
changes during acute mental stress conditions, e.g, RTr [41] and the QT interval [40,48].
Despite the significance of the RR interval, Figure 4 highlights the variability among
subjects in feature importance, showing that other features, such as RTr, may prevail over
RR in recognizing a stressful condition. This underlines the importance of a subject-specific
approach, taking into account the physiological response of the users.

The importance of adapting to the user can be appreciated also in Figure 5, where the
changes over time of the stress predictor (S) are reported. By constantly changing fpp on
the users’ response, lower values of S were obtained, regardless of the stimulation order.
The significance of modulating the stimulation on the user’s physiological response is
highlighted in Figure 5C, where no consistent trend in fgp over time is evident among
subjects, and high variability occurs. A comparison among the average stress indexes of
steps 3 to 6 of the experimental protocol (see Figure 1B) can be appreciated in Figure 6A.
The results align with Figure 5A,B, indicating a statistically significant reduction in the
average stress index during the ABB stimulation.

Surprisingly, no statistical difference was detected in the comparison of the VAS ques-
tionnaires after ABBs and CBBs. In this regard, some considerations should be made.
Questionnaires are surely a rapid and cost-effective method of data collection [17], but care
should be taken because they are not entirely reliable due to a large subjective compo-
nent and social desirability bias (i.e., the propensity to over-report more desirable at-
tributes while under-reporting socially undesirable activities [49]). The previous considera-
tions, along with the limited sample size, may be the reason for the missing significance
in the comparison.

Concerning the MAT performances, no statistical difference was detected in either
accuracies or reaction times. This result makes us assume that the task complexity was
comparable, ensuring a reliable comparison between CBBs and ABBs. It is worth noting
that the fpp for this study (i.e., 4.0-8.0 Hz) was chosen to elicit relaxation [11] and not an
improvement in cognitive performance, which would rather require a stimulation in the
beta range, as performed in refs. [14,21]. Therefore, an absence of improvement in the task’s
performance may be linked to this factor.

An in-depth analysis of the average stress index is shown in Figure 7A. The pairwise
comparison shows that all the participants showed lower average index values with the
ABB stimulation, except one. The advantage of ABBs over CBBs is supported by the
reduction in the average heart rate shown in Figure 7B. Interestingly, the only participant
who showed an increase in heart rate during ABB stimulation was the same who exhibited
a rise in the average stress index. This suggests that the adaptation algorithm may have
failed for this subject, not achieving optimal stimulation throughout the task. It is worth
mentioning that the consistency in the direction of the differences between subjects may
lead to statistical significance despite a small median difference between the distributions.

In addition to average heart rate, we investigated an additional feature commonly
considered to assess parasympathetic predominance: the RMSSD. The results do not
indicate a significant increase in this temporal metric, which is associated with lower acute
mental stress [50]. However, the difference between the medians is in favor of ABBs, and the
result of the statistical test (p = 0.068) is slightly above the level of significance, suggesting a
possible effect on this index as well. Interestingly, the participants who showed worsening
in the average stress index and heart rate also exhibited a lower RMSSD, thus supporting
the failure of adaptation in these cases.

Altogether, this work emphasizes the necessity of personalized treatments [51], which
in this case are meant to mitigate acute mental stress. From a psychological perspective,
stress response varies significantly among individuals, being influenced by personal [52,53]
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and situational factors [53,54]. By combining the above with the outcomes of this study, it
is clear that there is no one-size-fits-all approach for BBs stimulation, justifying the need for
closed-loop treatments, which takes into account the individual’s specific characteristics.

Limitations and Future Directions

Despite the promising results of this pilot study, it is not free of limitations. Altogether,
we identify five main aspects that should be taken into account in future research:

*  Number of participants and their mental health condition: The small number of par-
ticipants limits the trustworthiness of our approach. For this reason, it is necessary to
consider a wider sample and structure the experiments to account for multiple factors
influencing cortisol levels [17]. However, additional consideration should be given.
Despite the interesting results of this study, the effects of this stimulation are modest,
especially in the HR and RMSSD changes (see Figure 7). We believe this result is
largely attributable to the fact that our participants were healthy individuals. Accord-
ingly, we anticipate that a more pronounced effect might be observed in individuals
experiencing chronic stress, as they may have greater potential for improvement.

* Task: Given the intrinsic variability in the subject’s response to stress [52-54], recre-
ating a stressful event for all the participants is still a challenge [17]. In this regard,
technologies like virtual and augmented reality can be utilized to design laboratory
experiments that replicate the stress levels encountered in real-world situations [55].

*  Sensors: For this pilot study, a commercial chest strap (PolarH10) was used to collect
the ECG. This device does not ensure that the signal quality meets medical standards.
Therefore, future studies could consider using higher-quality sensors while simul-
taneously ensuring user comfort, such as integrating electrodes into clothes [56]. In
our work, we decided to minimize the number of sensors, but future experiments
could consider the acquisition of additional signals like electrodermal activity, which
is well established for stress detection [57,58], and the EEG, which could permit a
better understanding of the physiological and neural response of the participants
during the stimulation. However, it should be pointed out that increasing the number
of sensors can significantly increase the complexity of the system and discomfort on
the part of the user, which could also impact stress perception.

¢ Algorithm for fgp modulation: The proposed algorithm can certainly be optimized.
For instance, it does not currently include a “reset” to restart the search for the op-
timal stimulation frequency (e.g., from the initial one at 6.0 Hz). Implementing this
feature would enhance adaptability, allowing the algorithm to better accommodate
variations in the subject’s optimal stimulation frequency throughout the task or under
stressful conditions.

*  Loudness of the BBs: In this study, we chose to focus solely on the frequency of
the BBs, keeping their loudness constant. Indeed, our choice was to work on one
degree of freedom at a time, leaving the combination of more stimulation parameters
(e.g., beat frequency and amplitude) for future works, to assess if better results than
the ones presented here can be obtained.

All the above justify the need for additional research to investigate the efficacy of
this novel stimulating approach. Once validated, an important application could involve
this technology, either alone or in combination with others like vagus nerve stimulation,
to alleviate the effects of psychological disorders.

5. Conclusions

With this work, we propose a novel approach for stress mitigation based on adaptive
BBs stimulation within the theta range driven by the user’s physiological response. The



Appl. Sci. 2025, 15, 5742 12 of 14

results of this study emphasize the importance of a subject-specific technique to recognize
stress and adapt the auditory stimulation. Despite the promising results, e.g., reduction in
the intra-task stress index and heart rate, future research is needed to test the goodness in
new stressful scenarios, with a bigger sample and considering an objective and external
assessment of the stress level (e.g., the cortisol level).
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