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Introduction: Social interaction is a vital source of human development, yet neuroscientific research delineating its neural correlates in large groups is scarce. Music as a rhythmic signal, and meditation, have been shown to induce group synchronization and pro-social behavior. However, their impact on adolescents may vary, and the related brain functions remain underexplored. This study investigates the effects of mindfulness meditation and 6 Hz high-entropy music on brain synchronization and complexity in high school students.

Methods: Twenty-eight adolescents underwent single-channel EEG at the forehead during three 5-minute conditions: rest, meditation, and 6 Hz high-entropy music. Alpha band power correlations assessed synchronization. Graph analyses quantified network properties.

Results: Mean correlation was highest during music, then meditation, and lowest during rest, with significant differences between music and both rest and meditation. Meditation had the highest clustering coefficient and small-world index, suggesting more integrated and efficient networks. Music demonstrated the largest information cascades and synergy, indicating extensive information integration.

Conclusion: 6 Hz high-entropy music induced the strongest synchronization. While meditation and music altered brain dynamics compared to rest, they worked distinctly. Meditation yielded more integrated connectivity; music yielded the greatest element-wise correlation. Future research with larger samples is recommended to optimize interventions for adolescent well-being and social connectedness.

Keywords
 EEG; meditation; high-entropy music; brain synchronization; adolescence; hyperscanning; social connectedness


1 Introduction

Pro-sociality is essential skills that need adolescence to explore and learn effectively (Bannan and Harvey, 2025). A majority of human knowledge is learned through interaction and discussion in society, where knowledge and information can flow effectively and coherently among individuals. Trust and connection are prerequisites for social connectedness, and there is always a need to explore and foster these conditions from the early stage of human life. Adolescence is a transformative process, marked by cognitive, emotional, and social changes (Steinberg, 2014). The brain undergoes significant reorganization, facilitating advanced abilities, emotional regulation, and complex social behaviors (Crone and Dahl, 2012). Due to these drastic and multifaceted changes, adolescents face many physiological, social, and personal challenges that can elevate stress, anxiety, and depression (Yu and Du, 2022). Unsuccessful coping with such challenges can lead to severe consequences, such as severe mental illness, self-injurious behaviors, and suicide (Wong and Chan, 2019). Previous studies suggested that interventions that cultivate resilience, enhance emotional regulation, and promote social connectedness are crucial in helping adolescents cope with different emotional distress (Rosenberg et al., 2021). However, such interventions are uncommon in Hong Kong which is a city with high rate of depression and suicide in adolescents (Leung and Mu, 2022).

Music as a rhythmic information has an inherent ability to coordinate our physical and psychological coherence, and beyond. Some music can easily synchronize the physical and feelings of a large number of people. Given this nature, music can be a cost effective and efficient way to enhance well-being and social connectedness in adolescents. On the other hand, relaxation and let-go attachment and self-guard is another prerequisite for social connection, and mind–body practice skills such as meditation can train individuals to be more relaxed and less stressed. Meditation involves focusing on the present, cultivating awareness, and developing non-judgmentality (Hölzel et al., 2013). It has been associated with reduced stress, improved attention, and enhanced emotional regulation (Zeidan et al., 2010; Kuyken et al., 2013). And in the education setting, meditation reduces stress and improves concentration (Waters et al., 2015). Regardless of the success of mindfulness meditation and music in promoting social coherence, little is known about the mechanism underlying, from a neuroscientific perspective.

Music’s impact on pro-social behavior is attributed to its effect on emotions. In another recent study, Wu and Chien (2024) showed music-induced positive emotions lead to increased altruism. Neural entrainment through music may contribute to positive states, promoting pro-social behavior. Understanding how music and meditation affect the human brain can help us to find the most effective way of music listening or meditation to enhance pro-sociality. After all, social connectedness is basically the brain interaction among individuals – the Hebrian learning rule for neuron connection in the brain network is ‘fire together, wire together’. The possibility exists that when people in a group are stimulated by the same stimuli, and this externally driven synchrony may eventually foster social connection.

Among the common brain oscillation band, theta frequencies (~6 Hz) rhythm can entrain neural oscillations and induce specific states (Colzato et al., 2017). For example, the frontal midline theta rhythm is often associated with the hippocampal theta rhythms. The frontal midline theta density is negatively correlated with scores in the anxiety scale, and found to be correlated with lower anxiety levels after anti-anxiety treatment (Kropotov, 2009). We thus assume that the theta rhythm of high-entropy music may help entrain neural oscillations, inducing states conducive to relaxation and improved pro-sociality when listening together. Specific rhythmic beat may entrain neural oscillations and induce specific states (Reedijk et al., 2015; Colzato et al., 2017). Also, we found that the auditory high-entropy response (high-entropy music) induced by 6 Hz beats increases neural responsiveness and processing at an individual level (Huang et al., 2021). We assumed that 6 Hz high-entropy music may help with inter-brain synchronization, which potentially could induce group coherence in this hyperscanning EEG study.

Binaural beats can increase theta and alpha oscillations, and the alignment of oscillations at theta band may facilitate relaxation and performance (Gao et al., 2014). Abundant EEG studies have shown that meditation increases alpha and theta, indicating relaxation (Lomas et al., 2015). Neural synchronization at these theta and alpha bands facilitates cognitive and emotional functions (Deco et al., 2015), and enhanced synchronization can further improve memory, and emotional regulation (Fell and Axmacher, 2011).

However, the existing research primarily focus on the individual level. Similarly, in the context of pro-social behavior, most neuroscientific studies focus on individual effects while neglecting their dynamic connectivity, likely constrained by the difficulties of hyperscanning setup in real world settings like classrooms. In particular, adolescents are underrepresented and there is a lack of research in real-world education, where the network complexity and information dynamics are much more complicated than brain processing at individual level. The interplay of synchronization and complexity at group level is also underexplored. Together with the alarming mental health problems, it is critical to develop more efficient and effective interventions for the next generation.

To address existing gaps, this study employs hyperscanning EEG to investigate the effects of high-entropy music and meditation on inter-personal synchronization and network complexity in students. Hyperscanning facilitates the examination of inter-brain connectivity and collective dynamics (Babiloni and Astolfi, 2014), offering valuable insights into social interactions within educational settings (Grootjans et al., 2024). While meditation and music may have a cooperative effect in fostering pro-sociality, this preliminary study would delineate their differential neural mechanisms. By comparing meditation and high-entropy music, this study also aims to delineate their distinct neural correlates and implications for adolescent well-being and social connection. It investigates how these interventions influence synchronization, complexity, and high-entropy music compared to rest. Recent studies have highlighted the importance of neural synchrony in social interactions, emphasizing its role in understanding the neural basis of social coordination (Grasso-Cladera et al., 2024). Our findings can elucidate neural mechanisms underlying meditation and auditory stimulation, providing neuroscientific evidence and potentially theoretic models for interventions aimed at improving mental health and social connectedness in adolescents.



2 Methods


2.1 Participants

Twenty-eight healthy, grade 12 high school students (13 males, 10 females, 5 with missing data; age 17 ± 1 years old) were recruited from a local school. All participants had no history of neurological or psychiatric disorders. Informed consent was obtained from both the participants and their parents, adhering to the ethical standards of the institutional review board. Additionally, the participants were amateur meditators who would practice meditation during their Buddhist study class. Participants completed a General Health Questionnaire (GHQ) that aimed to measure their general mental health and it has good sensitivity to their levels of stress, depression, and anxiety.



2.2 Procedure

As a group, each participant underwent EEG recording during three distinct conditions: 5 minutes of rest, 7 minutes of mindfulness meditation (with analysis based on the first 5 minutes), and 5 minutes of listening to 6 Hz high-entropy music. The aim of a group setting is to evaluate whether a collective practice of meditation and music listening plays a role in neurological effect. The entire setup and experiment were completed within a 40-min timeframe during the Buddhist study class.

• Rest condition: Participants were instructed to sit quietly with their eyes closed, maintaining a relaxed posture without engaging in any specific mental activity.

• Meditation condition: Participants engaged in a guided mindfulness meditation session, focusing on their breath and observing thoughts without judgment.

• Music condition: Participants listened to 6 Hz modulated music of Dream d’Amour delivered through speakers, the beats were designed to induce theta wave activity associated with relaxation and meditative states.

To ensure efficiency, all EEG headsets and phones were paired next to each seat beforehand. Students sat cross-legged in their assigned seats. A brief introduction about the experiment procedure was given, after which students cleaned their forehead areas with alcohol pads before wearing the devices. Researchers then checked the signal and impedance before starting the recordings. Throughout the entire experiment, the classroom teacher guided the students to ensure smooth execution.



2.3 EEG recording

EEG data were collected using a single-channel EEG device (UmindLight, EEGsmart) placed at the left forehead (Fp1 position) to monitor frontal brain activity. Previous study found that the left prefrontal cortex synchronized the most between the students and teacher in the classroom, thus assumerable suitable for hyperscanning study in classroom (Liu et al., 2019). The sampling rate was set at 256 Hz, and data were recorded with a reference electrode behind the right ear (Tp10 position). Impedances were kept low using gel to ensure signal quality as displayed on the control center smartphone and each individually paired smartphone. The SoulMirror app was used to create a virtual room so all the students’ EEG signal can be used to join the virtual room, check the signal quality and start data collection and end it altogether. Data were collected on the respective paired smartphones first, and then send out to the server, where it could be downloaded for further data analysis. Data were first inspected manually. EEG data with too much noise (20 SD) were replaced by artifact subspace reconstruction (ASR) method from EEGLAB toolbox. Data were filtered between 1 Hz and 40 Hz to remove artifacts and noise.



2.4 Data analysis

Data analysis was conducted using MATLAB, incorporating the EEGLAB toolbox for graph theoretical analyses. Twenty-six participants’ EEG datasets were analyzed, two datasets were excluded due to poor quality. The following steps were undertaken:


2.4.1 Preprocessing

EEG data were segmented into 1-s epochs for each condition to mitigate the time lag effect of the internet and Bluetooth connections. These technical issues also led to minor missing data for some participants (< 5% in total). We inspected each dataset manually and used the previous seconds to fill in the missing data. A majority of the EEG datasets were accurately timed, as verified by their data length. The data for the meditation condition were shortened to match the other conditions.

Data were then filtered between 1 Hz and 40 Hz to remove artifacts and noise. Subsequently, the data were plotted as a time series for further inspection. Power spectral was obtained using EEGLAB’s spectopo function for each 1-s epoch. Dataset with the typical signatures of EEG, such as higher alpha and lower gamma power, were used as primary indicators of usable data (see Supplementary Figures 1–3).

EEG data with excessive noise (±20 SD) were corrected using EEGLAB’s Artifact Subspace Reconstruction (ASR) function before further analysis. The alpha power of each 1,000 ms data segment was calculated for further data analysis.



2.4.2 Correlation matrices

Pearson’s correlation coefficients were computed between all pairs of participants using single-channel EEG signals to create correlation matrices for each condition (rest, meditation, music). Given the single-channel setup, synchronization metrics were derived based on temporal correlations. This element-wise method provided a fundamental estimate of the overall correlation. The mean and standard deviation of the upper triangular elements of each correlation matrix (325 r-values) were computed to summarize synchronization levels across conditions.

The questionnaire data GHQ (M = 17.35, SD = 5.16) was collected prior to the EEG data collection, no significant correlation between the GHQ scores and EEG data of alpha power was found.



2.4.3 Statistical analysis

Paired t-tests were performed to examine differences in group synchronization between conditions: (1) Music vs. Rest, (2) Music vs. Meditation, and (3) Meditation vs. Rest. To stabilise the variances of the r values, we transformed the 325 r-values to z-values using Fisher’s z transformation for each condition. Next, we computed the differences between conditions—specifically, scores of Music minus Rest, Meditation minus Rest, and Music minus Meditation. Finally, these differences in scores were used to assess whether they deviated significantly from zero. To correct for these 3 multiple comparisons, we applied the False Discovery Rate (FDR) correction to the test using the Benjamini-Hochberg procedure.



2.4.4 Graph theoretical analysis and small-world index calculation

Graph metrics, including the clustering coefficient, node degree, and small-world index (SWI) were calculated to assess the network properties of brain synchronization patterns in each condition. The SWI was calculated by comparing the clustering coefficient and average shortest path length of the observed networks against those of randomized networks. For the clustering coefficient calculated by the clustering_coef_bu function of the Brain Connectivity Toolbox, a binary value is generated for each of the 325 r-values in each condition; a value of 1 is assigned if the absolute value of r exceeds the threshold of 0.1. To ensure reproducibility, the same randomized parameters were used across all conditions (set to 1 for simplicity). Correlation matrices and network graphs were visualized to illustrate the patterns of synchronization and the presence of significant differences between conditions.





3 Results


3.1 Synchronization differences

Element-wised comparison was made between correlation values of each pair under conditions of high-entropy-music listening, breathing meditation and normal rest. p-values were FDR corrected (see Figure 1). Paired t-tests revealed significant differences in brain synchronization between the music condition and both rest (p < 0.001) and meditation (p < 0.001), but no significant difference between meditation and rest (p > 0.05). For comparison between the three conditions, Fisher’s z-transformation was applied on the r-values first.
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FIGURE 1
 Group analysis on correlation matrix (element-wise). The color indicates the r difference between conditions (A) music and rest; (B) meditation and rest; and (C) music and meditation. Shaded areas and red dots represent the t-tests and their significance (p < 0.05, FDR corrected).


Specifically, the mean correlation was highest during the music condition (M = 0.0495 ± 0.0910), followed by meditation (M = 0.0197 ± 0.0952), and lowest during rest (M = 0.0114 ± 0.0802).



3.2 Graph theoretical metrics and small-world index

Graph analysis indicated that the meditation condition exhibited the highest clustering coefficient (0.9437), suggesting more locally integrated and globally efficient neural networks. The small-world index was highest for meditation (SWI = 0.4691), followed by music (SWI = 0.4465), and rest (SWI = 0.3912). This indicates that meditation fosters a more small-world-like network topology, characterized by high clustering and short path lengths (see Figure 2).
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FIGURE 2
 Depicts three brain network graphs corresponding to different experimental conditions—high-entropy music listening (left), normal rest (center), and breathing meditation (right). Each node in the network represents a student’s prefrontal alpha power, and each edge represents the strength of synchronization (i.e., functional connectivity) between two students’ brain activity.





4 Discussion

Music has long been regarded as a social instrument in history (Bannan and Harvey, 2025), while the underlying neural mechanism is rarely studied, due to the difficulty in simultaneously monitoring brain activities in a group of people. This study pioneered in exploring inter-brain connectivity in a relatively large group of students in real-world situation, and we demonstrated that high-entropy music could induce group synchronization in terms of alpha band power fluctuation and high node degree in graph theory analysis. Meditation, as another traditional way to induce transcendent feelings among a group, did not show a significant effect on group synchronization, but exhibited a trend of high SWI and clustering coefficient.

Our previous research on 6 Hz (theta band) auditory stimuli on brain response (Huang et al., 2021). Theta (4–8 Hz) plays a role in memory, emotion regulation, and creativity (Faber et al., 2021). This current study further found high-entropy music of 6 Hz had the strongest effect on inter-brain synchronization at alpha band. While 6 Hz music at theta band was chosen as stimulate waves, we chose to focus on alpha band power (8–12 Hz) for the specific analysis of inter-brain connectivity and group coherence. Alpha waves are widely regarded as a most obvious and prominent brain activity, and they are known to be critical for measuring synchronization between individuals, especially in group dynamics. It is highly sensitive to social interactions and collective brain states, making it a well-established frequency for studying inter-brain connectivity during group tasks (Dikker et al., 2017).

Higher group-based rhythmic activities promote interpersonal neural coherence, which may subsequently induce collective identity and emotional resilience. A solid finding is the significant increase in mean network synchronization during high-entropy music compared to rest and meditation. This aligns with literature suggesting this high-entropy music entrain oscillations associated with relaxation and meditative states (Jirakittayakorn and Wongsawat, 2017). Enhanced synchronization during music may facilitate coherent neural communication, underpinning cognitive and emotional benefits.

Our wearable EEG devices measure the brain activity at the left prefrontal theta, crucial for emotion regulation, cognitive control, and social processing (Huang et al., 2021). Previous study has found that the left prefrontal cortex is most responsive the coherent brain activity during teaching and learning in the classroom (Liu et al., 2019). This technique of modulating classical music to the one with high-entropy may enhance synchronization and complexity during music listening, leading to more robust social and emotional benefits.

We also found that high-entropy music condition induced the highest degree (number of connections) in nodes among the participants in the group, followed by meditation and rest conditions. According to the Hebbian theory on learning, fire together, wire together’, we assume that by promoting synchronized activity, high-entropy music can facilitate shared states, enhancing empathy, understanding, and coordinated behavior. This enhanced connectivity through synchronized stimulation may also improve communication and collective problem-solving, given the dynamic interaction between students. Thus said, it is worth noting that Hebbian learning is for neurons’ connection instead of persons’ connection. Confirming this trend requires careful measurement of behavioral scores alongside brain activity. Nevertheless, exploring this direction is relevant in educational and therapeutic settings, where effective communication and coordinated efforts are essential. Our findings contribute to research on music and pro-social behavior and is in line with previous study that the synchronous nature of group music listening is linked to pro-social behavior (McWeeny et al., 2024). McWeeny et al. found synchronous and anti-phase drumming elicited similar pro-social ratings, suggesting shared experience, rather than precise synchronization, may be the key in fostering pro-social tendencies. Enhanced group synchronization during music aligns with this, highlighting music’s potential to promote bonding and pro-social behavior.

Meditation did not significantly differ in overall synchronization compared to rest. However, graph analyses indicated meditation fostered a denser small-world network topology, with an indication of highest clustering coefficient and small-world index. High clustering indicates greater local interconnectedness, facilitating efficient processing within specialized clusters. The elevated small-world index reflects optimal balance of local specialization and global integration, essential for complex functions (Sporns, 2021). These properties suggest, while meditation may not significantly increase overall synchronization, it enhances network efficiency and integration. As our measurement is on left PFC, it is in line with a previous research on increased prefrontal-limbic connectivity has been linked to improved regulation and reduced stress (Hölzel et al., 2013). In this context, the optimized network structure during meditation may support individual cognitive and emotional functions, contributing to personal resilience and well-being. By enhancing network efficiency and integration, meditation can improve attentional control, regulation, and stress management, qualities especially critical for adolescents in competitive school environments (Goyal et al., 2014).

The distinct impacts of music and meditation on synchronization and network complexity have important implications for social connectedness and emotional resilience in adolescents, particularly in educational settings. Music, by enhancing group synchronization, facilitates shared neural states that promote unity and collective identity. This is facilitated by shared rhythmic stimuli aligning oscillations, fostering unity and collective consciousness (Dai et al., 2022). This heightened synchronization supports stronger social bonds, fostering a sense of belonging and emotional support, which is crucial for resilience in the face of challenges such as academic pressures, social media, and socio-economic stressors and uncertainties (Dikker et al., 2017; Leung and Mu, 2022). These findings underscore the potential of structured auditory stimulation, like high-entropy music, in fostering supportive environments that enhance coping mechanisms and well-being.

Collectively, the findings may underscore the complementary roles of music and meditation in promoting both group-level cohesion and individual cognitive-emotional well-being. This is pertinent in education, where cognitive flexibility and regulation are essential for success and development. From an evolutionary perspective, music’s ability to foster pro-social behavior may have evolved as an adaptive mechanism for group cohesion and cooperation (Kim, 2024). Future research could explore their combined effects, potentially integrating both into curricular interventions aimed at promoting mental health resilience among adolescents.


4.1 Limitations and future directions

Limitations include that single-channel EEG limits spatial resolution to explore inter-brain correlation among other brain regions, which is common in dyad hyperscanning studies involving a pair of participants. For a hyperscanning experiment with more than dozens of participants, it is more difficult to balance the number of participants in a network and the number of channels, especially given the 40-min time constraint. Another limitation is the behavioral assessment on group coherence scores, since there has no suitable measurement so far in classroom setting. Longitudinal assessment on hyperscanning EEG and group coherence scores would provide stronger support for the Hebbian theory on social connectivity and learning.




5 Conclusion

This study demonstrates the differential effects of 6 Hz high-entropy music and meditation, two commonly used methods in social environment, on group synchronization and network matrices in adolescents. The distinct neural signatures highlight their potential to foster connectedness and resilience through different mechanisms. Music enhances group synchronization and integration, promoting unity and collective states, while meditation, while less prominent, may optimize network efficiency and flexibility, supporting individual cognitive and emotional functions. These neuroscientific findings can contribute to research on music and pro-social behavior. Integrating this evidence into education and therapy can help design efficient intervention for mental health and harmony among adolescents.
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