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Abstract

The similarity of understanding is important for music experience and communication, but little
is understood about the sources of this common knowledge. Although neural responses to the same
piece of music are known to be similar across listeners, it remains unclear whether this neural response
similarity is linked to musical understanding and the role of dynamic musical attributes in shaping it. Our
study addresses this gap by investigating the relationship between neural response similarity, musical
tension, and dynamic musical attributes. Using electroencephalography-based inter-subject correlation
(EEG-ISC), we examined how the neural response similarity among listeners varies throughout the
evaluation of musical tension in the first movement of Beethoven's Piano Sonata No. 8. Participants
continuously rated the degree of alignment between musical events and their expectations, while neural
activity was recorded using electroencephalography (EEG). The results showed that neural response
similarity fluctuated in tandem with musical tension, with increased similarity observed during moments
of heightened tension. This time-varying neural response similarity was influenced by two dynamic
attributes contributing to musical tension: physical features and musical themes. Specifically, its
fluctuation was driven by physical features, and the patterns of its variation were modulated by musical
themes, with similar time-varying patterns observed across similar thematic materials. These findings
offer valuable insight into the role of dynamic musical attributes in shaping neural response similarity,
and reveal an important source and mechanism of shared musical understandings.

Keywords: Similarity in understanding; EEG-ISC method; Musical tension; Physical features;

Musical themes
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1. Introduction

Musical understanding is a complex and multidimensional process that involves comprehending
and interpreting various aspects of music, including its structural elements, expressive qualities,
historical context, and cultural significance, and intertwines with listeners’ cognitive, aesthetic,
emotional responses (Hallam & Papageorgi, 2016; Martin, 1966). Thus, it is considered to be
idiosyncratic (Kopiez, 2006). However, similarity in understanding is an important aspect in
comprehending music that provides a basis for a deeper and more effective musical communication. To
date, there is little understanding of the sources of this common knowledge.

The similarity in understanding is indicative of intersubjectivity (Margulis et al., 2022; Reynaert,
2001), which refers to the shared understandings (Gonci, 1993), expectations (Garfinkel, 1967), or
subjective states (Scheff et al., 2006) among multiple people in a community. The process by which
humans achieve intersubjectivity has been discussed in fields such as philosophy and social cognition,
and has long been assumed to depend on intersubjective interactions. In particular, Edmund Husserl, a
founder of phenomenology, proposed that intersubjectivity depends on empathy, the process by which
individuals come to understand the experiences of other people (Husserl, 1977). Indeed, shared
understandings can arise through social interactions between infants and caregivers (Schore, 2021;
Terrace et al., 2022; Trevarthen, 2010) and between social actors (Raymond, 2019; Stone et al., 2012).
Moreover, the mirror neuron and mentalizing systems (Vogeley, 2017) and the default mode network
(Marchetti & Koster, 2014) have been proposed as the neural bases of intersubjective interactions.

While social interactions are clearly involved in intersubjectivity, philosophers with an
ontological perspective have posited that the external world can drive intersubjectivity by providing a
shared context (Buber, 2012; Heidegger, 2010) or focus (Schutz, 1972). In fact, interpersonal interaction
can establish a shared sense of feelings between individuals in response to a common external stimulus

(Echterhoff et al., 2009; Higgins et al., 2021). Others' attitudes toward a shared stimulus facilitate similar
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feelings between individuals (Higgins et al., 2007). When adopting the same perspective to watch a
video (Lahnakoski et al., 2014), and providing similar interpretations of an ambiguous video (Nguyen et
al., 2019), individuals show increased similarity in neural responses. These studies suggest that a shared
stimulus is beneficial for establishing intersubjectivity. The world is dynamic, however, and this overall
neural response similarity is insufficient to explain how a dynamically changing stimulus produces neural
response similarity across individuals throughout the entire process of understanding.

Musical events unfold over time. The lack of explicit semantic information in music poses a
challenge in achieving musical intersubjectivity through interactions. The central focus, therefore, is on
how the same music piece produces a similar understanding of music. Previous studies have shown that
listeners of the same culture tend to provide similar imagined narratives to the same musical excerpts
(Margulis et al., 2022; McAuley et al., 2021). Alfred Schiitz, a social phenomenologist, proposed that
musical intersubjectivity is formed by a shared flux of inner time musical experience between
composers, performers, and listeners (Schiitz, 1951). Such a shared flux of musical experience may be
associated with dynamic musical features. Therefore, it is crucial to examine how dynamically changing
music produces similarities in understanding throughout the entire process of musical listening.

The Inter-subject correlation (ISC) method offers a unique way to explore the similarity of neural
activity evoked by a stimulus across multiple individuals (Dmochowski et al., 2012; Hasson et al., 2004).
While functional magnetic resonance imaging (fMRI)-based ISC (fMRI-ISC) research on emotion suggests
that neural synchronization is influenced by musical features (Sachs et al., 2020; Trost et al., 2015),
electroencephalography (EEG)-based ISC (EEG-ISC) research has shown an overall similarity of neural
responses during listening to natural music (Madsen et al., 2019) and music retaining basic features
(Kaneshiro et al., 2020). To date, only two studies have focused on the dynamic features of music and
demonstrated a time-varying neural response similarity in response to music (Dauer et al., 2021;

Kaneshiro et al., 2021) within groups of listeners, including large numbers of trained musicians.
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However, since no neural markers of musical understanding were identified in these studies, any neural
response similarity could be attributed to similar perceptual inputs rather than comparable musical
understandings. Thus far, how dynamically changing music influences the time-varying similarities of
neural responses associated with understanding remains uncertain.

The present study used EEG-ISC to examine how neural response similarity among listeners to
the same music piece varies throughout the entire evaluation of musical tension. Musical tension is an
affective state that arises from expectations related to various musical elements (Krumhansl, 2002;
Lehne & Koelsch, 2015). It evokes specific emotional and cognitive responses in listeners (Koelsch,
2012), and serves as a fundamental psychological experience reflecting musical understanding (Huron,
2006; Meyer, 1956). Therefore, this study focused on the neural response similarity produced by this
experience. We initially evaluated the neural response similarity in response to natural music while
ensuring its association with the experience of musical tension, which served as the cornerstone of our
study. Since physical features and themes are two primary dynamic aspects that contribute to musical
tension, we focused on these aspects to investigate how these factors influence the evolving similarities
of neural responses associated with the experience of musical tension.

Accordingly, our study opted for five changing physical features that have been shown to
contribute to creating musical tension (Lartillot, 2019), namely root mean square (RMS), fluctuation
peaks, key clarity, harmonic change detection function (HCDF), and novelty. RMS and fluctuation peaks
refer to dynamics and rhythm, respectively (Moore, 2012; Pampalk et al., 2002), while key clarity and
HCDF are related to tonal information (Degani et al., 2015; Gémez, 2006; Krumhansl, 2001; Saari et al.,
2013), and novelty is a specific structural description of the temporal progression of moments (Foote &
Cooper, 2003). All physical features, except for novelty, function at a low level.

Although these physical features contribute to generating musical tension, they may not have

any cognitive interpretation. Conversely, themes serve as basic structural units that can convey the
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essence of music. They offer an additional dimension by capturing dynamic changes in music through
repetitions and variations. Variations in themes lead to experiences of different patterns of dynamic
tension at the structural level, as these themes include a blend of elemental traits like melody, rhythm,
and harmony. In order to examine how these themes influence changes in neural similarities during
musical comprehension, we selected the first movement of Beethoven's Piano Sonata No. 8 as the
musical stimulus. This choice was based on the presence of primary and secondary themes within it.
These themes serve as the core materials, and carry the main ideas of music, but differ from each other
in style and key. In this sonata, themes are repeated, and varied, and act as the building blocks for larger
musical structures, such as exposition, development, and recapitulation.

By recognizing the roles of shared context in establishing intersubjectivity (Buber, 2012;
Heidegger, 2010) or focus (Schutz, 1972), it is expected that the same dynamically changing musical
piece would produce the time-varying similarities of neural responses, associated with the musical
tension experienced by listeners. More importantly, since musical tension ratings are influenced by
musical elements, such as RMS, fluctuation peaks, key clarity, HCDF, and novelty (Lartillot, 2019), these
neural similarities would be driven by musical features. Likewise, the patterns of neural similarities
would be affected by musical themes, as variations in themes reflect different patterns of dynamic

tension experiences at the structural level.

2. Materials and Methods

2.1. Participants

This study included 41 right-handed, non-musician, native Mandarin Chinese speakers (21
females and 20 males, age M = 23.56 years, SD = 1.95). None of them had received extracurricular music
training or reported any neurological, hearing, or psychological disorders. Due to the possibility of
individuals with musical anhedonia among non-musicians (Martinez-Molina et al., 2016; Mas-Herrero et

al., 2013), participants were selected based on self-reports of enjoying listening to music. The Edinburgh
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Handedness Inventory (Oldfield, 1971) was used to confirm the right-handedness of all participants. This
study was approved by the Institutional Review Board of Shanghai Normal University (Shanghai, China).
All participants provided written informed consent and were remunerated for their participation.
2.2. Stimuli

The first movement of Ludwig van Beethoven’s Piano Sonata No. 8 in C minor, Op. 13,
performed by Emil Gilels (with a duration of 9 min and 9 s) (Beethoven, 1981), was chosen as the
musical stimulus. The stimulus was obtained from the NetEase CloudMusic platform
(https://music.163.com). As shown in Table 1, the selected musical piece followed a typical sonata form,
consisting of 19 thematic sections with three main parts (exposition, development, and recapitulation)
and two framing modules (introduction and coda). To control for the overall neural response similarity
(measured by EEG-ISC) arising from physical stimulus features rather than the structural element of the
music stimulus, a phase-scrambled version (hereafter referred to as “phase”) was created by preserving
spectral density but not time-dependent fluctuations of the original sonata (hereafter referred to as
“original”) to serve as a control version. Following a previous study (Abrams et al., 2013), we used a
Fourier transform to the original stimulus and then randomized the phase of each frequency by
randomly shifting the phase between 0 and 27t (Prichard & Theiler, 1994). This procedure allows us to
preserve the magnitude spectra of the phase stimulus while disrupting time-dependent fluctuations.

The waveform characteristics of the original and phase stimuli are shown in Figure 1.

Insert Table 1, about here.

Insert Figure 1, about here.
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2.3. Procedure

The experimental stimuli were presented to participants through Edifier R1200T speakers
(Beijing Edifier Technology Company, Ltd., Beijing, China) for the EEG session and Philips SHM7410
headphones (Philips N.V., Amsterdam, the Netherlands) for the behavioral session. Prior to the
experiment, participants were allowed to adjust the loudness of the stimuli to their individual comfort
level. They completed both EEG and behavioral sessions, with the EEG session always preceding the
behavioral one. The sessions were not randomized in order because repeated listening can diminish
EEG-ISC (Madsen et al., 2019), while musical repetitions have minimal impact on tension ratings (Bigand
& Parncutt, 1999).

All participants were non-musicians and unaware of the concept of musical tension.
Consequently, we asked participants to evaluate the fitness between musical events and their
expectations to assess musical tension, as the interaction between anticipation and auditory events is
pivotal in its generation (Krumhansl, 2002). Specifically, when musical events are in line with listeners’
expectations, they can produce feelings of satisfaction and resolution. Conversely, when musical events
deviate from listeners’ expectations, they can cause a sense of tension or uncertainty (Krumhansl, 2002;
Lehne & Koelsch, 2015). Therefore, participants were informed that deviations from their expectations
in musical events might lead to sensations of conflict, instability, dissonance, or uncertainty, and vice
versa. During the EEG recording, participants listened to two stimuli (the original and phase stimuli) in a
randomized order, and were instructed to continuously rate the degree of fithess between the musical
events and their expectations in mind. Following the EEG recording, the behavioral session started after
a short break (about 20-30 min, to prevent fatigue). Participants were instructed to listen to the same
stimuli in the same order again, and continuously rate the degree of fitness between the musical events
and their expectations using the Continuous Affect Rating and Media Annotation (CARMA) software

(Girard, 2014) on a slider scale ranging from -100 (fit poorly, the far down end of the slider) to 100 (fit
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well, the far top end of the slider). Participants were encouraged to use the full range of the response
scale for both sessions. Continuous fitness ratings were recorded at a sampling rate of 4 Hz.
2.4. EEG acquisition and preprocessing

Electrical brain activity was recorded with a sampling rate of 1000-Hz (high pass 0.05 Hz, low
pass 100 Hz) using a Neuroscan Quick-Cap (Compumedics Inc., Charlotte, NC, USA) with 64 electrodes to
record the EEG activity with the Neuroscan (version 4.3.2) software and a Synamps2 amplifier
(Compumedics Inc.). Standard electrode sites were used according to the extension of the international
10-20 system. Impedances were set to be below 10 kQ for all electrodes. Four electrodes were used to
measure horizontal electrooculogram (EOG; placed on the outer canthus of the left and right eyes) and
vertical EOG (placed above and below the left eye). All electrodes were referenced to the left mastoid,
and a forehead ground was used.

Preprocessing of EEG data was performed with the EEGLAB toolbox v12.0.2 (Delorme & Makeig,
2004) for Matlab 2013b (The Mathworks Inc., Natick, MA, USA). The EEG data were first down-sampled
to 250 Hz and then filtered between 1 and 45 Hz with notch (49-51 Hz) using the delay corrected (zero-
phase) finite-impulse-response (FIR) filter implemented in the EEGLAB function pop_eegfiltnew. All
sensors over the face and four electrodes (M1, M2, CB1, CB2) were excluded from the analysis. The EEG
data were then converted to the average reference. Epochs for each stimulus were 9:09 minutes in
length, during which eye movement and other artifacts were identified by independent component
analysis (ICA) using the Infomax algorithm (Jung et al., 1997), and then removed manually by selecting
the component that contributed to the artifact. On average, 2.88 + .64 components out of 60 ICA
components were removed. EEG values with a squared magnitude greater than four standard deviations
of their respective channel’s mean power were identified as outliers and replaced with Not a Number
(NaN).

2.5. Extraction of musical features
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To evaluate the contribution of changes in the musical features of the sound to neural
synchronization and behavioral tension ratings, five musical features of the original music stimulus were
extracted using the MIR toolbox (Lartillot & Toiviainen, 2007) implemented in Matlab (The Mathworks
Inc.). The five features were chosen based on earlier findings indicating their impacts on the tension
score (Lartillot, 2019). The RMS calculates the signal’s immediate energy by taking the square root of the
sum of its amplitude squares. Fluctuation peaks estimate the rhythmic periodicity obtained from the
spectral analysis of each band of the spectrogram (Pampalk et al., 2002). Key clarity represents the key
strength associated with the best key. HCDF measures the flux of the tonal centroid (Harte et al., 2006).
Novelty characterizes a specific structural description focused on the temporal progression of moments,
each of which has unique melodic characteristics (Foote & Cooper, 2003). All musical features were
extracted using a frame-by-frame analysis method to obtain continuous measures of these musical
features.

2.6. Data analysis

Reliable Components Analysis. For EEG-ISC calculation, we spatially filtered the EEG data using
Reliable Components Analysis (RCA) prior to computing ISC (Dmochowski et al., 2012) to reduce the
large data dimensionality and increase the signal-to-noise ratio. RCA involves identifying linear
combinations of electrodes that show maximal correlation across participants, which results in the
transformation of the electrode-by-time matrices of EEG data into component-by-time matrices. The
returned components are ranked by explained reliability in descending order; with the first component,
RC1, having the highest ISC in the component-space data, followed by RC2, RC3, etc. According to
Dmochowski et al. (2012), we computed the first three reliable components (RC1-RC3). Further analysis
revealed that the ISC values for RC2 and RC3 were not statistically significant compared to the null
distribution generated through permutation testing (Figure S1). As such, following Kaneshiro et al.

(2020) and Dauer et al. (2021), we focused our analysis only on the ISC results from the RC1 data. We

10
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used a publicly available Matlab implementation (Dmochowski et al., 2015) to compute the RCA and
displayed individual components as scalp topographies using forward-model projections of the weight
vectors (Parra et al., 2005), as reported by Kaneshiro et al. (2020).

Inter-subject Correlation. On a per-stimulus basis, ISCs in the EEG data were calculated across
participants. We first calculated the ISC over the whole length of the stimulus for individual subjects (i.e.,
Overall ISC). We computed the time-varying ISC in running 5 s windows at 1 s increment following
previously described procedures (Dauer et al., 2021; Dmochowski et al., 2012; Kaneshiro et al., 2021). In
order to calculate their correlations, the continuous behavioral fitness rating and the frame-to-frame
musical features were also down sampled in running 5 s windows at 1 s increments to match the time-
varying EEG-ISC. The ISC values presented in this study reflect the degree of concordance between
individuals. The ISC computation is identical to previously published methods and may be duplicated

using code from http://www.parralab.org/isc/.

The significance of ISC values was assessed using a permutation test (Theiler et al., 1992). As
described in detail in previous studies (Dauer et al., 2021; Kaneshiro et al., 2020, 2021), this method
involves generating surrogate data by phase-scrambling. We then performed RCA of over 100 different
surrogated EEG data to create the null distribution for each stimulus, as previously described (Chang et
al., 2015; Cohen & Parra, 2016; Ki et al., 2016). The threshold for statistical significance was set at the
95 percentile. Notably, considering the autocorrelation in the phase-scrambled data accounts for
temporal dependencies (Prichard & Theiler, 1994; Theiler et al., 1992), we did not use any cluster
correlation on the time-varying ISC.

Relationship between dynamic neural response similarity and musical theme. We examined
the effects of the musical theme, focusing on the original version of the music. As the durations of the
different musical sections varied, we used k-means clustering to divide the EEG-ISC into a smaller

number of levels (i.e., clusters of k-means clustering) for follow-up comparisons. This clustering was

11
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based on EEG-ISC values in conjunction with their 95" percentile threshold, as these parameters
collectively represent the magnitude of ISC. In this way, similar EEG-ISC time windows are classified into
the same cluster. The optimal cluster number solution (i.e., number of levels or k) was determined by
the Elbow method. The Elbow method was used to perform k-means clustering on the dataset using a
range of values for k. For each value of k, the sum of squared errors was calculated. The optional
number was determined by identifying the position of the elbow (here the number of levels or k = 4).
Based on these levels, we constructed a 4 (levels) x 19 (musical sections) contingency table. We then
conducted a Fisher’s exact test to determine whether the level of ISC could imply the musical structure.
Since hierarchical clustering analysis (HCA) is the most common statistical method for identifying
homogeneous groups of cases based on measured features (Zhang et al., 2017), we also used Ward's
method to perform an HCA on the Euclidean distances of the proportion levels of EEG-ISC. This was
undertaken to confirm whether the 19 sections could be grouped into music section clusters (the term
music section clusters is used here to distinguish it from k-means clusters) (Hair et al., 1995). In line with
Bergman (1998), the determination of the number of music section clusters was guided by
considerations of interpretability and ease of use. In this study, these aspects were evaluated from the
perspective of music theme analysis. We performed a Chi-squared test to corroborate whether there
are significant differences in the levels of EEG-ISC between the music section clusters. All analyses were
performed at an alpha level of p < .05, and the results for Fisher’s exact test involving multiple
comparisons were corrected using a false discovery rate (FDR-correlation, the corrected alpha level of

.05).

3. Results

3.1. Time-varying neural response similarity driven by musical features
Overall similarity of neural responses across listeners. As shown in Figure 2A, RC1 was

maximally weighted over the fronto-central region, which is consistent with previous studies on auditory
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stimuli (Dauer et al., 2021; Kaneshiro et al., 2020, 2021). A low-resolution tomography (LORETA) analysis
on the first component suggested a possible source in the cingulate cortex (Dmochowski et al., 2012),
which has been suggested to be involved in conflict monitoring (e.g., awareness of the violation of
expectations) (Bravo et al., 2019), as well as the fundamental process of detecting changes and provides
a stimulus for subsequent alterations in behavior (Pearson et al., 2011). The results revealed that the
overall EEG-ISC showed a statistically significant response to the original, but not to the phase version. In
addition, the original version showed a significantly higher overall EEG-ISC value than the phase version
(Figure 2B), t(40) = 24.18, p < .001, Cohens’ d = 3.776, 95% Cl [2.893, 4.652]. These results suggest that
non-musicians have an overall similarity in neural responses to natural music, but not to phase

scrambled music.

Insert Figure 2, about here.

Time-varying neural response similarity correlated with behavioral ratings. Since a significant
overall similarity of neural responses was observed only in the original but not in the phase version, we
focused our analysis on the original version. To examine whether the similarity of neural responses to
music varies over time, we computed the time-varying ISC of the time series of neural responses. As
shown in the top panel of Figure 2C, the EEG-ISC of the stimulus varied with time. These observed
fluctuations were supported by a permutation test that yielded a 77.39% (421/544) significant time
windows (ps < .05), suggesting that the neural response similarity across non-musicians varies over time
during the whole course of music listening.

To establish whether the time-varying similarity of neural responses is relevant to musical
tension, we performed a correlation analysis between the time-varying EEG-ISC and the fitness ratings

of musical events (the natural musical tension showed good reliability across subjects, shown in

13
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Supplementary Results). There was a significant negative correlation, r =-.300, p < .001. As shown in
Figure 2D, the lower fitness ratings (i.e., higher musical tension) provided by the participants, the higher
the similarity of neural responses they showed. This finding indicates that the similarity of neural
responses reflects felt musical tension, with a higher neural response similarity indicating a higher felt
musical tension. Additionally, we also found that the more similar the tension ratings between
participants (i.e., the lower standard deviations of ratings), the more similar their neural responses were
(r=-.284, p <.001), which further supported the relationship between the similarity of neural responses
and musical tension.

Time-varying neural response similarity driven by musical features. We conducted a series of
correlation analyses between the time-varying EEG-ISC and the five musical features, namely RMS,
fluctuation peaks, key clarity, HCDF, and novelty. As shown in Figure 3A, a significant positive correlation
was found between EEG-ISC and RMS (r =.097, p < .05), but significant negative correlations were found
between EEG-ISC and fluctuation peaks, key clarity, and HCDF (rs. < -.125, ps. < .004). There was,
however, no significant correlation between EEG-ISC and novelty (p >.05). These findings indicate that
the time-varying neural response similarity is driven by RMS, fluctuation peaks, key clarity, and HCDF, all
of which contribute to the experience of musical tension.

We also determined the correlations between the behavioral fitness ratings and the five musical
features to confirm the contribution of these properties to musical tension. As shown in Figure 3B, the
continuous fitness rating was positively correlated with RMS (r = .506, p < .001), fluctuation peaks (r
=.503, p <.001), key clarity (r =.335, p <.001), HCDF (r = .322, p <.001), and novelty (r =.144, p < .001),

confirming that these properties contribute to musical tension.

Insert Figure 3, about here.
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3.2. Effects of musical themes on the patterns of time-varying neural response similarity
Classified levels of the EEG-ISC. \We used k-means clustering (Quick cluster) to group EEG-ISCs
from all time windows into a reduced number of levels (i.e., clusters of k-means clustering) based on
their EEG-ISC value and 95 percentile threshold. Using the Elbow method, the optimal k -value was
determined to be k = 4, thus EEG-ISC windows were classified into four levels, and the explained
variance was about .95 (Figure S2). Among the 19 sections, there were 542 windows, each of which had
a 5-s width with 1-s shifting time windows. The first two time-windows were excluded from the analysis,
as they could not be assigned to any of the four levels, due to their extreme values. The four levels were
sorted in descending order based on their values, with Level 1 having the highest ISC value, followed by
Level 2, Level 3, and Level 4 with the lowest ISC value. In contrast, the frequency and proportion of time
windows showed an increasing trend, with Levels 1, 2, 4 and 3 comprising 5.90% (32/542), 17.16%

93/542), 35.79% (194/542), and 41.14% (223/542) of the windows, respectively, as shown in Figure 4A.
(93/542), (194/542), ( ) , resp Y, 8

Insert Figure 4, about here.

Distribution of EEG-ISC levels across the 19 sections. Each of the 19 sections showed different
proportions of time windows at the four levels (Table S1). A Fisher’s exact test indicated significant
differences in the proportion of time windows at each level among these sections (Fisher’s exact test: p-
value < .001). As shown in Figure 4B, post hoc pairwise comparisons revealed significant differences in
ISC at different levels between sections, as indicated by gray squares (FDR-corrected p-values < .05).
However, the majority of similar thematic sections produced similar levels of ISC, as indicated by yellow
squares (FDR-corrected p-values > .05, Table S2 for details). For example, all secondary themes in the
exposition and recapitulation (i.e., S4, S5, S9, $10, S16, S17) produced comparable levels of ISC, while

the primary theme in the exposition (i.e., S2, S7) showed similar ISC levels, except for the same theme in
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the recapitulation (i.e., S15). In addition, transitions (i.e., S3, S8) or closing zones (i.e., S6, S11, $S18) in the
exposition and recapitulation (if any) showed similar levels of EEG-ISC, respectively. These results
indicate that musical thematic materials affect the inter-subject similarity of neural responses.
EEG-ISC-based clustering of the 19 sections. We performed a hierarchical cluster analysis to
establish whether the EEG-ISC produced by similar thematic materials can be grouped into the same
cluster, in terms of their distribution patterns of the levels of EEG-ISC. Specifically, the frequencies of
occurrence at each level were converted into proportions, and then a hierarchical cluster analysis was
performed based on the proportion of EEG-ISC levels. The dendrogram and heatmap in Figure 5,
depicting the results of the hierarchical clustering analysis, reveal that all sections within each cluster
had similar proportions across the four levels, and a four-cluster solution appeared to be the optimal
number of clusters. Secondary themes in exposition and recapitulation were grouped into Cluster 1. The
primary themes in exposition | and Il and development material that differed from primary thematic
materials, except for the primary theme in recapitulation, were grouped into Cluster 2. Despite
producing a similar level of ISC as indicated by the Fisher's exact test results, the closing zone in
exposition | was not grouped with those in exposition Il and recapitulation. Therefore, Cluster 3
consisted of the closing zone in exposition Il and recapitulation, introduction in development, and coda,
while Cluster 4 included introduction, closing zone in exposition |, and transition in exposition | and Il.

These results indicate that similar thematic materials produce similar levels of EEG-ISC.

Insert Figure 5, about here.

Additionally, the distribution of proportions at the four levels for the four music section clusters
is also shown in Figure 5. Cluster 1 had the highest proportion at Level 4, as indicated by the orange-red

color, while Cluster 2 had the highest proportion at Level 3. Cluster 3 had a relatively higher proportion
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at Level 3, while Cluster 4 had a higher proportion at Levels 2 and 3 (Table S3 for details). These
frequency differences among the four clusters were subjected to a 4 (ISC levels) x 4 (clusters) Pearson’s
Chi-squared test, which revealed significant differences between the clusters (*(9) = 244.85, p < .001).
The subsequently performed Fisher’s exact post hoc pairwise comparisons (Table 2) revealed that any
two clusters were significantly different at least at two EEG-ISC levels (as indicated by the yellow and
blue squares in Figure 5). Specifically, for the significant pairwise comparisons, Cluster 1 consistently had
higher proportions than the other three clusters at Level 4. Cluster 2 had higher proportions than Cluster
3 or 4 at Level 3, while Cluster 4 had higher proportions than Cluster 3 at Levels 1, 2, and 3. These results
suggest that despite the thematic materials within each cluster exhibiting similar levels of EEG-ISC, the

thematic materials in different clusters produce different levels of EEG-ISC.

Insert Table 2, about here.

4. Discussion

This study demonstrated for the first time that the time-varying similarities of neural responses
associated with the experience of musical tension were shaped by both low-level physical features and
high-level thematic structures. As predicted, we found that the time-varying similarity of neural
responses was associated with the musical tension felt by non-musicians, with greater similarity
observed at musical events with higher tension. This neural response similarity was driven by musical
features that contribute to tension, as indicated by a positive correlation with RMS and negative
correlations with fluctuation peaks, key clarity, and HCDF. The patterns of this time-varying similarity of
neural responses were modulated by musical themes, with similar patterns observed for similar

thematic materials. These findings have important implications for similarity in understanding.
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Consistent with previous studies (Dauer et al., 2021; Kaneshiro et al., 2021), our study revealed
a time-varying similarity in response to music. More importantly, our first main finding is that this time-
varying similarity was associated with musical tension. Specifically, we found that higher levels of neural
response similarity were associated with greater musical tension. This correlation can be explained by
attentional engagement. Indeed, EEG-ISC has been suggested as an index of attentional engagement
(Dmochowski et al., 2018; Dmochowski et al., 2012; Ki et al., 2016), and unexpected events require high
attentional resources (Howard & Holcombe, 2010) and trigger reanalysis (Van de Meerendonk et al.,
2010). Thus, the observed time-varying similarity of neural responses suggests that multiple listeners
simultaneously display attentional engagement with unexpected musical events, but not with expected
events, during the evaluation of musical tension.

Our second main finding is that the time-varying neural response similarity among listeners was
driven by musical features that contribute to musical tension. Significant correlations found between
behavioral ratings and the five musical features confirmed the contributions of these predictors of
musical tension, as reported in a previous study (Lartillot, 2019). This is also consistent with previous
studies (Farbood, 2012; Granot & Eitan, 2011; Hjortkjaer, 2011) suggesting that musical tension is related
to low-level aspects of auditory perception. In our study, the time-varying neural response similarity was
positively correlated with RMS and negatively correlated fluctuation peaks, key clarity, and HCDF, all of
which contribute to musical tension. These results may be explained by the relationship between neural
response similarity, musical tension, and engagement of attention. Explicitly, the more tense
participants felt, the higher engagement of attention was required, resulting in a greater level of
similarity in brain response (Ki et al., 2016). In contrast to behavioral rating, the neural response
similarity was positively correlated with RMS, which suggests that the louder the musical events, the
greater the level of similarity in brain responses. Similarly, the neural response similarity, but not

behavioral responses, was uncorrelated with novelty. The discrepancy between behavioral and neural

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

responses may reflect different cognitive operations (Sun et al., 2020). The behavioral responses might
react to consciously assessing musical event fitness, while neural responses could be tuned to instantly
detect violations or fulfillment of musical events. In this case, the novelty of musical structures may be

difficult to instantly detect by the brain. This assumption, however, requires further validation in future
studies.

Our third main finding is that the patterns of time-varying neural response similarity were
affected by musical thematic materials, indicating that the time-varying neural response similarity arose
from the perception of musical structure. In particular, similar musical thematic materials, such as all the
secondary themes across the exposition and recapitulation sections, had similar patterns of proportion
distribution at the four levels, while different thematic materials between clusters, such as the
introduction and the primary and secondary themes, had different patterns of proportion distribution at
the four levels. This finding is consistent with previous research indicating that when musical materials
are similar, group-average performances tend to be similar, and vice versa (McAdams et al., 2004). Since
a piece of music is constructed by themes through repetitions, variations, and contrast, our study
demonstrates the ability of listeners to recognize musical themes. Given that themes convey the
essence of music, our findings suggest that time-varying neural response similarity may arise from
extracting meaning from musical stimuli.

Our results also revealed some exceptions in which different thematic materials had a similar
pattern of time-varying similarity, either in adjacent or nonadjacent structural sections. For instance, the
recapitulation-primary theme, an adjacent structural section to recapitulation-secondary theme 1 and 2,
achieved similar levels of neural response to the latter two themes. This result may be explained by the
repetition of the primary theme. Indeed, the overall neural response similarity decreases over repeated
exposures to familiar natural music (Madsen et al., 2019). One potential explanation is that familiar

music often evokes personal and contextual associations (Thompson et al., 2023). In our study, since the
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primary theme was repeated several times, listeners might become more familiar with it, leading to a
decrease in the inter-subject similarity of neural responses to the subsequently appearing
recapitulation-primary theme. Alternatively, musical context may also explain some exceptions in the
present study, as musical prediction is influenced by musical context (Quiroga-Martinez DR et al., 2019).
At the beginning of the sonata, for example, the thematic materials in the introduction may be more
difficult to predict than those in both the development-introduction and coda sections, even though
these thematic materials are similar. As a result, the introduction section may produce a higher level of
neural response similarity than those in the latter sections. Furthermore, some nonadjacent sections
with different thematic materials produce similar levels of neural responses, such as thematic sections in
Cluster 4. These similarities may be attributed to the combined influence of multiple factors, such as
melody, harmony (Lehne et al., 2013; Lerdahl & Krumhansl, 2007), and rhythm and metre (Farbood,
2012; Granot & Eitan, 2011), rather than a simple sum of the effects of these factors. However, this
hypothesis needs to be tested in future research.

It is worth noting that the EEG-ISC we used allowed us to measure fluctuations in the level of
neural response similarity among participants throughout the entire evaluation of musical tension.
Although musical understanding involves much more than just tension, musical tension is a critical
component of musical emotion and intra-meaning (Koelsch, 2012). From this perspective, the
implications of our findings may extend to musical understanding or intersubjectivity, as similarity in
understanding is indicative of intersubjectivity (Margulis et al., 2022; Reynaert, 2001). First, our finding
that, without any interaction, shared time-varying neural responses associated with musical tension
were observed is particularly significant for musical understanding. This is because music lacks the
semantic content that natural languages possess, making the acquisition of shared musical
understanding through intersubjective interactions more challenging. Our findings, from the perspective

of non-musicians, also provide evidence for the theory of musical intersubjectivity proposed by (Schiitz,
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1951), which posits that musical intersubjectivity is constituted by a shared flux of musical experience in
inner time between composers, performers, and listeners. Second, intersubjectivity has long been
assumed to depend on social interactions in the fields of philosophy (Husserl, 1977) and social cognition
(Schore, 2021; Stone et al., 2012; Trevarthen, 2010). Our study showed that, without any interaction, a
time-varying similarity of neural responses associated with musical tension could emerge across
listeners. Although a shared external stimulus was found to produce an overall similarity of neural
responses during understanding (Nguyen et al., 2019; Yeshurun et al., 2017), our research demonstrated
that this similarity of neural responses is dynamic and can be shaped by both physical features and
thematic structures. These findings highlight how the attributes of external stimuli contribute to the
emergence of intersubjectivity and reveal a previously uncharted underlying neural mechanism of this
process.

To conclude, our findings reveal that a time-varying neural response similarity, associated with
musical tension, is shaped by the physical features and musical themes. Although musical
understandings may vary and be personal, our findings contribute to the current understanding of how
dynamic attributes of music can influence shifts in neural response similarity across the entire
evaluation of musical tension, even in the absence of social interaction. Given that similarity in
understanding has been traditionally believed to rely on social interaction, our findings pave the way for
further research on the interplay of similarities in understandings produced by stimulus and social

interactions.
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1 Table 1. The form of Ludwig van Beethoven's Piano Sonata No. 8 in C minor, Op. 13, first movement.

Formal sections Thematic material Section number Measure number Key

Introduction S1 1-10 c>PESD->ciDs

| |: Exposition :| | Primary theme S2 & S7 11-27 o
Transition S3 & S8 28-49 c>bE:D7
Secondary theme 1 S4 & S9 50-88 be>bD-SbE
Secondary theme 2 S5 & S10 89-112 bE
Closing zone S6 & S11 113-132 bLE

Development Introduction 512 133-136 d? >g?->e:D7
Development S13 137-171 e—>g—>F?->c:D7
Retransition S14 172-194 Prolonged dominant

Recapitulation Primary theme S15 195-219 c>?
Secondary theme 1  S16 220-252 f>c
Secondary theme 2 S17 253-276 C
Closing zone S18 277-294 C

Coda S19 295-310 C

2 Note: Question marks denote ambiguity or vagueness of tonality. | |: :| | is a repeat sign that indicates a

3 section (i.e., Exposition) should be repeated.
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1  Table 2. Frequency and proportion (in brackets inside the low part of each cell, the unit is %) of music
2 section clusters by EEG ISC levels for each pairwise comparison using Fisher’s exact test.
Levell Level2 | Levell Level3 | Levell Leveld | Level2 Level3 | Level2 Leveld | Level3 Level4
Cluster 1 0 1 0 62 0 129 1 62 1 129 62 129
(0) (100) (0) (100) (0) (100) (1.59) | (98.41) (.77) (99.23) | (32.46) | (67.54)
Cluster 2 0 2 0 42 0 4 2 42 2 4 42 4
(0) (100) (0) (100) (0) (100) (4.55) | (95.45) | (33.33) | (66.67) | (91.30) | (8.70)
Cluster 1 0 1 0 62 0 129 1 62 1 129 62 129
(0) (100) (0) (100) (0) (100) (1.59) | (98.41) (.77) (99.23) | (32.46) | (67.54)
Cluster 3 12 25 12 62 12 48 25 62 25 48 62 48
(32.43) | (67.57) | (16.22) | (83.78) (20) (80) (28.74) | (71.26) | (34.25) | (65.75) | (56.36) | (43.64)
Cluster 1 0 1 0 62 0 129 1 62 1 129 62 129
(0) (100) (0) (100) (0) (100) (1.59) | (98.41) (.77) (99.23) | (32.46) | (67.54)
Cluster 4 20 65 20 57 20 13 65 57 65 13 57 13
(23.53) | (76.47) | (25.97) | (74.03) | (60.61) | (39.39) | (53.28) | (46.72) | (83.33) | (16.67) | (81.43) | (18.57)
Cluster 2 0 2 0 42 0 4 2 42 2 4 42 4
(0) (100) (0) (100) (0) (100) (4.55) | (95.45) | (33.33) | (66.67) | (91.30) | (8.70)
Cluster 3 12 25 12 62 12 48 25 62 25 48 62 48
(32.43) | (67.57) | (16.22) | (83.78) (20) (80) (28.74) | (71.26) | (34.25) | (65.75) | (56.36) | (43.64)
Cluster 2 0 2 0 42 0 4 2 42 2 4 42 4
(0%) (100) (0) (100) (0) (100) (4.55) | (95.45) | (33.33) | (66.67) | (91.30) | (8.70)
Cluster 4 20 65 20 57 20 13 65 57 65 13 57 13
(23.53) | (76.47) | (25.97) | (74.03) | (60.61) | (39.39) | (53.28) | (46.72) | (83.33) | (16.67) | (81.43) | (18.57)
Cluster 3 12 25 12 62 12 48 25 62 25 48 62 48
(32.43) | (67.57) | (16.22) | (83.78) (20) (80) (28.74) | (71.26) | (34.25) | (65.75) | (56.36) | (43.64)
Cluster 4 20 65 20 57 20 13 65 57 65 13 57 13
(23.53) | (76.47) | (25.97) | (74.03) | (60.61) | (39.39) | (53.28) | (46.72) | (83.33) | (16.67) | (81.43) | (18.57)
3 Note: Each 2 x 2 square lattice represents the paired comparison of any two levels and two clusters.
4 Significance levels of paired comparisons are shaded in gray: FDR_adjusted p_value < .05 and white:
5 FDR_adjusted p_value > .05. Bold text in the gray cell indicates that in this pairwise comparison, the ISC
6 proportion of the current cluster is larger than that of the other cluster in this level.
7
8
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Figure Captions

Figure 1. The waveforms of the original (A) and the phase (B) stimuli. Nineteen musical sections were
generated from five formally-defined musical parts (i.e., introduction, exposition, development,
recapitulation, and coda). The musical sections (S1-519) are separated by vertical dashed lines, and the
duration of each section is as follows: S1 (introduction: 00:00-1:47), S2 (exposition I-primary theme:
1:48-2:00), S3 (exposition I-transition: 2:01-2:15), S4 (exposition I-secondary theme 1: 2:16-2:49), S5
(exposition I-secondary theme 2: 2:50-3:08), S6 (exposition I-closing zone: 3:09-3:27), S7 (exposition II-
primary theme: 3:28-3:39), S8 (exposition lI-transition: 3:40-3:55), S9 (exposition ll-secondary theme 1:
3:56-4:28), S10 (exposition lI-secondary theme 2: 4:29-4:47), S11 (exposition ll-closing zone: 4:48-5:10),
512 (development-introduction: 5:11-5:54), S13 (development-development: 5:55-6:17), S14
(development-retransition: 6:18-6:39), S15 (recapitulation-primary theme: 6:40-6:57), S16
(recapitulation-secondary theme 1: 6:58-7:25), S17 (recapitulation-secondary theme 2: 7:26-7:44), S18
(recapitulation-closing zone: 7:45-8:07), and S19 (coda: 8:08-9:09). It is worth noting that the exposition
was played twice, and thus exposition | and exposition Il were used to differentiate the two
presentations of this part. For an enhanced visual representation, the amplitude coordinate scales for
the two sound stimuli are not identical. Specifically, the original ranges from -0.15 to 0.15, while the
phase ranges from -0.05 to 0.05 [No units provided in MIRtoolbox documentation].

Figure 2. EEG component and overall ISC for each stimulus, as well as time-varying ISC for the original
music and its correlation with musical tension. (A) Spatial filtering component RC1 is depicted. (B) EEG
ISC is computed across the entire duration of each stimulus. Bar height represents the mean value, and
error bar height represents + SEM. *** denotes significance at a level of p < .001. The shaded gray area
indicates the 95" percentile of the null distribution. (C) The shaded gray area in the top panel indicates
the 95 percentile of the corresponding null distribution, and the shaded area in the bottom panel

shows one SEM across subjects. Dotted lines mark the end of music events. (D) The EEG-ISC is

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

temporally correlated with the continuous rating of musical tension for the original stimuli, the latter of
which is smoothed to match the 5s window of EEG-ISC.

Figure 3. Correlations between I1SC/continuous rating and the musical features. (A) Correlations
between the time-varying EEG ISC and the five musical features, respectively. (B) Correlations between
the continuous fitness rating and the five musical features, respectively. Each musical feature and the
continuous rating were downsampled to match the 5s-window of EEG-ISC.

Figure 4. Four EEG-ISC levels and their distribution among the 19 sections. (A) K-means clustering was
used to reduce the time-varying EEG-ISC points to a few levels for the purpose of comparing the EEG-ISC
distribution of the 19 music sections. Here, a k-means cluster plot of the four EEG-ISC levels created
from ISC and the 95 threshold. It uses k-means results and the original data as arguments, and
observations are represented by points. The points at each level indicate the frequency of occurrence of
time windows. (B) Triangular Heatmap showing pairwise comparisons of the musical sections by the
Fisher’s exact test. Yellow squares indicate that the two musical sections did not show significant
differences at any two-level comparison, and gray squares indicate that the two musical sections were
significantly different at the two-level comparison, at least at one pairwise comparison. In order to show
whether each two-level pairwise comparison reaches a significant difference, we used the sectors of a
sextile circle to represent the results of the six pairs, respectively. The gray sector indicates statistically
nonsignificant differences, while the white sector indicates statistically significant differences.

Figure 5. Visualization of hierarchical clustering analysis. The heatmap shows the 19 musical sections
projected onto 4 music section clusters identified using hierarchical clustering and displays the
distribution of proportions at four levels for the four music section clusters. The rows represent musical
sections, while the columns represent ISC levels. The shading of the tiles indicates the proportion of ISC

levels: Red color indicates a higher proportion, while blue color indicates a smaller proportion. The
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dendrogram was constructed using hierarchical clustering, and cutree was used to divide it into 4 music

section clusters.
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Figure 4
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Figure 5
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Supplementary Results

Reliability of continuous fitness rating

To investigate the reliability of subjects’ continuous fitness ratings, we used two-way
mixed, absolute agreement, average-measures intra-class correlation coefficients (ICC) with 95%
confidence intervals (CI) to estimate the inter-rater reliability among subjects (Hallgren, 2012).
The ICC coefficients range between 0 and 1 and were interpreted as having poor (ICC < .5),
moderate (.5-.75), good (.75-.9), and excellent (> .9) reliability (Koo & Li, 2016). The results
showed that ICC values for Original music showed a good reliability, the average measure ICC
was .816 with a 95% confidence interval from .791 to .836 (F(2195,87800, p < .001); while ICC
values for Phase music showed a moderate reliability, the average measure ICC was .610 with a
95% confidence interval from .511 to .686 (F(2195,87800, p < .001). These results indicate that
higher similarity in the tension assessment of the original music compared to the phase music.

39



N ook wiN

B RC 2

A RC2

04 0.01
0.008

02
0.006

0
0.004

0.2 0.002

= 04 0 —-—.—

Overall EEG ISC

Original Phase
C RC3 D RC3
0.01
04 0.008 |
O L
02 $ 0.006
(@]
il 0.004 |
0o 3
30002 |
0
Original Phase
04 0002 L

Figure S1. EEG components and overall ISCs for each stimulus. (A) Spatial filtering
components RC2 (A) and RC3 (C) are visualized. EEG ISC was computed across the entire
duration of each stimulus on RC2 (B) and RC3 (D). Bar height represents the mean value, and
error bar height represents + SEM. The shaded gray area denotes the 95th percentile of the null
distribution.
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Scree Plot for K-means Clustering
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Figure S2. Explained variance by number of clusters for k-means clustering. According to
the Elbow method optimal k = 4, and the explained variance was about .95.
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1  Table S1. Frequency and proportion of musical sections by EEG ISC levels.

Musical sections Level 1 Level 2 Level 3 Level 4 Total
S1: Introduction 18(17.14%)  43(40.95%) 35(33.33%) 9(8.57%) 105(100%)
S2: Exposition I-Primary theme 0(0%) 1(7.69%) 12(92.31%)  0(0%) 13(100%)
S3: Exposition I-Transition 0(0%) 4(26.67%) 9(60%) 2(13.33%) 15(100%)
S4: Exposition I-Secondary theme 1 0(0%) 0(0%) 7(20.59%) 27(79.41%)  34(100%)
S5: Exposition I-Secondary theme 2 0(0%) 0(0%) 9(47.37%) 10(52.63%)  19(100%)
S6: Exposition I-Closing zone 2(10.53%) 10(52.63%)  5(26.32%) 2(10.53%) 19(100%)
S7: Exposition II-Primary theme 0(0%) 1(8.33%) 11(91.67%)  0(0%) 12(100%)
S8: Exposition II-Transition 0(0%) 8(50%) 8(50%) 0(0%) 16(100%)
S9: Exposition II-Secondary theme 1 0(0%) 0(0%) 8(24.24%) 25(75.76%)  33(100%)
S10: Exposition II-secondary theme 2 0(0%) 0(0%) 6(31.58%) 13(68.42%)  19(100%)
S11: Exposition II-Closing zone 5(21.74%) 4(17.39%) 8(34.78%) 6(26.09%) 23(100%)
S12: Development-Introduction 2(4.55%) 6(13.64%) 23(52.27%)  13(29.55%)  44(100%)
S13: Development-Development 0(0%) 0(0%) 19(82.61%)  4(17.39%) 23(100%)
S14: Development-Retransition 0(0%) 0(0%) 8(36.36%) 14(63.64%)  22(100%)
S15: Recapitulation-Primary theme 0(0%) 0(0%) 6(33.33%) 12(66.67%)  18(100%)
S16: Recapitulation-Secondary theme 1 0(0%) 0(0%) 11(39.29%) 17(60.71%)  28(100%)
S17: Recapitulation-Secondary theme 2 0(0%) 1(5.26%) 7(36.84%) 11(57.89%)  19(100%)
S18: Recapitulation-Closing zone 3(13.04%) 4(17.39%) 9(39.13%) 7(30.43%) 23(100%)
S$19: Coda 2(3.51%) 11(19.30%) 22(38.60%) 22(38.60%) 57(100%)

2

3

4

5
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1
2

Table S2. Results of post-hoc pairwise for the composition of the musical sections by ISC

levels.
L1:L2 L1:L3 L1:L4 L2:L3 L2:1L4 L3:1L4

S1:S2 1 0.147143 1 0.02301 1 0.528954791
S1:S3 1 0.22687 0.4384976 0.438498  0.778276765 1
S1:S4 1 0.339472 1.06514E-05  0.047525  9.48266E-11  1.85353E-05
S1:S5 1 0.22687 0.007425668  0.027675  6.29655E-05 0.110826646
S1:S6 1 1 1 1 1 1
S1:S7 1 0.144357 1 0.03659 1 0.526959781
S1:S8 0.363161 0.339472 1 1 0.807860085 0.781119147
S1:S9 1 0.339472 1.12952E-05  0.047525  2.31874E-10 0.000115987
S1:S10 1 0.495415 0.001949125  0.082842 = 6.21583E-06 0.008333558
S1:S11 0.452365 1 0.722730658 0.60076  0.072599296  0.488890484
S1:S12 1 0.099673 0.016991256  0.023559  0.002142744  0.4384976
S1:S13 1 0.023406 0.130980205  0.000153  0.023497701 1
S1:S14 1 0.339472 0.000846246  0.047525  2.70765E-06  0.013490802
S1:S15 1 0.495415 0.001999585  0.082842 = 1.06514E-05 0.013490802
S1:S16 1 0.144357 0.000202926  0.009092  1.79153E-07 0.013490802
S1:817 1 0.339472 0.003703124  0.150066 ~ 0.000130449 0.031938328
S1:S18 1 1 0.27804878 0.438498  0.036589501 0.363160978
S1:S19 1 0.134431 0.000885301  0.196446  0.000261264 0.057758737
S2:S3 1 1 1 0.780389 1 0.600759869
S2:S4 1 1 1 1 0.181400283  8.30398E-05
S2:S5 1 1 1 1 0.339472188 = 0.038120921
S2:S6 1 0.421405 1 0.024035 1 0.421404682
S2:87 1 1 1 1 1 1
S2:S8 1 1 1 0.126391 1 1
S2:S9 1 1 1 1 0.191560866 = 0.000195388
S2:S10 1 1 1 1 0.291974957 = 0.003228211
S2:S11 1 0.192513 1 0.48933 1 0.112905384
S2:S12 1 1 1 0.93347  0.826752619 0.127553953
S2:813 1 1 1 0.934557  0.57126111  0.704153482
S2:S14 1 1 1 1 0.27804878 = 0.00530826
S2:S15 1 1 1 1 0.304728617 = 0.006717029
S2:S16 1 1 1 1 0.243589744  0.0062857
S2:S17 1 1 1 1 0.481238274  0.010004044
S2:S18 1 0.60076 1 0.780389  0.952115813  0.079099486
S2:819 1 1 1 0.438498  0.826752619  0.022000014
S3:84 1 1 1 0.657671  0.007232687 0.008655878
S3:S5 1 1 1 0.402589  0.066126672 0.420569319
S3:S6 1 0.522832 1 0.431748 1 1
S3:S87 1 1 1 0.780389 1 1
S3:S8 1 1 1 1 0.49741435 1
S3:S9 1 1 1 0.435506  0.008655878 0.016853019
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1
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1
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1
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1
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0.322941

1

1
0.666816

0.48889
0.96
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1
1
1
0.144676851
0.126390572
1
1
0.187431494
0.13063846
0.949780143
0.108791209
0.071640171
0.483226038
0.4384976
1

1

1
0.532356154

0.69451219

1

0.437652661
0.75887574

0.720798287
0.799036542

1

1

1
0.471081546
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1

1

Note. L1 = level 1; L2 = level 2; L3 = level 3; L4 = level 4. S1-S19 means Section 1 to Section 19.

Significance levels are shaded with gray: FDR_adjusted p_value <.05 and white: FDR_adjusted p_value >

.05.

46



w

Table S3. Frequency and proportion of music section clusters by EEG ISC levels.

Cluster Level 1 Level 2 Level 3 Level 4 Total
Cluster 1 0(0%) 1(0.52%) 62(32.29%) 129(67.19%) 192(100%)
Cluster 2 0(0%) 2(4.17%) 42(87.5%) 4(8.33%) 48(100%)

Cluster 3 12(8.16%) 25(17.01%)  62(42.18%)  48(32.65%)  147(100%)
Cluster 4 20(12.90%)  65(41.94%) 57(36.77%)  13(8.39%) 155(100%)
Note. Cluster 1: S4, S5, S9, S10, S14, S15, S16, S17; Cluster 2: S2, S7, S13; Cluster 3: S11, S12, S18,

S19; Cluster 4: S1, S3, S6, S8.
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