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Emotional responses to auditory
hierarchical structures is shaped
by bodily sensations and listeners’
sensory traits

Maiko Minatoya*, Tatsuya Daikoku and Yasuo Kuniyoshi

Graduate School of Information Science and Technology, The University of Tokyo, Tokyo, Japan

Emotional responses to auditory stimuli are a common part of everyday life.
However, for some individuals, these auditory-induced emotions can become
distressing enough to interfere with daily functioning. Despite the prevalence
of these experiences, the mechanisms underlying auditory-induced emotional
responses remain only partially understood. Previous research has identified
several contributing factors, including features of the auditory stimuli, listener
traits, and bodily sensations triggered by the stimuli. However, prior studies have
primarily focused on the acoustic features of auditory stimuli, leaving the role of
syntactic features largely unexplored. This study focuses specifically on hierarchical
syntactic structures, examining how they influence emotional experiences in
conjunction with listener traits and bodily sensations. We conducted an online
experiment in which 715 participants listened to 26 sound sequences, each of
which systematically varied in hierarchical syntactic structure. The sequences
were generated by combining three types of local pitch movement with three
types of global pitch movement, each presented in ascending and descending
pitch directions, resulting in nine levels of combined complexity. Participants
rated the emotional valence and arousal of each sequence and indicated any
bodily sensations they experienced using a bodily map. Measures of sensory
processing patterns were also collected. Results showed that emotional valence
was associated with the complex interplay of moderate syntactic complexity ("not
too simple, not too complex”), sensory sensitivity, and upper torso sensations.
These findings contribute to existing research by identifying syntactic features
that shape auditory-induced emotional experiences and by demonstrating the
association between bodily sensations and emotional experience.

KEYWORDS

auditory-induced emotion, emotional reaction, global/local processing, auditory
syntactic patterns, sensory sensitivity, sensory profile, bodily sensations, emotion
regulation

1 Introduction

How do emotions arise when we hear sounds? Feeling emotions as a response to sounds
and sound sequences is a common part of our daily lives. We may feel scared by loud thunder,
soothed by birds’ chirping, or energized by rock music. Yet, how sound sequences evoke
specific emotional experiences is still not completely clear.

Although the mechanism of auditory-induced emotion is not clear, some of these
emotions may be strong enough to become obstacles to daily life. Many individuals with
sensory processing disorders (SPDs) suffer from negative emotional and behavioral responses
induced by sensory input (Passarello et al., 2022). SPDs are linked to autism spectrum disorder

01 frontiersin.org


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2025.1599430&domain=pdf&date_stamp=2025-07-08
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full
mailto:mminatoya@g.ecc.u-tokyo.ac.jp
https://doi.org/10.3389/fpsyg.2025.1599430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2025.1599430

Minatoya et al.

(ASD), and it is known that many individuals with ASD show averse
emotional and behavioral responses to auditory stimuli (Chang et al.,
20125 Fernandez-Andrés et al, 2015). Thus, understanding the
mechanism of auditory-induced emotion is not only a theoretically,
but also a clinically important question.

Various frameworks have been proposed to explain the
mechanism of emotional experience induced by auditory stimuli,
including widely accepted frameworks proposed by Scherer and
Zentner (2001) and Juslin and Vastfjall (2008). Such frameworks
generally agree that experienced (felt) emotion is a multiplicative
function which consists of several factors including stimulus features
(acoustic and syntactic features of the auditory stimuli), listener
features (the listener’s musical experience, stable disposition such as
personality, and transient state such as mood), and bodily experiences
(physiological responses to the stimuli and the subjective experience
of those responses).

Previous studies on stimulus features have revealed the acoustic
features that relate to felt valence (pleasantness) and arousal (emotion
activation). Gomez and Danuser (2007) found that mode (major vs.
minor), harmonic complexity, and rhythmic articulation (e.g., staccato
vs. legato) best predicted pleasantness, with major mode, simpler
harmony, and staccato articulation correlating positively with higher
pleasantness, respectively. In contrast, faster tempo, greater
accentuation (e.g., marcato), and more staccato articulation were
positively correlated with higher arousal, respectively. Coutinho and
Cangelosi (2011) found positive linear correlations between valence
and both pitch level and tempo—valence was higher in musical
segments with higher pitch and faster tempi. They also found positive
linear correlations between arousal and loudness, tempo, timbre, and
pitch level—arousal was higher in segments with greater loudness,
faster tempi, higher pitch, and sharper sounds. Jaquet et al. (2014)
found that lower pitch level was associated with more negative valence
and higher arousal by using piano excerpts that were systematically
varied in pitch level. Furthermore, they found that gender moderated
the effects of pitch level on both valence and arousal: the positive
association between pitch and valence was stronger in women, while
the negative association between pitch and arousal was observed only
in men. They also observed that the effect of pitch level on valence was
influenced by other musical features, such as tempo and mode.

Previous studies on listener features have revealed that certain
listener traits are strongly associated with auditory-induced emotion.
Liljestrom et al. (2013) found that listeners with higher openness to
experience tended to experience more intense and positive emotions
(such as happiness and pleasure). Gerstgrasser et al. (2023) revealed
that musical expertise, listeners’ personal traits (such as openness to
experience), and current mood state are associated with enhanced
intensity and differentiation (granularity) of the emotional experience.
Sakka and Juslin (2018) suggested that severely depressed listeners
tend to experience less happiness when listening to music that
typically evokes happy memories. Kreutz et al. (2008) found a
correlation between absorption traits and emotional arousal. Rawlings
and Leow (2008) showed that psychoticism was associated with
positive emotional responses to unpleasant music. Chang et al. (2012)
pointed out that over- and under-responsiveness to auditory stimuli
are related to problematic emotional and behavioral responses.

Studies have also investigated how bodily experiences—
particularly physiological responses—contribute to emotional
responses to auditory stimuli. For example, Dibben (2004)
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demonstrated that listening to music while in a physiologically
aroused state enhances the intensity of the emotional experience.
Coutinho and Cangelosi (2011) showed that emotional responses to
music could be more accurately predicted by incorporating
physiological measures such as skin conductance and heart rate.
Gomez and Danuser (2007) found that fast, accentuated, and staccato
music—stimulus features that were negatively associated with valence
and positively associated with arousal—elicited increases in breathing
rate, skin conductance, and heart rate.

Beyond physiological responses, researchers have also explored
the role of bodily sensations, defined as the subjective experience of
physiological responses, in shaping emotional experiences of
auditory stimuli. Notably, many findings point to interactions
between bodily sensations, physiological responses, and stimulus
features. For example, Liljestrom et al. (2013) observed a high level
of self-reported emotion intensity as well as a high level of bodily
arousal (measured by skin conductance and heart rate) when
participants listened to self-chosen music. Putkinen et al. (2024)
elucidated that acoustic features were linked with bodily sensations
and emotion ratings across Western and East Asian cultures. Daikoku
et al. (2024) provided insight into how musical expectation shapes
emotional and physiological responses and revealed that chord
progressions that shifted from low uncertainty and low surprise to
low uncertainty and high surprise elicited cardiac sensations, bodily
sensations in the heart area, which were associated with
positive valence.

These findings have provided insight into the contributions of
stimulus features, listener features, and bodily experiences to auditory-
induced emotion. However, while stimulus features encompass both
acoustic and syntactic features, prior research has primarily focused
on acoustic features, leaving the study of syntactic features—
organization of discrete structural elements into structured sequences
(Asano and Boeckx, 2015)—largely unexplored.

Among such syntactic features are hierarchical syntactic
structures—how elements of auditory stimuli are organized by local
and nested global relationships (Koelsch et al., 2013). This structural
complexity is a key component of human cognition in both music and
language (Koelsch et al., 2013).

Previous research on hierarchical syntactic structures has been
mainly focused on cognitive processing of such structures. Some of
the main findings in the auditory modality include the precedence of
global processing over local processing—changes in global pitch
patterns (e.g., an overall rising pitch contour across a melody) being
detected faster than local pitch patterns (e.g., a linear falling pattern
within a shorter group of notes) (Sanders and Poeppel, 2007; List et al.,
2007)-and the association between specific listener features, such as
musical expertise and autism spectrum disorder, and enhanced local
processing (Ouimet et al, 2012; Susini et al, 2020; Mottron
et al., 2000).

In terms of the relationship between hierarchical syntactic
structures and emotional experience, research is very limited. A few
studies investigated the relationship in the visual modality and have
suggested a bidirectional relationship between global processing and
stronger happiness (Ji et al., 2019; Gasper and Clore, 2002). However,
to the best of our knowledge, there are currently no studies that have
investigated this relationship in the auditory modality. Moreover, there
is no research on how bodily sensations affect emotions induced by
hierarchical syntactic structures.
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To address this gap, the current study investigated how the
hierarchical syntactic structure of auditory stimuli influences
emotional experience in conjunction with listener features and bodily
sensations. To this end, we conducted an experiment where
we created sound sequences that systematically varied in the
complexity of the hierarchical structure and examined the subjective
emotional and bodily response to those sequences. We hypothesized
that variations in structural complexity will elicit distinct emotional
responses in individuals with specific sensory processing patterns.
Moreover, we predicted that bodily sensations would amplify those
emotional responses, based on previous findings that bodily
enhanced (Coutinho and

sensations emotion prediction

Cangelosi, 2011).

2 Materials and methods
2.1 Participants

715 Japanese adults (female = 357, male = 356, other = 2; mean
age = 35.61 years, SD = 8.88) participated in the study. None of the
participants had any hearing disorders or neurological disorders
(based on self-report). All participants were recruited through an
online survey company, Cross Marketing Inc. (2024), and were
compensated for participation at a fixed rate determined by the
company. The study was carried out in accordance with the
Declaration of Helsinki and received approval from the Ethics
Committee of The University of Tokyo (Approval No.
UT-IST-RE-230601). Participants provided informed consent before
starting the experiment, which they then completed online using a
personal computer.

2.2 Stimuli

For auditory stimuli with varying structural complexity,
we prepared sound sequences with pitch movement that followed
varying global and local syntactic patterns. The created stimuli are

10.3389/fpsyg.2025.1599430

publicly available in the Auditory_stimuli folder at https://osf.io/
tpqnj/files/osfstorage.

2.2.1Sounds

To form sound sequences, we first created eight sounds. Each
sound was a Shepard tone (Shepard, 1964), evenly spaced across one
octave. The frequencies of the eight sounds were:

i

440%28 Hz (i=0,...,7)

All sounds had a duration of 400 ms, a constant loudness, and a
sampling frequency of 44,100 Hz.

2.2.2 Sound sequences

Using the created sounds, we formed sound sequences with pitch
movements following varying global and local syntactic patterns.
We adopted a stimuli design used in previous work, which provides
an auditory parallel to Navon’s widely used visual local-global stimuli
(Navon, 1977). The Navon figure is a visual stimulus in which a large,
global shape (e.g., the letter “H”) is constructed from many smaller,
local elements (e.g., the letter “S”). The design is used in various global
and local auditory processing studies (Justus and List, 2005; List et al.,
2007; Sanders and Poeppel, 2007; Ouimet et al., 2012; Bouvet
etal., 2011).

Each sound sequence consisted of two sets of four quadruplets. A
quadruplet consisted of four sounds that follow a local syntactic
pattern. Four quadruplets were concatenated to follow a global
syntactic pattern. The four-quadruplet sequence was repeated twice.
A 200-ms interval was placed between all sounds in the sequence to
make the sounds seem more independent of each other, and hence the
local and global syntactic patterns less apparent. The total duration of
a sound sequence was 19 s. Figure | depicts an example of a created
sound sequence.

The local syntactic patterns followed three types of pitch
movements that differed in complexity: static (unchanged), linear, and
zigzag (Figure 2A). The static pattern was assigned a Complexity Level
of L0, the linear pattern a Complexity Level of L1, and the zigzag

Frequency

Global syntactic pattern

Local syntactic
pattern

Li200ms

0400 22002400  4,6004,800 7,000 7,200

FIGURE 1

tones. The total duration of a sound sequence was 19 s.

9,400 9,600

Example of sound sequence created for the auditory stimuli. The black boxes depict single tones in the sound sequence. Sound sequences consisted
of two sets of four quadruplets. A quadruplet consisted of four single tones concatenated to follow a local syntactic pattern. Four quadruplets were
concatenated to follow a global syntactic pattern. Each single tone had a duration of 400 ms and a 200-ms interval was placed between all single

19,000
Time (ms)
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FIGURE 2

Sound sequences with systematically varied Local and Global Complexity. (A) Sound sequences were created by combining three levels of Local and
Global Complexity in pitch movement (unchanged, linear, zigzag) with two variations in pitch direction (ascending, descending). (B) As a result, a total
of 26 sound sequence patterns across nine distinct complexity categories were produced.

pattern a Complexity Level of L2. Within the L1 and L2 patterns
(linear and zigzag movement), ascending and descending variations
were created. Similarly, global syntactic patterns followed the same
three types of pitch movements: static (G0), linear (G1), and zigzag
(G2). The same ascending/descending variations were created for the
G1 and G2 patterns (Figure 2A).

Combining the local and global syntactic patterns, nine types of
sound sequences patterns were produced: L0xG0, L0xG1, L0xG2,
L1xGO, L1xG1, L1xG2, L2xG0, L2xG1, L2xG2. Ascending/descending
variations resulted in two versions each for LOxG1, L0xG2, L1xGO,
and L2xGO patterns, and four versions each for L1xG1, L1xG2, L2xGl1,
and L2xG2 patterns. For the LOxGO pattern, two variations using
sounds with different pitches were created in order to reduce a
preference for a specific sound. As a result, a total of 26 sound
sequences patterns were created. A table of created sound sequence
patterns is depicted in Figure 2B.

To minimize the possibility that differences in emotional
experience across sequences were driven by pitch content rather than
complexity level, the sounds used to construct each sound sequence
pattern were selected so that sequences began with a range of different
pitches as much as possible—avoiding repeated use of a single starting
pitch—while still ensuring that the intended syntactic structure was
preserved using the available eight sounds.

2.3 Measures

2.3.1 Experienced emotion

Emotions experienced by listening to the sound sequences were
quantified with the two-dimensional model of valence and arousal
proposed by Russell (1980). Valence and arousal are widely recognized
as fundamental dimensions of emotions and have been shown to
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account for the majority of observed variance in the emotional
labeling of several types of experimental stimuli, including linguistic,
pictorial, and musical (Gomez and Danuser, 2007; Coutinho and
Cangelosi, 2011). Valence and arousal were each rated on a 9-point
Likert scale, with valence ranging from 1 (felt negative emotion/
unpleasantness) to 9 (felt positive emotion/pleasantness), and arousal
from 1 (emotion was not felt at all) to 9 (emotion was felt
very strongly).

2.3.2 Bodily sensations

Bodily sensations felt by listening to the sound sequences were
measured by using an adaptation of the bodily map of emotion
proposed by Nummenmaa et al. (2014). Participants were presented
with a body image divided into 33 sections and were asked to select at
least one section where they felt bodily sensation while they listened
to the presented sound sequence (or where they would feel a bodily
sensation if they continued to listen to) (Figure 3A).

2.3.3 Listener features

As listener features, we obtained the participants’ sensory profile,
autistic traits, intolerance of uncertainty, age, and gender.

The sensory profile was assessed using the Japanese version of the
Adolescent-Adult Sensory Profile (AASP) (Brown et al., 2001). The
AASP is a 60-item questionnaire designed to evaluate sensory
processing across six sensory domains: taste/smell, movement, visual,
touch, activity level, and hearing. It provides scores for four sensory
processing patterns, each representing a combination of neurological
threshold and behavioral response to sensory input: Low Registration
(high threshold x passive behavior), Sensation Seeking (high threshold
X counteractive behavior), Sensory Sensitivity (low threshold x passive
behavior), and Sensation Avoiding (low threshold x counteractive
behavior). Each sensory processing pattern score ranges from 15 to
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(U] Head

(A) (B)

FIGURE 3

Bodily map and grouping of body sections. (A) Participants clicked
on the body sections where they felt (or expected to feel) bodily
sensations while listening to the presented sound sequences. (B) The
body sections were grouped into broader body areas (Head, Upper
Torso, Middle Torso, Lower Torso) which are suggested to

be associated with emotional response to auditory stimuli.

75, with higher scores indicating a stronger tendency toward the
corresponding sensory processing pattern. It is worth noting that the
four sensory processing patterns are independent but not mutually
exclusive of each other, i.e., individuals can exhibit the characteristics
of multiple sensory processing patterns, although some patterns may
seem contradictory (e.g., Sensory Sensitivity and Low Registration)
(Ranford et al., 2020). We chose to use this measure because it captures
both typical and atypical sensory processing patterns, accounting for
listener characteristics such as age, but without focusing exclusively
on any specific atypical condition or disorder to explain sensory
processing patterns (Dean et al., 2022).

Autistic traits were assessed using the Japanese short form of the
Autism Spectrum Quotient (AQ-J-10). The AQ-J-10 is a 10-item self-
report questionnaire derived from Baron-Cohen et al's (2006) AQ
questionnaire. It was developed by Kurita et al. (2005) for screening
patients with high-functioning pervasive developmental disorder, now
classified under autism spectrum disorder (American Psychiatric
Association, 2013). The AQ-J-10 score ranges from 0 to 10, with
higher scores indicating stronger autistic traits. Autistic traits have
been associated with differences in how individuals process
hierarchical information, particularly in how local and global levels
are weighted and flexibly integrated. For example, Mottron et al.
(2000) found that individuals with ASD showed enhanced local
processing of musical features while maintaining intact global
processing, suggesting a local bias rather than a global deficit.
Similarly, Sapey-Triomphe et al. (2023) found that while higher-level
(i.e., more global) predictions were intact in individuals with ASD,
they were encoded more rigidly and with reduced adaptability
to change.

Intolerance of uncertainty was assessed with the Japanese version
of the Short Intolerance of Uncertainty Scale (SIUS), a 12-item
questionnaire developed by Takebayashi et al. (2012) based on
previous English versions (Carleton et al., 2007; Freeston et al., 1994).
The SIUS score ranges from 12 to 60, with a higher score indicating
greater intolerance of uncertainty. Uncertainty has been associated
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with the processing of hierarchical information. Previous findings
suggest that learning hierarchical structures in music can reduce
predictive uncertainty, particularly in relatively simple, low-entropy
contexts (Hansen and Pearce, 2014). Under high uncertainty, the brain
incorporates both local adjustment cues and global statistical
regularities to form and update predictions (Kluger et al., 2020). The
association of uncertainty with ASD has also been highlighted in
findings showing that intolerance of uncertainty is significantly higher
in children with ASD than in neurotypical peers and is positively
correlated with core autism traits such as repetitive behaviors, social
communication deficits, and emotion dysregulation (Vasa et al., 2018).
Additionally, individuals with ASD have been found to show less
flexible adjustment to prediction errors when processing expected and
unexpected uncertainty, particularly under volatile conditions (Sapey-
Triomphe et al., 2023).

2.3.4 Other measures

In addition to the primary measures listed above, supplementary
data were collected to assess participants’ emotional experiences and
listener characteristics. However, these measures were not included in
the present analyses for the reasons outlined below.

As supplementary indices of emotional experience, participants
provided: (1) valence and arousal ratings for each single tone, assessed
using the same 9-point Likert scales as those used for the sound
sequences; (2) subjective ratings of the noisiness and complexity of
each sound sequence, each assessed on a 4-point Likert scale; and (3)
self-reported emotional categories associated with each sound
sequence, selected from a list of 18 options (e.g., “happy; “sad”), with
up to three categories permitted per trial.

As an additional listener feature, participants reported their
musical experience, quantified as the number of years spent receiving
musical education or performing music outside the school curriculum.
A brief description of the content of their musical experience was
also obtained.

The collected emotion ratings for the single tones and the
subjective ratings of noisiness, complexity, and emotion categories for
the sound sequences were not included in the present analyses as they
fall outside the scope of this study. Musical experience was also not
included in the analyses due to the small number of participants with
musical experience compared to those without.

The complete raw dataset, including these additional data, is
publicly available in the Raw_data folder at https://osf.io/tpqnj/files/

osfstorage.

2.4 Procedures

The experimental paradigm was created using the Gorilla
Experiment Builder (Anwyl-Irvine et al., 2020), an online behavioral
experiment builder. Participants accessed the experimental website
using their personal computers from a location of their choice, were
briefed on the details of the experiment in writing on the screen,
consented to participation, completed screening questions, and
started the experiment. The participants first completed the
questionnaire on their listener features as mentioned above. Then they
moved on to the stimuli rating task, where they were presented with
the 8 single sounds and subsequently asked to provide their emotional
response to each tone. Next, the 26 sound sequences were presented
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and participants were subsequently asked to provide their emotional
and bodily response to each sound sequence. The single sounds and
sound sequences were presented in randomized order for
each participant.

2.5 Statistical analyses

Statistical analyses were conducted using Jamovi Version 2.3
(Sahin and Aybek, 2019; The Jamovi Project, 2024). Participants with
missing responses were omitted prior to the analyses.

For each participant, the valence and arousal ratings were
averaged across sound sequences with the same Local and Global
Complexity Levels, producing nine averaged values for each rating
(valence and arousal ratings for sound sequences with Complexity
Level of LOxGO, L0xG1, L0xG2, L1xGO0, L1xG1, L1xG2, L2xGO,
L2xGl1, L2xG2).

We assessed the normality of valence and arousal ratings using the
Shapiro-Wilk test, skewness and kurtosis values, as well as visual
inspection of histograms and Q-Q plots. Based on these results,
we decided whether to use either a parametric or non-parametric
repeated-measures analysis of variance (ANOVA) to evaluate the
effects of various factors on the valence and arousal ratings, respectively.

First, repeated-measures ANOVAs were conducted to examine
the effects of structure features, listener features, and bodily sensations
on valence ratings. In all ANOVAs, the dependent variable was the
valence score, with two within-subject factors and two between-
subject factors. The within-subject factors were: (1) the Local
Complexity Level (L0, L1, L2) of the sound sequences, and (2) the
Global Complexity Level (GO, G1, G2) of the sound sequences. The
between-subject factors varied across ANOVAs and consisted of (1)
the score of one AASP sensory processing pattern and (2) the presence
or absence of bodily sensation in a specific body area. The specific
AASP sensory processing patterns and bodily sensation areas used in
the analysis are shown in Table 1. The thresholds for dividing
participants into high and low groups for each sensory processing
pattern were set to ensure an equal split, with half of the participants
in each group. The bodily sensation factors correspond to the
following body areas: (1) Head, (2) Upper Torso, (3) Middle Torso,
and (4) Lower Torso, as illustrated in Figure 3B. Participants who
reported a bodily sensation in a specific body area for at least one
sound sequence were classified into the group with bodily sensation
in that body area. For example, a participant who reported a bodily
sensation in the Head area for three sound sequences was categorized
as a member of the with bodily sensation in the Head group. These four
body areas were selected based on prior research suggesting
connections between these areas and emotional responses (Daikoku
et al., 2024; Nummenmaa et al., 2014; Putkinen et al., 2024).

TABLE 1 Between-subject factors in ANOVA.

Score of AASP sensory
processing pattern

Presence of bodily
sensation in body area

Low registration (high vs. low) Head (with vs. without)

Sensation seeking (high vs. low) Upper torso (with vs. without)

Sensory sensitivity (high vs. low) Middle torso (with vs. without)

Sensation avoiding (high vs. low) Lower torso (with vs. without)
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Secondly, repeated-measures ANOVAs were conducted to
evaluate the effects of structure features, listener features, and bodily
sensations on arousal ratings. The dependent variables were arousal
ratings. The within- and between-subject factors were the same as
those used in the ANOVAs for valence ratings.

For all ANOVAs, the significance level was set at 5%. We used
post-hoc contrasts to follow up statistically significant interactions
(and/or main effects with more than 2 levels), The p-values of post-hoc
tests were adjusted based on the false discovery rate. Effect sizes were
estimated using partial eta squared(s,*).

In addition, we conducted independent samples t-tests to examine
the differences in AQ and SIUS scores in high and low score groups
of each AASP sensory processing patterns. The significance level for
the t-tests were set at 5%.

3 Results

A total of 579 participants (female = 283, male = 294, other = 2;
mean age = 35.88 years, SD = 8.86) were included in the statistical
analysis after excluding those with missing responses. The complete
raw dataset for participants with complete responses, along with all
analysis results, is publicly available at https://osf.io/tpqnj/.

3.1 ANOVA results

We first examined the distribution of the valence and arousal
ratings. The Shapiro-Wilk test showed significant deviations from
normality (p < 0.001). However, given the large sample size (> 500)
and a W statistic close to 1, these deviations were not considered
problematic. Additionally, skewness and kurtosis fell within the
acceptable range for normality (between —2 and +2) (George and
Mallery, 2010). Considering these factors along with visual inspection
of histograms and Q-Q plots, we assumed that the data could
be sufficiently approximated by a normal distribution (histograms and
Q-Q plots can be found in the Analysis_results folder at https://osf.io/
tpqnj/files/osfstorage). Based on this assumption, we conducted the
parametric repeated-measures ANOVA on the dataset.

3.1.1 Valence

The significant effects identified across all ANOVA models are
summarized in Supplementary Table 3. Full statistical descriptors for
each effect in the table are available in the files located at Analysis_
results/ ANOVA/Valence in the OSF repository: https://osf.io/tpqnj/
files/osfstorage. In this subsection, we focus mainly on the ANOVA
that included Sensory Sensitivity score and Upper Torso area (with vs.
without Upper Torso sensation) as between-subject factors, as this
yielded the
interpretable effects.

The ANOVA model with Sensory Sensitivity score and Upper

model greatest number of significant and

Torso area as between-subject factors revealed a series of significant
effects, beginning with a main effect of Local Complexity Level that
was significant with F(2, 1150) = 5.04 (p =0.007, #,” = 0.009).
Post-hoc tests revealed that valence ratings of sound sequences with
Local Complexity Level of L1 (medium) were significantly higher
than those of L0 (low) and L2 (high) (LO: p = 0.035, L2: p = 0.003)
(Supplementary Figure 1). The main effect of Local Complexity
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Level was significant in all other models as well (i.e., in all
combinations of sensory processing pattern scores and bodily
sensation areas used as between-subject factors), and the L1 valence
was also significantly higher than L2 valence in all models
(p < 0.04).

The main effect of Global Complexity Level was also significant
with F(2,1150) = 72.40 (p < 0.001, ,> = 0.112). Post-hoc tests revealed
that the valence ratings of sound sequences with Global Complexity
Level of GO (low) were lower than those of both G1 (medium) and G2
(high) (p < 0.002) (Supplementary Figure 2). The main effect of Global
Complexity Level was significant in all other models as well, and
valence ratings of GO sequences were also lower than those of both G1
and G2 in all models (p < 0.002).

The within-subject interaction of Local Complexity Level and
Global Complexity Level was significant with F(4,2300) = 57.01
(p <0.001,,,” =0.090) (Figure 4). Post-hoc tests revealed that, among
sound sequences with Global Complexity Level of GO (low), the
valence ratings were lowest for sequences with Local Complexity Level
of L0 (low). Among sound sequences with Global Complexity Level
of G1 (medium), the valence ratings were the lowest for sequences
with Local Complexity Level of L2 (high). Among sound sequences
with Global Complexity Level of G2 (high), the valence ratings were
the highest for sequences with Local Complexity Level of LO (low).
Additionally, the L0xGO sound sequences (lowest local and global
complexity) received the lowest overall valence ratings. The within-
subject interaction of Local Complexity Level and Global Complexity
Level was significant in all other models as well, and the post-hoc test
results were also significant in all models.

The significant main effects for both Sensory Sensitivity score
[F(1,575) = 4.56, p=0.033, 1,”=0.008] and Upper Torso area
[F(1,575) =11.27, p < 0.001, 71PZ =0.019]. However, the interaction
between Sensory Sensitivity score and Upper Torso area was
insignificant (p = 0.852).

10.3389/fpsyg.2025.1599430

The Local Complexity Level x Global Complexity Level x Sensory
Sensitivity score x Upper Torso area interaction was significant
[F(4,2300) = 2.48, p=0.042, n,”=0.004]. Post-hoc comparisons
revealed that valence ratings were higher in the low Sensory Sensitivity
score group than in the high Sensory Sensitivity score group, and
higher in participants who reported Upper Torso bodily sensations
compared to those who did not. Among participants with high
Sensory Sensitivity scores, those who experienced Upper Torso
sensations showed significantly higher valence ratings for sequences
with higher combinations of Local and Global Complexity Levels
(L1xGl, p = 0.014; L1xG2, p = 0.028; L2xG2, p = 0.010) compared to
those who did not experience Upper Torso sensation (Figure 5A).
Furthermore, the decline in valence ratings for G2 sequences as Local
Complexity Level increased was significantly smaller in participants
with Upper Torso sensations than in those without. Specifically,
among participants without Upper Torso sensation, the mean valence
difference between L0xG2 and L1xG2 sequences was 0.28 (p = 0.011),
and between LOxG2 and L2xG2 sequences was 0.39 (p = 0.011). In
contrast, among participants with Upper Torso sensations, no
significant differences in valence were observed between L0xG2 and
L1xG2 sequences (p=0.208) or LOxG2 and L2xG2 sequences
(p=0.142). Conversely, among participants with low Sensory
Sensitivity scores, those who experienced Upper Torso sensations
showed significantly higher valence ratings for sequences with lower
Local and higher Global Complexity Levels (L0xG1, p = 0.031; L0xG2,
p =0.015) compared to those who did not experience Upper Torso
sensation (Figure 5B). Furthermore, the decline in valence ratings of
G1 and G2 sequences as Local Complexity Level increased was
significantly larger in participants with Upper Torso sensation
compared to those without. Specifically, in participants with Upper
Torso sensations, the mean valence difference between L0OxG1 and
L2xG1 sequences was 0.34 (p =0.015), and between L0xG2 and
L2xG2 sequences was 0.47 (p = 0.011). In contrast, among participants
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without Upper Torso sensations, the mean valence difference between
L0xG1 and L2xGl sequences was 0.19 (p =0.037), and between
L0xG2 and L2xG2 sequences was 0.21 (p = 0.015).

Similarly, ANOVA with Sensory Sensitivity score and Middle
Torso area as between-subject factors revealed significant main effects
for both Sensory Sensitivity score [F(1,575)=5.73, p=0.017,
7, =0.01] and Middle Torso area [F(1,575)=7.11, p=0.008,
n,> = 0.012], and a non-significant Sensory Sensitivity x Middle Torso
interaction (p =0.652). The Local Complexity Level x Global
Complexity Level x Sensory Sensitivity score x Middle Torso area
interaction was also significant [F(4,2300) =2.42, p=0.047,
1,> = 0.004]. Post-hoc comparisons revealed that valence ratings were
higher in the low Sensory Sensitivity score group compared to the
high Sensory Sensitivity score group. Post-hoc comparisons also
revealed that valence ratings were higher in participants with Middle
Torso bodily sensation compared to participants without. Among
participants with high Sensory Sensitivity scores, those who
experienced sensations in the Middle Torso showed higher valence
scores than those who did not, although the difference was not
statistically significant.

Other significant effects and interactions observed were as follows:
ANOVA with Sensation Avoiding score and Head area as between-
subject factors revealed significant main effects for Sensation Avoiding
scores [F(1,575) = 5.64, p=0.018, #,°=0.01] and Head area
[F(1,575) = 4.19, p = 0.041, ;11,2 =0.007], with low Sensation Avoiding
scores and presence of Head sensations yielding higher valence scores.
ANOVA with Sensation Avoiding score and Middle Torso area as
between-subject factors revealed significant main effects for Sensation
Avoiding score [F(1,575) = 6.41, p = 0.012, 5,” = 0.011] and Middle
Torso area [F(1,575) = 7.01, p = 0.008, npz =0.012], with low Sensation
Avoiding scores and presence of Middle Torso sensations yielding
higher valence scores. ANOVA with Sensation Seeking scores and
Upper Torso area as between-subject factors revealed significant main
effects for Sensation Seeking score [F(1,575)=6.83, p=0.009,
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7, =0.012] and Upper Torso area [F(1,575)=8.26, p=0.004,
n,> = 0.014], with high Sensation Seeking scores and presence of
Upper Torso sensations yielding higher valence scores. The sensory
processing pattern x bodily sensation area interactions were
insignificant in all above combinations.

3.1.2 Arousal

The significant effects identified across all ANOVA models are
summarized in Supplementary Table 4. Full statistical descriptors for
each effect in the table are available in the files located at Analysis_
results/ ANOVA/Arousal in the OSF repository: https://osf.io/tpgnj/
files/osfstorage. In this subsection, we focus mainly on results obtained
from the ANOVA that included Sensation Seeking score and Upper
Torso area as between-subject factors, as this model yielded the
greatest number of significant and interpretable effects.

The ANOVA model with Sensation Seeking score and Upper
Torso area as between-subject factors revealed significant main effects
of Local Complexity Level [F(2,1150) = 17.36, p < 0.001, #7,> = 0.029].
Post-hoc tests revealed that arousal was highest for L0 sound
(p =0.002)
(Supplementary Figure 3). The main effect of Global Complexity Level
was also significant [F(2,1150) = 31.55, p < 0.001, 771,2 =0.052], with
post-hoc tests revealing that arousal was highest for GO sound
Global (p =0.002)
(Supplementary Figure 4). The within-subject interaction of Local

sequences (lowest Local Complexity Level)

sequences  (lowest Complexity Level)
Complexity Level and Global Complexity Level was also significant
[F(2,1150) = 22.59, p < 0.001, 17,> = 0.038]. Post-hoc tests revealed that
L0xGO sound sequences (lowest Local and Global Complexity Levels)
elicited significantly higher arousal compared to sequences with other
Local x Global Complexity combinations, as shown in Figure 6
(p = 0.002). The main effects of Local Complexity Level and Global
Complexity Level, as well as their interaction, were significant in all
ANOVA models (i.e., all combinations of sensory processing pattern
scores and bodily sensation areas used as between-subject factors).
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Arousal ratings by local complexity level x global complexity level. The sound sequences with lowest Local and lowest Global Complexity (LOXGO)
elicited significantly higher arousal compared to sequences with other Lower x Global Complexity combinations.

Furthermore, the ANOVA with Sensation Seeking score and Upper
Torso area as between-subject factors revealed a significant Global
Complexity Level x Sensory Sensitivity score x Upper Torso area
interaction [F(2,1150) =7.91, p <0.001, #,>=0.014]. Post-hoc tests
revealed that, within the low Sensation Seeking group, participants who
experienced Upper Torso sensation exhibited a significantly greater
decrease in arousal ratings as Global Complexity Level increased,
compared to participants who did not experience Upper Torso sensations
(Figure 7). Specifically, among participants with Upper Torso sensations,
mean arousal ratings for G1 and G2 sequences were 0.36 and 0.46 lower
than that for GO sequences (p = 0.009). In contrast, among participants
without Upper Torso sensations, the corresponding differences were only
0.15 and 0.15 (p = 0.010). Consequently, the arousal ratings for G1 and
G2 sequences were significantly lower in participants with Upper Torso
sensations compared to those without (G1: p = 0.041, G2: p =0.01).
However, no such significant mean differences were found within the
high Sensation Seeking group.

In addition to the above, some notable results were observed in
other ANOVA models. A significant main effect of Sensation Avoiding
scores was found in all ANOVAs with the Sensation Avoiding score as
the between-subject factor. Regardless of the body area selected as the
between-subject factor, the main effect of Sensation Avoiding score was
significant, with the descriptively largest F-statistic found for the
Sensation Avoiding score and Middle Torso area combination
[F(1,575) = 6.12, p = 0.014, 57,> = 0.011]. Post-hoc comparisons showed
that arousal ratings were higher in the high Sensation Avoiding score
group compared to the low Sensation Avoiding score group.

Other notable results included the interactions of Global
Complexity Level x Sensation Seeking score x Middle Torso area,
Global Complexity Level x Sensory Sensitivity score x Middle Torso
area, and Global Complexity Level x Low Registration score x Middle
Torso, in which participants with low sensory processing pattern
scores who experienced bodily sensations consistently showed a
greater decrease in arousal scores as Global Complexity Level
increased from GO to either G1 or G2.
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3.2 T-test results

Welch’s independent t-tests were conducted due to significant
results of Levene’s test for equality of variances for some AQ and SIUS
scores. Participants with high Sensory Sensitivity scores had
significantly higher AQ scores (M = 4.63, SD = 2.31) than those with
low Sensory Sensitivity scores (M = 3.15, SD = 1.84), t (566) = 8.52,
P <0.001, Cohen’s d = 0.71. Similarly, participants with high Sensory
Sensitivity scores had significantly higher STUS scores (M = 36.99,
SD = 7.45) than those with low Sensory Sensitivity scores (M = 31.47,
SD =7.35), t (574) = 8.97, p < 0.001, Cohen’s d = 0.75.

A similar pattern was observed when participants were grouped
by Sensation Avoiding and Low Registration scores, with both
showing significant differences (p < 0.001). However, no significant
differences were found between AQ or SIUS scores for participants
with high versus low Sensation Seeking scores (AQ: p = 0.45, SIUS:
p =0.93). These results are depicted in Supplementary Figures 5-8.

4 Discussion

The current study aimed to elucidate how emotional experiences
are influenced by the global and local syntactic structure of auditory
sequences in corroboration with listeners’ sensory processing
patterns and auditory-induced bodily sensations. Participants were
presented with sound sequences which had various levels of local
and global complexity in their syntactic patterns. Emotions induced
by the sound sequences were quantified by valence and
arousal ratings.

Experimental results showed that emotional experience induced
by a sound sequence is influenced by its hierarchical structure. Valence
was higher for high Local x low Global Complexity and low Local x
high Global Complexity structures. This result indicates that listeners
preferred sound sequences with hierarchical structures that are in the
Goldilocks zone, in other words, “not too simple, not too complex.”
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Meanwhile, arousal was highest for lowest Local x lowest Global
Complexity structure, which received the lowest valence rating across
all structures. Sound sequences of this structure were a repetition of
same sound, sounding like the beeping of an alarm. This result
suggests that such sequences were highly alarming but unpleasant to
the listeners.

Results showed that listener’s sensory processing patterns
influence emotional experience. Participants with higher Sensory
Sensitivity and Sensation Avoiding scores reported lower valence
across all sound sequences compared to those with lower scores.
Moreover, participants with higher Sensation Avoiding scores
reported higher arousal. Given that both Sensory Sensitivity and
Sensation Avoiding are sensory processing patterns classified as “low
neurological threshold” patterns in the AASP framework—patterns in
which individuals report heightened awareness of even low-intensity
stimuli—these results suggest that individuals with such heightened
awareness are more likely to experience negative feelings when
exposed to auditory stimuli, and that these feelings are more strongly
activated in those who exhibit a tendency to avoid sensory stimuli. On
the other hand, participants with higher Sensation Seeking scores
reported higher valence compared to those with lower scores. This
suggests that participants who crave sensory stimulation tend to feel
more pleasure when they are exposed to auditory stimuli.

Further results showed that bodily sensation, especially in the
Upper Torso area, also has influence on emotional experience. In
terms of valence, within participants with high Sensory Sensitivity,
those who experienced Upper Torso sensation felt (1) higher valence
in sound sequences with higher Local and higher Global Complexity
and (2) significantly decreased valence difference between low Local x
high Global and high Local x high Global Complexity sequences,

Frontiers in Psychology

whereas those who did not experience Upper Torso sensation felt (1)
higher valence in sound sequences with lower Local and higher Global
Complexity and (2) significantly increased valence difference between
low Local x high Global and high Local x high Global Complexity
sequences. In terms of arousal, within the low Sensation Seeking
group, participants who experienced Upper Torso sensation exhibited
a significantly greater decrease in arousal as the sound sequences’
Global Complexity Level increased. These results indicate that an
interplay of the sound sequence’s hierarchical structure (Local and
Global), listener’s sensory processing pattern (Sensory Sensitivity and
Sensation Seeking), and presence of Upper Torso sensation leads to
different outcomes in emotional experience (valence or arousal). The
results also suggest that the Upper Torso area may be a key body area
in auditory-induced emotional experience.

The results also suggest that the AASP sensory processing patterns
overlap with autistic traits and intolerance of uncertainty, both of which
have been linked to hierarchical structures, as mentioned earlier.
Furthermore, the results indicate that the AASP sensory processing
patterns capture Sensation Seeking traits, which were not reflected in
the AQ scores but are known to be frequently observed in individuals
with ASD (MacLennan et al., 2022). Therefore, the AASP sensory
processing patterns can be considered to adequately capture listener
features that are closely related to hierarchical syntactic structures.

The current study supports the previously proposed studies which
suggest that emotional experiences are triggered by a combination of
factors, including stimulus features and listener characteristics (Scherer
and Zentner, 2001; Juslin and Vastfjdll, 2008). The current study
extends such studies by elucidating how hierarchical syntactic structure
(global and local syntactic patterns) influence emotional experience.
Specifically, we showed that a “not too simple, not too complex”
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structure is most preferred, as indicated by higher valence ratings. This
is in accordance with the widely accepted inverted-U shape relationship
between pleasure and stimulus complexity (Berlyne, 1971). The
inverted-U shape relationship in audition was found in studies such as
the one by Cheung et al. (2019), whose findings indicated that chords
with low uncertainty and high surprise or with high uncertainty and
low surprise were most pleasurable. Reber et al. (2004) explained the
inverted-U preference through processing fluency, proposing that ease
of processing leads to positive affect. They suggested that structures
initially perceived as complex but ultimately easy to process evoke
particularly strong pleasure. Applying this concept, our findings can
be interpreted as follows: In high Local Complexity x low Global
Complexity structures, high Local Complexity creates an impression
of difficulty, while low Global Complexity facilitates actual processing.
Conversely, in low Local Complexity x high Global Complexity
structures, low Local Complexity makes the structure simpler, but high
Global Complexity introduces processing difficulty.

The current study also adds to the previous auditory-emotion
studies by clarifying listener features that have stronger relationships
with auditory-induced emotions. Specifically, our study suggests that
high Sensory Sensitivity reduces positive emotions towards auditory
stimuli, which is in line with studies which indicate that individuals
with high sensory sensitivity tend to be overwhelmed by
environmental stimuli (Harrold et al., 2024).

Further, our study supports previously proposed connections
between bodily sensation and auditory-induced emotion (James, 1884;
Scherer and Zentner, 2001). Our study confirms the importance of the
Upper Torso area, which covers the heart region. Moreover, and most
significantly, our study suggests that the link between bodily sensation
and emotional experience depends on a complex interplay with the
audio’s hierarchical structure and listener’s sensory processing pattern.
Specifically, our findings showed that the presence of Upper Torso
sensation alters valence, but the effect differs by the Local and Global
complexity of the audio structure and how strong the listener’s Sensory
Sensitivity or Sensation Seeking trait is. Previous studies have
demonstrated the influence of bodily sensations on emotion, particularly
sensation in body parts included in the Upper Torso area, but their
findings vary depending on other factors of emotion induction. For
instance, Daikolu et al. (2024) found that heart-related sensations
induced by an interplay of musical uncertainty and prediction error in
musical chords were positively correlated with positive valence, whereas
Putkinen et al. (2024) demonstrated the close link between chest areas
and negative emotions with the auditory stimuli’s acoustic features
coming into play. Taken together, these findings highlight that bodily
sensations alone are not deterministic; instead, their emotional impact is
shaped by a complex interplay with the auditory stimuli’s structure
feature and listener feature. This underscores the need for an integrative
approach in understanding the role of bodily sensations in emotion.

Although our study suggests a connection between the Upper
Torso body area and auditory-induced emotions, the causal
relationship remains unclear. Beyond the reported bodily sensations,
it is not clear whether physiological responses in the reported areas
were present while listening to the sounds. This could be addressed in
future experiments where we record both subjective emotion ratings
and physiological bodily changes induced by auditory sequences.

While we did observe various significant effects, one concern
could be the multiple ANOVAs conducted in the analysis. This
analytical approach was chosen based on the nature of our variables
and research aims. Specifically, (1) the AASP sensory processing

Frontiers in Psychology

11

10.3389/fpsyg.2025.1599430

patterns are independent but not mutually exclusive—individuals who
score high in one pattern (e.g., Sensory Sensitivity) may also score
high in another (e.g., Low Registration); (2) bodily sensations reported
across different areas are likewise not mutually exclusive—participants
often reported sensations in more than one region (e.g., Head and
Upper Torso); and (3) our primary interest was in examining the
interaction between each sensory processing pattern and each bodily
region, rather than exploring interactions among multiple patterns or
regions simultaneously. To maintain interpretability and avoid
conflating overlapping effects, we conducted separate ANOVAs for
each combination. While the current study may be considered
exploratory, these analyses provide initial insights that can inform
more focused, hypothesis-driven investigations in future research.

Another concern could be that the effect sizes of the factors tested
in the ANOVA of our current study were relatively small. This may
be due to the influence of other well-established acoustic features,
such as pitch and loudness, which are already known to significantly
affect emotions but were not included in the current study. To
accurately judge the impact of our current factors, one would need to
analyze and compare the effect sizes of our current factors and such
well-established factors together. Conducting a study that
systematically incorporates factors identified as relevant in previous
separate studies should be included in future works to provide a more
comprehensive analysis of each factor’s individual impact.

Our study was one of the first to explore the association between
hierarchical structure and emotion in audition. While we were able to
show how the global and local syntactic patterns are related to
emotional experience, higher-level structures created by incorporating
patterns, such as the nesting of ascending/descending pitch movement
at certain locations of the sound sequence, are yet to be explored. Such
higher-level hierarchical structures are suggested to evoke tension and
relaxation (Jackendoff and Lerdahl, 2006). Investigating emotional
changes due to such higher-order hierarchical structures are expected
to reveal further important findings.

In conclusion, the present study demonstrated that a complex
interplay of audio structure feature, listener feature, and bodily
sensations influence emotional experience induced by auditory
stimuli. Findings provide empirical support for theories claiming
multifactor triggers of auditory-induced emotion and connection
between bodily sensation and emotion. Potential directions of future
research include measuring physiological signals to investigate the
causal relationship between bodily sensation and emotion and
integrating all previously identified modulators into one study to
comprehensively investigate the relevant emotion triggers.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.
Complete raw dataset and analysis results for this study can be found
at https://osf.io/tpqnj/.

Ethics statement

The studies involving humans were approved by Ethics
Committee of The University of Tokyo (Approval No.

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1599430
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://osf.io/tpqnj/

Minatoya et al.

UT-IST-RE-230601). The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to participate
in this study.

Author contributions

MM: Software, Project administration, Methodology, Formal
analysis, Data curation, Investigation, Writing - review & editing,
draft. TD:
Conceptualization, Methodology, Funding acquisition, Writing -

Conceptualization, ~ Writing -  original
review & editing, Supervision. YK: Supervision, Writing - review

& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported
by JSPS-KAKENHI (24K22302, 24H01539, and 24H00898).

Acknowledgments

The authors wish to thank Hanna Ringer on her valuable advice
on writing the manuscript.

References

American Psychiatric Association (2013). Diagnostic and statistical manual of mental
disorders. 5th Edn. Washington, DC, U.S.A.: American Psychiatric Publishing.

Anwyl-Irvine, A. L., Massonnié, J., Flitton, A., Kirkham, N., and Evershed, J. K. (2020).
Gorilla in our midst: an online behavioral experiment builder. Behav. Res. Methods 52,
388-407. doi: 10.3758/s13428-019-01237-x

Asano, R., and Boeckx, C. (2015). Syntax in language and music: what is the right level
of comparison? Front. Psychol. 6:942. doi: 10.3389/fpsyg.2015.00942

Baron-Cohen, S., Hoekstra, R. A., Knickmeyer, R., and Wheelwright, S. (2006). The
autism-spectrum quotient (AQ)—adolescent version. J. Autism Dev. Disord. 36,
343-350. doi: 10.1007/s10803-006-0073-6

Berlyne, D. E. (1971). Aesthetics and psychobiology. New York: Appleton-Century-Crofts.

Bouvet, L., Rousset, S., Valdois, S., and Donnadieu, S. (2011). Global precedence effect
in audition and vision: evidence for similar cognitive styles across modalities. Acta
Psychol. 138, 329-335. doi: 10.1016/j.actpsy.2011.08.004

Brown, C., Tollefson, N., Dunn, W., Cromwell, R., and Filion, D. (2001). The adult
sensory profile: measuring patterns of sensory processing. Am. J. Occup. Ther. 55, 75-82.
doi: 10.5014/ajot.55.1.75

Carleton, R. N, Norton, M. P. J., and Asmundson, G. J. (2007). Fearing the unknown:
a short version of the intolerance of uncertainty scale. J. Anxiety Disord. 21, 105-117.
doi: 10.1016/j.janxdis.2006.03.014

Chang, M. C,, Parham, L. D,, Blanche, E. L, Schell, A., Chou, C. P, Dawson, M., et al.
(2012). Autonomic and behavioral responses of children with autism to auditory stimuli.
Am. J. Occup. Ther. 66, 567-576. doi: 10.5014/aj0t.2012.004242

Cheung, V. K., Harrison, P. M., Meyer, L., Pearce, M. T., Haynes, J. D., and Koelsch, S.
(2019). Uncertainty and surprise jointly predict musical pleasure and amygdala,
hippocampus, and auditory cortex activity. Curr. Biol. 29, 4084-4092. doi:
10.1016/j.cub.2019.09.067

Coutinho, E., and Cangelosi, A. (2011). Musical emotions: predicting second-by-
second subjective feelings of emotion from low-level psychoacoustic features and
physiological measurements. Emotion 11, 921-937. doi: 10.1037/a0024700

Cross Marketing Inc. (2024) Cross marketing official site. Available online at: https://
www.crossm.co.jp/ (Accessed: 29 December 2024).

Daikoku, T., Tanaka, M., and Yamawaki, S. (2024). Bodily maps of uncertainty and
surprise in musical chord progression and the underlying emotional response. iScience
27:109498. doi: 10.1016/j.i5¢i.2024.109498

Frontiers in Psychology

10.3389/fpsyg.2025.1599430

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/
full#supplementary-material

Dean, E. E,, Little, L., Tomchek, S., Wallisch, A., and Dunn, W. (2022). Prevalence
models to support participation: sensory patterns as a feature of all children’s humanity.
Front. Psychol. 13:875972. doi: 10.3389/fpsyg.2022.875972

Dibben, N. (2004). The role of peripheral feedback in emotional experience with
music. Music. Percept. 22, 79-115. doi: 10.1525/mp.2004.22.1.79

Ferniandez-Andrés, M. 1., Pastor-Cerezuela, G., Sanz-Cervera, P, and
Tarraga-Minguez, R. (2015). A comparative study of sensory processing in children with
and without autism spectrum disorder in the home and classroom environments. Res.
Dev. Disabil. 38, 202-212. doi: 10.1016/j.ridd.2014.12.034

Freeston, M. H., Rhéaume, ., Letarte, H., Dugas, M. J., and Ladouceur, R. (1994).
Why do people worry? Personal. Individ. Differ. 17, 791-802. doi: 10.1016/0191-
8869(94)90048-5

Gasper, K., and Clore, G. L. (2002). Attending to the big picture: mood and global
versus local processing of visual information. Psychol. Sci. 13, 34-40. doi:
10.1111/1467-9280.00406

George, D., and Mallery, M. (2010). SPSS for windows step by step: A simple guide
and reference, 17.0 update. 10th Edn. Boston, MA, U.S.A.: Pearson.

Gerstgrasser, S., Vigl, ]., and Zentner, M. (2023). The role of listener features in musical
emotion induction: the contributions of musical expertise, personality dispositions, and
mood state. Psychol. Aesthet. Creat. Arts 17:211. doi: 10.1037/aca0000468

Gomez, P, and Danuser, B. (2007). Relationships between musical structure and
psychophysiological measures of emotion. Emotion 7:377. doi: 10.1037/1528-
3542.7.2.377

Hansen, N. C., and Pearce, M. T. (2014). Predictive uncertainty in auditory sequence
processing. Front. Psychol. 5:1052. doi: 10.3389/fpsyg.2014.01052

Harrold, A., Keating, K., Larkin, E, and Setti, A. (2024). The association between
sensory processing and stress in the adult population: a systematic review. Appl. Psychol.
Health Well Being 16, 2536-2566. doi: 10.1111/aphw.12554

Jackendoff, R., and Lerdahl, E. (2006). The capacity for music: what is it, and what’s
special about it? Cognition 100, 33-72. doi: 10.1016/j.cognition.2005.11.005

James, W. (1884). What is an emotion? Mind 9, 188-205. doi: 10.1093/mind/os-
1X.34.188

Jaquet, L., Danuser, B., and Gomez, P. (2014). Music and felt emotions: how systematic
pitch level variations affect the experience of pleasantness and arousal. Psychol. Music
42, 51-70. doi: 10.1177/0305735612456583

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1599430
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1599430/full#supplementary-material
https://doi.org/10.3758/s13428-019-01237-x
https://doi.org/10.3389/fpsyg.2015.00942
https://doi.org/10.1007/s10803-006-0073-6
https://doi.org/10.1016/j.actpsy.2011.08.004
https://doi.org/10.5014/ajot.55.1.75
https://doi.org/10.1016/j.janxdis.2006.03.014
https://doi.org/10.5014/ajot.2012.004242
https://doi.org/10.1016/j.cub.2019.09.067
https://doi.org/10.1037/a0024700
https://www.crossm.co.jp/
https://www.crossm.co.jp/
https://doi.org/10.1016/j.isci.2024.109498
https://doi.org/10.3389/fpsyg.2022.875972
https://doi.org/10.1525/mp.2004.22.1.79
https://doi.org/10.1016/j.ridd.2014.12.034
https://doi.org/10.1016/0191-8869(94)90048-5
https://doi.org/10.1016/0191-8869(94)90048-5
https://doi.org/10.1111/1467-9280.00406
https://doi.org/10.1037/aca0000468
https://doi.org/10.1037/1528-3542.7.2.377
https://doi.org/10.1037/1528-3542.7.2.377
https://doi.org/10.3389/fpsyg.2014.01052
https://doi.org/10.1111/aphw.12554
https://doi.org/10.1016/j.cognition.2005.11.005
https://doi.org/10.1093/mind/os-IX.34.188
https://doi.org/10.1093/mind/os-IX.34.188
https://doi.org/10.1177/0305735612456583

Minatoya et al.

Ji, L. J., Yap, S., Best, M. W,, and McGeorge, K. (2019). Global processing makes people
happier than local processing. Front. Psychol. 10:670. doi: 10.3389/fpsyg.2019.00670

Juslin, P. N., and Vistfjall, D. (2008). Emotional responses to music: the need to
consider underlying mechanisms. Behav. Brain Sci. 31, 559-575. doi:
10.1017/S0140525X08005293

Justus, T., and List, A. (2005). Auditory attention to frequency and time: an analogy
to visual local-global stimuli. Cognition 98, 31-51. doi: 10.1016/j.cognition.2004.11.001

Kluger, D. S., Broers, N., Roehe, M. A,, Wurm, M. E, Busch, N. A,, and Schubotz, R. I.
(2020). Exploitation of local and global information in predictive processing. PLoS One
15:€0231021. doi: 10.1371/journal.pone.0231021

Koelsch, S., Rohrmeier, M., Torrecuso, R., and Jentschke, S. (2013). Processing of
hierarchical syntactic structure in music. Proc. Natl. Acad. Sci. 110, 15443-15448. doi:
10.1073/pnas.1300272110

Kreutz, G., Ott, U, Teichmann, D., Osawa, P,, and Vaitl, D. (2008). Using music to
induce emotions: influences of musical preference and absorption. Psychol. Music 36,
101-126. doi: 10.1177/0305735607082623

Kurita, H., Koyama, T., and Osada, H. (2005). Autism-spectrum quotient-Japanese version
and its short forms for screening normally intelligent persons with pervasive developmental
disorders. Psychiatry Clin. Neurosci. 59, 490-496. doi: 10.1111/j.1440-1819.2005.01403.x

Liljestrom, S., Juslin, P. N., and Vistfjall, D. (2013). Experimental evidence of the roles
of music choice, social context, and listener personality in emotional reactions to music.
Psychol. Music 41, 579-599. doi: 10.1177/0305735612440615

List, A,, Justus, T., Robertson, L. C., and Bentin, S. (2007). A mismatch negativity study of
local-global auditory processing. Brain Res. 1153, 122-133. doi: 10.1016/j.brainres.2007.03.040

MacLennan, K., O'Brien, S., and Tavassoli, T. (2022). In our own words: the complex
sensory experiences of autistic adults. . Autism Dev. Disord. 52, 3061-3075. doi:
10.1007/s10803-021-05186-3

Mottron, L., Peretz, 1., and Menard, E. (2000). Local and global processing of music
in high-functioning persons with autism: beyond central coherence? J. Child Psychol.
Psychiatry 41, 1057-1065. doi: 10.1111/1469-7610.00693

Navon, D. (1977). Forest before trees: the precedence of global features in visual
perception. Cogn. Psychol. 9, 353-383. doi: 10.1016/0010-0285(77)90012-3

Nummenmaa, L., Glerean, E., Hari, R., and Hietanen, J. K. (2014). Bodily maps of
emotions. Proc. Natl. Acad. Sci. 111, 646-651. doi: 10.1073/pnas.1321664111

Ouimet, T., Foster, N. E., and Hyde, K. L. (2012). Auditory global-local processing:
effects of attention and musical experience. J. Acoust. Soc. Am. 132, 2536-2544. doi:
10.1121/1.4747009

Passarello, N., Tarantino, V., Chirico, A., Menghini, D., Costanzo, E, Sorrentino, P.,
et al. (2022). Sensory processing disorders in children and adolescents: taking stock of
assessment and novel therapeutic tools. Brain Sci. 12:1478. doi: 10.3390/brainsci12111478

Frontiers in Psychology

13

10.3389/fpsyg.2025.1599430

Putkinen, V., Zhou, X., Gan, X., Yang, L., Becker, B., Sams, M., et al. (2024). Bodily
maps of musical sensations across cultures. Proc. Natl. Acad. Sci. 121:¢2308859121. doi:
10.1073/pnas.2308859121

Ranford, J., MacLean, J., Alluri, P. R., Comeau, O., Godena, E., LaFrance, W. C. Jr.,
et al. (2020). Sensory processing difficulties in functional neurological disorder: a
possible  predisposing  vulnerability?  Psychosomatics 61, 343-352.  doi:
10.1016/j.psym.2020.02.003

Rawlings, D., and Leow, S. H. (2008). Investigating the role of psychoticism and
sensation seeking in predicting emotional reactions to music. Psychol. Music 36,
269-287. doi: 10.1177/0305735607086042

Reber, R., Schwarz, N., and Winkielman, P. (2004). Processing fluency and aesthetic
pleasure: is beauty in the perceiver's processing experience? Personal. Soc. Psychol. Rev.
8, 364-382. doi: 10.1207/s15327957pspr0804_3

Russell, J. A. (1980). A circumplex model of affect. J. Pers. Soc. Psychol. 39:1161. doi:
10.1037/h0077714

Sahin, M., and Aybek, E. (2019). Jamovi: an easy to use statistical software for the
social scientists. Int. J. Assess. Tools Educ. 6, 670-692. doi: 10.21449/ijate.661803

Sakka, L. S., and Juslin, P. N. (2018). Emotional reactions to music in depressed
individuals. Psychol. Music 46, 862-880. doi: 10.1177/0305735617730425

Sanders, L. D., and Poeppel, D. (2007). Local and global auditory processing:
behavioral and ERP evidence. Neuropsychologia 45, 1172-1186. doi:
10.1016/j.neuropsychologia.2006.10.010

Sapey-Triomphe, L. A., Pattyn, L., Weilnhammer, V., Sterzer, P, and Wagemans, J.
(2023). Neural correlates of hierarchical predictive processes in autistic adults. Nat.
Commun. 14:3640. doi: 10.1038/s41467-023-38580-9

Scherer, K. R., and Zentner, M. R. (2001). Emotional effects of music: Production
rules. Music Emot. Theory Res. 2001, 361-392. doi: 10.1093/050/9780192631886.003.0016

Shepard, R. N. (1964). Attention and the metric structure of the stimulus space. J.
Math. Psychol. 1, 54-87. doi: 10.1016/0022-2496(64)90017-3

Susini, P, Jiaouan, S. J., Brunet, E., Houix, O., and Ponsot, E. (2020). Auditory local-
global temporal processing: evidence for perceptual reorganization with musical
expertise. Sci. Rep. 10:16390. doi: 10.1038/541598-020-72423-7

Takebayashi, Y., Sasagawa, T., and Sugiura, Y. (2012). Development of the Japanese
version of the short intolerance of uncertainty scale [in Japanese]. Jpn. J. Cogn. Ther. 5,
179-187.

The Jamovi Project (2024) Jamovi (version 2.3) [computer software]. Available online
at: https://www.jamovi.org/ (Accessed May 1, 2024).

Vasa, R. A., Kreiser, N. L., Keefer, A., Singh, V., and Mostofsky, S. H. (2018).
Relationships between autism spectrum disorder and intolerance of uncertainty. Autism
Res. 11, 636-644. doi: 10.1002/aur.1916

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1599430
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.3389/fpsyg.2019.00670
https://doi.org/10.1017/S0140525X08005293
https://doi.org/10.1016/j.cognition.2004.11.001
https://doi.org/10.1371/journal.pone.0231021
https://doi.org/10.1073/pnas.1300272110
https://doi.org/10.1177/0305735607082623
https://doi.org/10.1111/j.1440-1819.2005.01403.x
https://doi.org/10.1177/0305735612440615
https://doi.org/10.1016/j.brainres.2007.03.040
https://doi.org/10.1007/s10803-021-05186-3
https://doi.org/10.1111/1469-7610.00693
https://doi.org/10.1016/0010-0285(77)90012-3
https://doi.org/10.1073/pnas.1321664111
https://doi.org/10.1121/1.4747009
https://doi.org/10.3390/brainsci12111478
https://doi.org/10.1073/pnas.2308859121
https://doi.org/10.1016/j.psym.2020.02.003
https://doi.org/10.1177/0305735607086042
https://doi.org/10.1207/s15327957pspr0804_3
https://doi.org/10.1037/h0077714
https://doi.org/10.21449/ijate.661803
https://doi.org/10.1177/0305735617730425
https://doi.org/10.1016/j.neuropsychologia.2006.10.010
https://doi.org/10.1038/s41467-023-38580-9
https://doi.org/10.1093/oso/9780192631886.003.0016
https://doi.org/10.1016/0022-2496(64)90017-3
https://doi.org/10.1038/s41598-020-72423-7
https://www.jamovi.org/
https://doi.org/10.1002/aur.1916

	Emotional responses to auditory hierarchical structures is shaped by bodily sensations and listeners’ sensory traits
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Stimuli
	2.2.1 Sounds
	2.2.2 Sound sequences
	2.3 Measures
	2.3.1 Experienced emotion
	2.3.2 Bodily sensations
	2.3.3 Listener features
	2.3.4 Other measures
	2.4 Procedures
	2.5 Statistical analyses

	3 Results
	3.1 ANOVA results
	3.1.1 Valence
	3.1.2 Arousal
	3.2 T-test results

	4 Discussion

	References

