Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

Sound perception of children aged 2-6 years with autism
spectrum disorder

Jiayu Guo?, Jian Kang®", Hui Ma*"
aSchool of Architecture, Tianjin University, 92 Weijin Road, Tianjin, China

*Institute of Environmental Design and Engineering, The Bartlett, University College
London, London, United Kingdom

Received: 4 May 2023; Accepted 28: August 2023
Available online: 14 September 2023
Highlights

® Loudness, musicality, complexity, spectrum component, and familiarity perceived by
ASD children.

e ASD children’ sound perception process includes selective listening, cognition and
anticipation.

¢ The sound preference of ASD children was associated with their auditory profile.
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Abstract

According to prior research, children with autism spectrum disorder (ASD) process
auditory signals differently from typically developing (TD) children. However, their
sound perception still needs to be clarified. In this study, an in-depth interview with
teachers was carried out to investigate the sound perception dimensions and process of
ASD children aged 2-6 years when they were listening to sounds in their daily lives. An
experiment was then conducted to explore the sound preference of the ASD and TD
children. The following results were obtained: 1) The interview showed that the sound
perception dimensions of ASD children included loudness, musicality, complexity,
spectrum component, and familiarity. 2) The sound perception process of ASD children
included selective listening, cognition, and anticipation. 3) The sound preference of ASD
children was associated with their auditory profile rather than psychoacoustic parameters

such as tonality, sharpness, and roughness which differed from the situation of TD
children. !

1 Introduction
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Environmental sounds have been considered a ‘resource’ rather than ‘waste’ in recent
years [1]. A high-quality acoustic environment may positively affect human well-being
and quality of life [2]. People’s sound preferences and how they perceive sounds have
lately received great attention [3]. Kidd and Watson used semantic segmentation to
investigate the relationship between acoustic properties and audience judgments of sound
quality [4]. Subjective evaluation experiments have been used to investigate the structure
of personal evaluations of environmental sound [5]. Dellve et al. employed grounded
theory to establish preschoolers’ relationships with sound through interviews with 36
children [6]. Interviews, subjective evaluations, and behavioral observations are widely
used to study the sound perceptions of adults and children.

About 1 in 36 children has been identified with autism spectrum disorder (ASD),
according to the Centers for Disease Control and Prevention (CDC) [7]. ASD is a
neurodevelopmental disorder with two core symptoms: difficulties in social
communication and interaction, as well as showing restricted and repetitive behavior,
interests, or activities [8]. A substantial body of research has supported that atypical
sensory processing is common to ASD children [9,10], especially in auditory processing
[11]. Several investigations have confirmed the atypical auditory processing of ASD [12—
15]. Atypical auditory processing of ASD leads to increased difficulty in extracting
useful information and communicating effectively in real-life scenarios [16]. Moreover, it
leads to many discomforts when processing auditory information, including increasing
their attention burden [17], making their brains more prone to fatigue [18], and inducing
negative emotions such as anxiety [19]. In a survey of 138 questionnaires, acoustic stress
was found to be the primary source of stress for individuals with ASD compared to other
factors [20,21]. Due to the atypical auditory processing of ASD, their acoustic
environment-deserves more attention.

Behavioral, neuroimaging, neurophysiological, and pathological research has revealed
that hearing disorders in the ASD population include atypical sound sensitivity, poor
sound localization, and difficulty listening to noise [22,23]. As a result of these hearing
disorders, reducing acoustic environmental risk factors has become an important area of
research. However, most recommendations have been limited to loudness and
reverberation time [24—31], which are insufficient to meet the needs of individuals with
ASD regarding indoor sound fields [32]. Conversely, several studies have focused on
optimizing acoustic environments for this population [33]. Studies have found that
listening to music, either passively or actively, is useful for the ASD population to reduce
atypical behaviors associated with auditory [34,35]. A systematic review of the literature
identified that increasing the signal-to-noise ratio would help improve the behaviors of
ASD, including increased executive power, improved speech recognition, and reduced
auditory load [36]. Although previous studies have explored the relationship between
ASD’s auditory and acoustic environment, it remains unclear how they perceive sound,
what they perceive when they hear a sound, and what sounds they prefer. An
investigation of sound perception and preferences of the ASD population seems
necessary for creating a high-quality acoustic environment for ASD.

Therefore, the sound perception of ASD children aged 2—6 years is a great concern. The
research questions in this study were as follows:
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1) What are the sound perception dimensions of ASD children when they listen to sounds?
2) what are the sound perception process of ASD children when they listen to sounds? 3)
Whether the sound preferences of ASD children are consistent with those of typically
developing children.

2 Methodology

The present study comprises two steps: the in-depth interview with teachers (Study I) and
the listening experiment for children (Study II). In Study I, the sound perception
dimensions and sound perception process of ASD children when they are listening to
sound in their daily lives were obtained. Based on the results of Study I, Study II was
designed and carried out. In Study II, the children’s listening experiment was conducted
with the ASD children (the ASD group) and the typically developing children (the TD
group). The sound preferences of the ASD and TD children were obtained by the
listening experiment.

2.1 Participants

2.1.1. Teachers for ASD children participate in Study I

Due to the lack of structural- and core-language competence, ASD children struggle to
express themselves [37]. ASD children were thus not interviewed directly in this study.
Teachers and parents can provide crucial informants in comprehending the emotions and
behaviors of young children with ASD. Nevertheless, parenting stress, inconsistent
standards from multiple informants, and variations in performance across different
settings have resulted in discrepancies between teachers’ and parents’ assessments of
these children’s emotional and behavioral functioning [38]. Some studies indicate that
teachers are more familiar with age-appropriate behaviors, rendering them more tolerant
towards certain behavioral issues than parents [39,40]. Other research has identified large
class sizes as a key factor associated with lower levels of parent-teacher agreement [41].
In this study, interviewees were needed to be professional and continuous observation
experience of ASD children’s emotions and behaviors. Teachers with higher education
and qualifications are more suitable than parents as interviewees. In addition, interviewed
teachers must have professional qualifications and over two years of work experience.

Fifteen teachers from several rehabilitation institutions were recruited for the in-depth
interview. The teacher’s basic information, such as age, gender, educational background,
the entire period of actual operation, and professional qualifications, was collected.

2.1.2. Children participate in Study II

Thirty-one ASD children were recruited from a rehabilitation institution as the ASD
group. All the participants were diagnosed with ASD by Grade A Tertiary Children’s
Hospitals. The diagnosis was in accord with the Child Autism Rating Scale or the
Diagnostic and Statistical Manual of Mental Disorders. In total, 22 (70.97%) boys and 9
(29.03%) girls were included. The ASD participants ranged from 2 to 6 years (mean age
=4.13 years, SD = 1.45). The auditory raw scores of the ASD participants were assessed
using the auditory processing part of the Short Sensory Profile(SSP) [42]. This score
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indicates that ASD children’s auditory profile differs from TD children [43]. Therefore,
in the present study, the auditory raw score was used to characterize the auditory profile
of ASD participants.

A total of 53 TD children were recruited from a kindergarten as the TD group. The TD
participants included 27 boys (50.94%) and 26 girls (49.06%). The TD participants
ranged from 2 to 6 years (mean age = 4.42 years, SD = 1.02).

Additional eligibility criteria for all participants included the absence of any history of
auditory abnormalities or medication with psychotropic substances.

2.2  Sound stimuli

A caregivers’ questionnaire survey determined the sound stimuli used in the experiment
for study II to ensure the sound stimuli were acceptable to the participants. A total of 43
caregivers of ASD children who participated in the survey were asked to fill out the
questionnaire based on the living environment of their ASD child. The caregivers judged
the sounds in the questionnaire as ‘common,’ “‘uncommon,’ or ‘indeterminate.’

The primary caregivers were recruited from a rehabilitation institution for ASD children.
There were no limitations on the gender and age of caregivers, but those who spent the
most time caring for the child were identified. As a result, most identified caregivers were
mothers, while others were grandmothers, fathers, and grandfathers.

A total of 25 sounds listed in the questionnaire were evaluated. A score of 1 was given
for ‘common,’ -1 for ‘uncommon,’ and 0 for ‘indeterminate’ in the questionnaire. Firstly,
the five lowest-scoring sounds were excluded. Second, the 20 sounds were subdivided
and supplemented to ensure the sound stimuli contained different sound classifications
[44]. Moreover, recognizable differences in sounds within the same sound classification
are required to ensure the richness of the sound stimuli. For example, the ‘Song” was
subdivided into ‘The lilting singing of children’ and ‘The soothing singing of children.’

The sound stimuli were recorded in familiar locations for the ASD children as described
by caregivers in Tianjin, China. A series of 15s sound stimuli were recorded using a Sony
PCM-D50 audio recorder. Four psychoacoustic parameters- fluctuation strength,
sharpness, roughness, and tonality- were calculated for each sound stimulus to identify
the acoustic characteristics of the sounds. The psychoacoustic parameters were calculated
by ArtemiS software (HEAD acoustics) as an average of over 15 seconds.

2.3 Procedure

2.3.1. The in-depth interview (Study I)

The interview aims to investigate the sound perception dimensions of ASD children and
their sound perception process. A semi-structured in-depth interview for teachers was
designed based on the narrative research approach, and an interview outline (Table 1)
was established before the interview. The interview recording would be collated into a
transcript and then coded.
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As shown in Table 1, the interview was mainly divided into three parts. First, The
teachers' basic information was collected, including age, gender, educational background,
and teaching experience. The teachers were asked to recall the teaching environment they
had worked in and identify the sounds that appeared in the environment. Questions about
the ASD students and environment were helpful for the teachers to recall the scene when
the child listened to the sound. Then, the teachers were asked to describe the scene when
a child listened to a sound in detail. Finally, the teachers were asked to express their
opinions on the sound perception and preferences of ASD children.

Table 1.

Interview outline for the teachers in-depth interview.

Category Question

Basic Age, gender, educational background, the entire period of actual
information operation, professional qualifications

about the The number of children currently in charge, the number of children
teachers once in charge

The sounds heard in the teaching environment

The objective Please describe the scene when the ASD child listens to a sound,
situation including the characteristics of the sound, the child’s actions,
observed by the  expressions, and reactions to the sound.

interviewees

The subjective Based on your observations, do you think there are commonalities or

opinions of the  regularities in sound perception among ASD children?

nterviewees Regarding the content of this interview, do you have anything to
explain or add?

It should be noted that the outline suggested was only used as a guide, and more detailed
questions were asked during the interview. The interviewer made detailed inquiries to
help the teachers describe the scene when the child listened to the sound more accurately.
Interviews and coding were conducted concurrently, with coding performed after every
two to three interviews. The interview outline was continuously expanded based on the
coding results. After interviewing 12 participants, it became evident that the agreed-upon
coding results could explain most of the interview data. Furthermore, new interviewees
began repeating content similar to previous participants, indicating that theoretical
saturation had been reached in the interview. Additional interviews were then conducted,
as suggested by Bowen [45] to confirm saturation; however, no new labels or categories
emerged during coding, leading to the termination of further interviews [46,47]. The
survey was conducted from October 2020 to March 2021. Each interview lasted 30—60
minutes. The complete interview recordings were eventually compiled into a 12,000-
word text.

2.3.2. The listening experiment (Study II)
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The listening experiment aims to compare the sound preference of ASD and TD children.
In the listening experiment, 22 sound stimuli were played, and children were asked
whether they liked the sound.

The listening experiment was conducted in the rehabilitation space used in daily
educational activities. The ambient temperature was 22-26°C, and the humidity was 30—
50%. The background noise level in the rehabilitation space was less than 45 dB(A).

The experimenters of the ASD group were their teachers to ensure that the ASD group’s
state was consistent with their daily lives. In addition, the teachers observed the ASD
group throughout the experiment to ensure they were free from any discomfort. The
experimenter of the TD group was one of the researchers. Before the experiment of the
TD group, the researcher was introduced to the TD group, and there was enough time for
the TD group to become familiar with the researcher.

A tiny Bluetooth speaker box was selected as the playback device in the experiment. The
speaker box was compact and lightweight, and was commonly used by participants daily.
The speaker box was calibrated before the listening experiment. According to the
measurement of 12 occupied classrooms, the range of SPL observed was from 53.6 dB(A)
to 69.6 dB(A), with a median value of 64.1 dB(A). Previous research suggests that the
typical SPL threshold for ASD children falls between 55 dB(A) and 65 dB(A) [48-51].
Therefore, a SPL of 60 dB(A) was chosen for the experimental stimulus. When the player
was positioned at the center of the desktop, it produced a sound pressure level of
approximately 60 dB(A) at the participants’ head position. To avoid burdening the
participants, the listening experiment was designed to mimic participants’ daily music-
listening scenario. Two communication cards were prepared for the participants who had
language deficits. One of the cards represented ‘like,” and the other represented ‘dislike.’
A pre-experiment was conducted to confirm that all participants could understand the
experiment completely and finish the experiment smoothly.

In the formal experiment, each stimulus was played for 15 seconds, and the participants

were subsequently asked to use cards or words to indicate whether they liked or disliked
the sound. The completion time was adjusted according to each participant’s individual

needs. The sound stimuli were played randomly.

Ethical clearance to conduct the Study I and II were obtained from the School of
Architecture, Tianjin University. The teachers voluntarily signed the informed consent
form, agreeing to participate in the recorded interview. The guardians of the participants
voluntarily signed the informed consent form and agreed to participate in the experiment.
All participants were informed of their confidentiality rights, anonymity, and the right to
withdraw from the study at any time. All aspects of the research conformed to the tenets
of the Declaration of Helsinki.
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Figure 1. Photo of a rehabilitation space with participant performing the experiment.

2.4 Data analysis

2.4.1. The in-depth interview (Study I)

The Grounded Theory (GT) approach allows for considerable data and in-depth insights
using systematic data collection and analysis procedures [52]. Although a sociological
method, GT has been employed to explore people’s understanding of the acoustic
environment [53,54]. Therefore, GT was used to perform Study I.

A multistep analysis technique [55] was employed. The qualitative analysis software
encoded the transcript of the interview. The steps were as follows:

In the open coding, the transcript was broken down into labels. Conceptualized data were
then developed by comparing similarities between the labels. Specifically, descriptors for
sounds and behaviors were encoded as individual labels. Similar labels were then
grouped into the same conceptualized data. For example, the labels ‘very loud’ and
‘loudly’ were grouped into the ‘loud.” Moreover, the labels ‘looked to the rehabilitator,’
‘pointed to others with hands,” and ‘said what he had heard’ were grouped into
‘interacting with others.’

In the axial coding, associations between conceptualizing data were identified to
rationalize the classification of the categories. Specifically, associations were made for
categories based on the meaning they represented. For example, the conceptualizing data
‘loud,” ‘noisy,” ‘intense,” ‘high volume,’ and ‘low volume’ were categorized as
‘loudness.’
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In the selective coding, core categories were identified. Categories with the same
attributes were grouped into the same core category. Specifically, ‘loudness,’
‘musicality,” ‘complexity,” ‘spectrum component,” and ‘familiarity’ are different sound
dimensions perceived by ASD children. Therefore these five categories were classified as
‘sound perception dimensions.’

Table 2 presents excerpts from the open, axial, and selective coding processes that
involve memos, labeling, and conceptualizing data, categories, and core categories. In
Table 3, the three labels ‘loud,” ‘loudly,” and ‘louder’ were used as examples to illustrate
how they were encoded.

Table 2. the excerpts of the coding process.

Memos

Labeling

Conceptualizing
Data

Categories Core categories

("Please describe
the scene when the
child listen to the
sound, including
the kind of sound,
the child’s actions,
expressions, and
reaction to the
sound.")

"He loves the
sound of the
ambulance siren
and every time an
ambulance passes
on the road
downstairs he
would say: it’s the
ambulance. Then
he would run to
the window to look
for this car."
"When he hears
music that he likes,
he dances. The
music he likes has
a very strong
rhythm."

"He doesn’t like
sudden noises that
appear out of
nowhere, interrupt
what he is doing
and can make him
unhappy. Common

al Play music very
loudly

a2 He doesn't like
loud sounds

al5 When many
children play
noisily together, he
will cover his ears
al6 He loved the
hat with ear-pads,
especially
especially in noisy
places

a64 He can hum
along to the
melody of the
music

a65 She likes
soothing melodies

a219 Only sounds
that interest him
attract his attention
a220 He was
interested in cars,
so he cared about
the sound of cars

a259 He would
look for the source
of the sound.

a275 He had been

aal loud (al-al4)
aa2 noisy (al5-
a20)

aa3 intense (a21-
a36)

aa4 high volume
(a37-a54)

aa5 low volume
(a55-63)

aa6 melody (a64-
al07)

aa7 cheerful
(al08-a123)

aa8 rhythmic
(al24-a149)

aa9 soothing
(a150-a172)

aal0 clamour
(al73-al77)

aall chaotica
(al178-a180)

aal2 complicated
(al81-al82)

aal3 pure (al83-
al84)

aal4 simple (al85-
al86)

aal5 cluttered
(al87)

aal6 composite
(al88)

aal7 sharp (al89-
al93)

aal 8 shrill (a194-

Aal loudness (aal-

225) Al Sound
Aa2 musicality p.ercept.lon
dimensions (Aal-
(aa6-aa9) Aa5)
Aa3 complexity A2 Sound
(aal0-aal6) perception process
Aa4 spectrum (Aa6-Aag)

component (aal7-
aa23)

Aa5 familiarity
(aa24-aa26)
Aab selective
listening (aa27-
aa28)

Aa7 cognition
(aa29-aa30)
Aa8 anticipation
(aa21-aa33)

sounds are al96)
acceptable to him, frightened by dogs, aal9 harsh (al197-
so he was al99)
such as the sounds
Applied Acoustics 8
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in the classroom
where he receives
therapy, and he
seems to be used
to them. But if a
sound comes up
that has never been
there before, it can
cause him to have
an emotional
breakdown."

"He loves music
that is played by a
single instrument,
but does not like
music that is
played by a
combination of
instruments. When
he hears the
former, he stares at
the player all the
time; when he
hears the latter, he
pushes it away and
even asks me to
turn it off."

frightened when he
heard barking

aa20 high
frequency (a200)
aa21 rough (a201)
aa22 raspy (a202)
aa23 muftled
(a203)

aa24 learned
(a204-a210)

aa25 common
(a211-a3215)
aa26 known (a216-
a218)

aa27 interest-
oriented (a219-
a241)

aa28 ignoring
uninterested
sounds (a242-
a258)

aa29 attention to
the sound source
(a259-a274)

aa30 attention to
the connotation
(a275-a284)

aa31 resisting the
unexpected (a285-
a295)

aa32 familiar
surrounding
increase tolerance
(a296-a300)

aa33 anticipate the
sound (a301-a303)

Table 3. An example of the coding process.

Labeling Conceptualizing Data

Categories Core categories

al Play music very aal loud (al-al4)

loudly aa2 noisy (al5-a20)
a2 He doesn't like loud  aa3 intense (a21-a36)
sounds aa4 high volume (a37-
ald .. a54)

a5 He wants me to play  aa5 low volume (a55-
the music louder 63)

a6 Child A does not like

child B because B often
cries loudly. Whenever
B cried, A would stay
away from him

Aal loudness (aal-aa5)
Aa2 musicality (aa6-
aa9)

Aa3 complexity (aalO-
aalo6)

Aa4 spectrum
component (aal7-aa23)
AaS5 familiarity (aa24-
aa26)

A1 Sound perception
dimensions (Aal-Aa5)

Applied Acoustics
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Notes: Notes: Notes: Notes:
The transcript was Similar labels were then  Associations were made  ‘loudness,” ‘musicality,’
broken down into labels. grouped into the same for categories based on ‘complexity,” ‘spectrum
conceptualized data. For  the meaning they component,” and
example, the labels represented. For ‘familiarity”’ are
‘loud’, ‘louder’ and example, the different sound
‘loudly’ were grouped conceptualizing data dimensions perceived by
into the ‘loud.’ ‘loud,’ ‘noisy,’ ASD children. Therefore

‘intense,” ‘high volume,” these five categories
and ‘low volume’ were ~ were classified as
categorized as ‘sound perception
‘loudness.’ dimensions.’

2.4.2. The listening experiment (Study II)

Statistical analysis was performed using SPSS 22.0. Participants’ preference for sound
stimulus was recorded as ‘1’ or ‘0°, with ‘1’ indicating a ‘like’ and ‘0’ indicating a
‘dislike.” For each sound and sound classification, a Pearson chi-square test was used to
compare the differences in sound preferences between the ASD and TD groups. In
addition, a nonparametric Spearman rank correlation matrix was created to investigate the
relationship between psychoacoustic parameters, the auditory profile of the ASD group,
and the sound preference of the ASD and TD groups.

3 Results

3.1 Sound perception dimensions (Study I)

Five sound perception dimensions of ASD children were identified from Study I.
According to teachers’ descriptive words, five sound perception dimensions were
identified: loudness (Aal), musicality(Aa2), complexity(Aa3), spectrum component(Aa4),
and familiarity(AaS). Dimensions was sorted by the number of labels each contains. As
shown in Figure 2, the first dimension with the highest number of labels was “loudness,”
consisting of loud, noisy, intense, high volume, and low volume (aal-5). Loudness
perception was most reported in ASD children. For example, they could detect faint
sounds that are hard for teachers to notice, and they could sense whether the music player
is at their preferred volume level. Moreover, their perception of loudness had different
orientations. Some children liked loud sounds and even closed their ears to the sound
source, while others resisted any sound beyond their acceptable range. “musicality”
dimension was explained by melody, cheerful, rhythmic, and soothing (aa6-9). ASD
children’s perception of musicality includes rhythm and melody. They perceived changes
in the rhythm and melody of sounds and music, and clapped and swayed to the rhythm
and melody. Similar to the loudness perception, the musicality perception of ASD
children also has different orientations. Some children prefer soothing rhythms and
melodious melodies, while others prefer cheerful and passionate ones. Clamour, chaotic,

complicated, pure, simple, cluttered, and composite (aal0-16) contributed to the “complexity”
dimension. Complexity is the third sound perception dimension of ASD children. ASD children had
the same orientation in their perception of complexity. They all dislike complex sounds, such as
sounds with multiple sound sources and chaotic sounds with many changes. In addition, sharp, shrill,
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harsh, high frequency, rough, raspy, and muffled (aal7-23) were placed within “spectrum
components.” ASD children also had different orientations in their perception of spectrum components.
Their attitudes towards the honking, alarm, and screaming varied from delighted to disgusted. As for
“familiarity,” learned, common, and known (aa24-26) became contributors. In addition to perceiving
the physical properties of sounds, children also perceived the familiarity of sounds. They had chosen
songs they listened to more often and paid more attention to familiar songs.

A1 Dimensions of sound perception

—> Aal Loudness aal Loud (al-al4)

aa2 Noisy (al5-a20)

> aa3 Intense (a21-a36)
aa4 High volume (a37-a54)
aa5 Low volume (a55-63)

—=> Aa2 Musicality aa6 Melody (a64-a107)

aa7 Cheerful (a108-al123)
aa8 Rhythmic (al24-a149)
aa9 Soothing (al50-a172)

| >

—> Aa3 Complexity aal0 Clamour (al73-al77)
aall Chaotica (al78-al180)

aal2 Complicated (al81-al182)

g aal3 Pure (al183-al84)

aal4 Simple (al185-a186)
aal5 Cluttered (al87)
aal6 Composite (al88)

—»  Aa4 Spectrum component aal7 Sharp (al189-a193)
aal8 Shrill (a194-a196)
aal9 Harsh (a197-a199)
> aa20 High frequency (a200)
aa21 Rough (a201)
aa22 Raspy (a202)
aa23 Muffled (a203)

—> Aa5 Familiarity aa24 Learned (a204-a210)
! »1  aa25 Common (a211-a3215)
aa26 Known (a216-a218)

Figure 2. The sound perception dimensions.

Therefore, among the five sound perception dimensions, children with ASD had different orientations
to loudness, musicality, and spectral component.
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281 3.2 Sound perception process (Study I)

A2 Sound perception process

—>| Aab Selective listening
—>| aa27 Interest-oriented (a219-a241) |
—>| aa28 Ignoring uninterested sounds (a242-a258) |
—>| Aa7 Cognition
—>| aa29 Attention to the sound source (a259-a274) |
—>| aa30 Attention to the connotation (a275-a284) |
—>| Aa8 Anticipation
—>| aa31 Resisting the unexpected (a285-a295) |
—PI aa32 Familiar surroundings increase tolerance (a296-a300) |
—>| aa33 Anticipate the sound (a301-a303) |
282
283  Figure 3. The sound perception process.
284
285 According to the teachers’ description, in addition to identifying which dimensions of
286 gound ASD children perceive, the sound perception process was also identified: selective
287 listening (Aab), cognition (Aa7), and anticipation (Aa8). As shown in Figure 3, the first
288 aspect with the highest number of labels was “selective listening (Aa6),” consisting of
289 interest-oriented (aa27) and ignoring uninterested sounds (aa28). Despite hearing all
290 sounds, they perceived only the sounds they were interested in and completely ignored
291 other sounds as if they did not hear. This result suggests that sound perception in ASD
292 Children is interest-oriented, with a greater frequency of attention towards preferred
293 sounds rather than resistance towards disliked sounds. Moreover, “cognition (Aa7)” was
294 explained by attention to the sound source (aa29) and attention to the connotation (aa30),
295 which means that when perceiving a sound, ASD children tried to understand and
296 recognize it. The cognitive involvement of sound perception in ASD children explains
297 the subjective dimension of ‘familiarity’ in sound perception. As for “anticipation,”
298 resisting the unexpected (aa3l), familiar surrounding increase tolerance (aa32), and
299 anticipating the sound (aa33) became contributors. ASD children would prefer
300 predictable environmental sounds (Aa8). They disliked sudden sounds and were more
301 gensitive to sounds in unfamiliar environments. Even more, ASD children were trying to
302 earn the patterns of sounds to be ready for the next sound. The anticipation is consistent
303 with the familiarity dimension of sound perception, which reflects the ASD children’s
304 insistence on environmental consistency, suggesting a desire to reduce auditory stimuli.
305
306
307
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3.3 Sound preference (Study II)
3.3.1. Sound preference of ASD children and TD children

The preference of ASD children for different sound stimuli ranged from 38.71% to
90.32%. The preference of TD children in different sound stimuli ranged from 43.4% to
94.34%. The sound preferences of the ASD and TD groups are shown in Figure 4. For
the ASD group, their most preferred sound was the lilting singing of children, with
90.32%. In comparison, the sound preference for the soothing singing of children was
less, at 70.97%, even though the two sound stimuli were the same sound classification.
The cat meow and the frogs croaking were the second most preferred sounds (80.65%).
The least preferred sound was the fountain sound, with only 38.71%.
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Figure 4. Sound preferences of the ASD and TD groups.
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Figure 5. Difference in sound preference percentage between the ASD and TD group.
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The difference in preference between the ASD and TD groups for the same sound is
shown in Figure 5. The largest difference was the sound of Trees rustling, which was
preferred by ASD children more than TD children. At the same time, ASD children
preferred both nature and most animal sounds more than TD children and were less
attracted to human-created sounds, even if the sounds were music. However, their

DOI: https://doi.org/10.1016/j.apacoust.2023.109623

preference for birdsong and knock on the door was opposite to other sounds in the same

classification.

Similarly, the chi-square test showed no significant differences in sound preferences

between the ASD and TD groups for most sounds except for the sounds of trees rustling
and birdsong, as shown in Table 3.

Table 4. Differences in sound preference between the ASD group and the TD group.

Sound classification Sound Asymp Sig. (2-sided) Asymp Sig. (2-sided)
Howling wind 0.914
Trees rustling 0.031
Nature 0.074
Raining 0.353
Stream sound 0.668
Barking 0.096
Birdsong 0.050
Animal 0.062
Cat meow 0.055
Frogs croaking 0.111
Car’s whistle 0.609
Traffic 0.775
Traffic noise 0914
Human voice 0.744
Children frolicking 0.991
Human activity 0.695
Knock on the door 0.194
Construction sound 0.835
Mechanical Air-conditioner thrummed 0.821 0.821
Piano sounds 0.387
Violin sounds 0.704
Musical instrument 0.142
Drum sounds 0.201
Clarinet sounds 0.616
The lilting singing of children 0.630
Song 0.583
The soothing singing of children ~ 0.283
Other Fountain sound 0.358 0.358
Applied Acoustics 14
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Items with the significant differences data (above 0.5) are indicated with a bold front

3.3.2. Correlation of preferred sounds with psychoacoustic parameters and auditory
profile

In addition, correlation analysis showed that sound preference in the TD group was
positively correlated with the sound’s fluctuation strength, tonality, and sharpness (Table
4). Meanwhile, sound preference in the ASD group was correlated with the auditory raw
scores of the ASD participants and the fluctuation strength of the sounds.

Table S. Correlation between the results of sound preference of the ASD and TD group and the
fluctuation strength, tonality, sharpness, roughness, and the auditory profile of ASD group.

ASD TD

r p r p
Fluctuation 0.099" 0.010 0.136™ 0.000
strength
Tonality -0.010 0.652 0.094™" 0.003
Sharpnes 0.017 0.797 0.086™ 0.002
Roughness -0.045 0.244 -0.029 0.316
Auditory raw -0.089° 0.020 - -
scores
**p<<0.01
*<0.05

4 Discussion

Sound perception in ASD children differs from that of typically developing children.
First, to typically developing children, frequency characteristics may be more noticeable
than changes in intensity [56,57]. However, the study I found that ASD children reported
the most loudness perception. Secondly, typically developing children's attention is more
strongly directed toward (and so more likely to report on) sound features that they
perceived as most unpleasant [S6]. However, as per the results of Study I, sound
perception in ASD children was interest-oriented, with a greater frequency of attention
towards preferred sounds rather than resistance towards disliked sounds. Finally, the
sound perception of ASD children is heterogeneous, which differs from those of typically
developing children. It was found in study I that although ASD individuals share the
same perception dimensions, they have different orientations in loudness, musicality, and
spectral component. In research on soundscape perception of preschool children with
typical development, these dimensions were labeled as peacefulness, which was
confirmed to be involved in predicting soundscape preference[58]. Thus, for typically
developing children, there is a consistent orientation toward loudness, musicality, and
spectral components of sound. It could be assumed that the sound perception of ASD
children differs from that of TD children, and the sound perception of ASD children is
heterogeneous.

The auditory profile is noteworthy in the study of sound perception in ASD children.
Study II found a significant correlation between the sound preferences of ASD children
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and their auditory profiles. Thus, the auditory profile may be an important factor
affecting sound preference. The results are still controversial regarding the perception and
attentional preferences of different sounds in children with ASD. Some authors pointed
out that ASD children have some fundamental differences from TD children's perception
and attentional preferences for different sounds[59,60]. However, other studies do not
support these findings [61]. Few previous studies have considered the heterogeneity of
children's auditory profile. This controversy could be attributed to differences in the
auditory profile of children with autism.

Sound perception in ASD children is consistent with the Restricted and Repetitive
Behaviors (RRBs). RRBs are part of the core criteria for ASD and include atypical
sensory behaviors such as hyper/hypo-reactivity to sensory input or unusual interests in
sensory aspects of the environment, and an insistence on sameness in the environment [8].
The selective perception of sound by ASD children expressed their unusual interest,

while the tendency towards familiarity and stability of their environment expressed their
insistence on sameness. Overall, the sound perception of ASD children was consistent
with their restricted and repetitive behaviors. Although the results are less conclusive and
need examination through more research, they may imply that more attention should be
given to the auditory needs and acoustic environment of children with autism.

The sound preference of ASD children is heterogeneous. The study II found that the
sound preference of ASD children had no significant correlation with tonality, sharpness,
and roughness. In psychoacoustics, tonality represents whether a sound is composed of
tonal components of a certain frequency or broadband noise, sharpness reflects the
harshness of a sound, and roughness is a psychoacoustic parameter that describes the
feeling of noise, rough and aggressive. Similarly, study I found different orientations of
loudness, musicality, and spectral components in the sound perception dimensions of
ASD children. The result of Study 1 suggests that ASD children have inconsistent
preferences for these perception dimensions. Moreover, loudness, musicality, and
spectral components were described similarly to the meanings of psychoacoustic
parameters such as tonality, sharpness, and roughness. Therefore, the result of Study I
that ASD children have different orientations for loudness, musicality, and spectral
component is consistent with the result of Study II that the sound preference of ASD
children had no significant correlation with tonality, sharpness, and roughness. The
results of sound perception dimensions and sound preference all showed that the sound
preference of ASD children is heterogeneous in multiple acoustic indicators. This result
provides evidence for the sub-type research on sound preference of ASD children.

This research result will hopefully serve as some information for improvements for the
study of perception and attentional preferences in children with ASD. The sensory profile
of ASD, including the auditory profile, has four patterns of seeking (seeker), avoiding
(avoider), sensitivity (sensor), and registration (bystander) [43]. Future research on the
sound perception of preschoolers with ASD could focus on categorizing subject groups to
contribute to ASD children's experience and well-being. Although this study found
heterogeneity in sound perception among children with autism, further investigation is
needed to explore differences among children with different types of ASD. Therefore, the
sample size should be further increased, and different sensory types should be grouped in
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subsequent studies to increase the pertinence of the research and the application value of
the research results. In addition, it is necessary to explore whether the results of this study
apply to other age groups with autism.

5 Conclusion

The present study included an in-depth interview with the teachers (Study I) and a
listening experiment for the ASD and TD children (Study II). Through these studies, the
sound perception dimensions and sound perception process of ASD children when they
perceive sound were clarified, and the differences in sound preferences between the ASD
and TD children were identified. The main findings were as follows:

1. The sound perception dimensions of ASD children included loudness, musicality,
complexity, spectrum component, and familiarity. Moreover, although ASD individuals
share the same perception dimensions, they have different orientations in loudness,
musicality, and spectral component dimensions.

2. The sound perception process of ASD children included selective listening, cognition,
and anticipation.

3. There were no significant differences in sound preferences between ASD children and
TD children in most sounds, except for the trees rustling and birdsong. However,
differently from TD children, the sound preference of ASD children was only associated
with their auditory profile and the fluctuation strength of sound.

While sound perception was established in this study regarding inclusive environments,
targeted investigations are needed to address the different needs of children with autism
to make design recommendations that can be applied to functionally specific built
environments.

CRediT authorship contribution statement

Jiayu Guo: Conceptualization, Methodology, Validation, Formal analysis, Investigation,
Data curation, Writing - original draft, Visualization. Jian Kang: Conceptualization,
Methodology, Validation, Writing - review & editing, Supervision. Hui Ma: Validation,
Resources, Writing - review & editing, Supervision, Project administration, Funding
acquisition.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Funding
This research was funded by the National Natural Science Foundation of China (grant
number 51978454).

Acknowledgments

Applied Acoustics 17
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

446
447
448
449
450
451
452
453
454

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

The authors are also grateful to the children for participating in this study, and sincere
thanks to Mengjun Wen and Jing Chen for their comments on the writing of the original
draft.

Conflicts of Interest

The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

Applied Acoustics 18
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

455

456
457
458

459
460
461

462
463
464

465
466

467
468
469

470
471
472

473
474
475
476
477
478
479
480

481
482

483
484
485

486
487
488

489
490

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Kang J, Aletta F, Gjestland TT, Brown LA, Botteldooren D, Schulte-Fortkamp B,
et al. Ten questions on the soundscapes of the built environment. Build Environ
2016;108:284-94. https://doi.org/10.1016/j.buildenv.2016.08.011.

Power M, Kuyken W. World Health Organization Quality of Life Assessment
(WHOQOL): Development and general psychometric properties. Soc Sci Med
1998;46:1569-85. https://doi.org/10.1016/S0277-9536(98)00009-4.

Lex Brown A. A review of progress in soundscapes and an approach to
soundscape planning. Int J Acoust Vib 2012;17:73-81.
https://doi.org/10.20855/1jav.2012.17.2302.

Kidd GR, Watson CS. The perceptual dimensionality of environmental sounds.
Noise Control Eng J 2003;51:216-31. https://doi.org/10.3397/1.2839717.

Kawai K, Kojima T, Hirate K, Yasuoka M. Personal evaluation structure of
environmental sounds: Experiments of subjective evaluation using subjects’ own
terms. J Sound Vib 2004;277:523-33. https://doi.org/10.1016/}.jsv.2004.03.013.

Dellve L, Samuelsson L, Waye KP. Preschool Children’s Experience and
Understanding of Their Soundscape. Qual Res Psychol 2013;10:1-13.
https://doi.org/10.1080/14780887.2011.586099.

Maenner MJ, Warren Z, Ashley Robinson Williams., Esther Amoakohene.,
Amanda V. Bakian., Deborah A. Bilder, MD4; Maureen S. Durkin, DrPH, PhDS5;
Robert T. Fitzgerald, PhD6; Sarah M. Furnier, MS5; Michelle M. Hughes, PhD1;
Christine M. Ladd-Acosta, PhD7; Dedria McArthur, MPH1; Elise T. Pas, PhD7;
Angelica Salinas, MS5; Alison Vehorn MSW, et al. Prevalence and Characteristics
of Autism Spectrum Disorder Among Children Aged 8 Years — Autism and
Developmental Disabilities Monitoring Network, 11 Sites, United States, 2018.
MMWR Surveill Summ 2023;72. https://doi.org/10.15585/MMWR.SS7011A1.

American Psychiatric Association. American Psychiatric Association: Diagnostic
and Statistical Manual of Mental Disorders Fifth Edition. Arlington, VA: 2013.

Baum SH, Stevenson RA, Wallace MT. Behavioral, perceptual, and neural
alterations in sensory and multisensory function in autism spectrum disorder. Prog
Neurobiol 2015;134:140-60. https://doi.org/10.1016/j.pneurobio.2015.09.007.

Marco EJ, Hinkley LBN, Hill SS, Nagarajan SS. Sensory Processing in Autism: A
Review of Neurophysiologic Findings. Pediatr Res 2011;69:48—54.
https://doi.org/10.1203/PDR.0b013e3182130c54.

Danesh AA, Howery S, Aazh H, Kaf W, Eshraghi AA, 1. Hyperacusis in autism
spectrum disorders. Audiol Res 2021;3:1-7.

Applied Acoustics 19
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

491
492
493
494

495
496
497
498

499
500
501

502
503
504
505

506
507
508
509

510
511
512

513
514
515

516
517
518
519

520
521
522
523

524
525
526
527
528

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Schwartz S, Wang L, Shinn-Cunningham BG, Tager-Flusberg H. Atypical
Perception of Sounds in Minimally and Low Verbal Children and Adolescents
With Autism as Revealed by Behavioral and Neural Measures. Autism Res
2020;13:1718-29. https://doi.org/10.1002/aur.2363.

Schwartz S, Wang L, Shinn-Cunningham BG, Tager-Flusberg H. Neural Evidence
for Speech Processing Deficits During a Cocktail Party Scenario in Minimally and
Low Verbal Adolescents and Young Adults with Autism. Autism Res
2020;13:1828-42. https://doi.org/10.1002/aur.2356.

Rossow T, MacLennan K, Tavassoli T. The relationship between sensory
reactivity differences and mental health symptoms in preschool-age autistic
children. Autism Res 2021;14:1645-57. https://doi.org/10.1002/aur.2525.

Foss-Feig JH, Schauder KB, Key AP, Wallace MT, Stone WL. Audition-specific
temporal processing deficits associated with language function in children with
autism spectrum disorder. Autism Res 2017;10:1845-56.
https://doi.org/10.1002/aur.1820.

Hernandez LM, Green SA, Lawrence KE, Inada M, Liu J, Bookheimer SY, et al.
Social Attention in Autism: Neural Sensitivity to Speech Over Background Noise

Predicts Encoding of Social Information. Front Psychiatry 2020;11.
https://doi.org/10.3389/fpsyt.2020.00343.

Ashburner J, Ziviani J, Rodger S. Sensory processing and classroom emotional,
behavioral, and educational outcomes in children with autism spectrum disorder.
Am J Occup Ther 2008;62:564—73. https://doi.org/10.5014/aj0t.62.5.564.

Bess FH, Gustafson SJ, Corbett BA, Lambert EW, Camarata SM, Hornsby BWY.
Salivary cortisol profiles of children with hearing loss. Ear Hear 2016;37:334—44.
https://doi.org/10.1097/AUD.0000000000000256.

Keith JM, Jamieson JP, Bennetto L. The Importance of Adolescent Self-Report in
Autism Spectrum Disorder: Integration of Questionnaire and Autonomic Measures.
J Abnorm Child Psychol 2019;47:741-54. https://doi.org/10.1007/s10802-018-
0455-1.

Caniato M, Zaniboni L, Marzi A, Gasparella A. Evaluation of the main sensitivity
drivers in relation to indoor comfort for individuals with autism spectrum disorder.
Part 1: Investigation methodology and general results. Energy Reports
2022;8:1907-20. https://doi.org/10.1016/j.egyr.2022.01.009.

Caniato M, Zaniboni L, Marzi A, Gasparella A. Evaluation of the main sensitivity
drivers in relation to indoor comfort for individuals with autism spectrum disorder.
Part 2: Influence of age, co-morbidities, gender and type of respondent on the
stress caused by specific environmental stimuli. Energy Reports 2022;8:2989—
3001. https://doi.org/10.1016/j.egyr.2022.01.011.

Applied Acoustics 20
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

529
530
531

532
533
534

535
536
537

538
539
540

541
542
543

544
545

546
547
548

549
550
551

552
553
554

555
556

557
558
559

560
561
562
563

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Pillion JP, Boatman-Reich D, Gordon B. Auditory brainstem pathology in autism
spectrum disorder: A review. Cogn Behav Neurol 2018;31:53—78.
https://doi.org/10.1097/WNN.0000000000000154.

O’Connor K. Auditory processing in autism spectrum disorder: A review.
Neurosci Biobehav Rev 2012;36:836-54.
https://doi.org/10.1016/j.neubiorev.2011.11.008.

American Speech-Language-Hearing Association. Acoustics in Educational
Settings: Position Statement and Guidelines. Am Speech-Language-Hearing Assoc
Rockville, MD, USA 1995;37:15-9.

Hawkins G, Jenkins J, Watson L, Foster V, Ward M, Keeler D. Designing for
Disabled Children and Children with Special Educational Needs: Guidance for
Mainstream and Special Schools (Vol. 102). Norwich TSO Inf Publ Solut 2008.

American National Standards. Acoustical Performance Criteria, Design
Requirements, and Guidelines for Schools, Part 1: Permanent Schools (No. ANSI
S12.60-2010) 2010.

Kanakri SMF. The impact of acoustical environmental design on children with
autism. ProQuest Diss Theses 2014:185.

Ueno K, Noguchi S, Takahashi H. A field study on the acoustic environment of
special-needs education classrooms. Build Acoust 2019;26:263—74.
https://doi.org/10.1177/1351010X19877545.

Black MH, McGarry S, Churchill L, D’Arcy E, Dalgleish J, Nash I, et al.
Considerations of the built environment for autistic individuals: A review of the
literature. Autism 2022;26:1904—15. https://doi.org/10.1177/13623613221102753.

Kanakri S. Acoustic Design and Repetitive Speech and Motor Movement in
Children with Autism. Environ Ecol Res 2017;5:39-44.
https://doi.org/10.13189/eer.2017.050105.

Takahashi H. Noise and health in children with autism spectrum disorder
2019:7114.

Bettarello F, Caniato M, Scavuzzo G, Gasparella A. Indoor acoustic requirements
for autism-friendly spaces. Appl Sci 2021;11.
https://doi.org/10.3390/app11093942.

Shahrudin FA, Dzulkarnain AAA, Hanafi AM, Jamal FN, Basri NA, Sidek SN, et
al. Music and Sound-Based Intervention in Autism Spectrum Disorder: A Scoping
Review. Psychiatry Investig 2022;19:626-36.
https://doi.org/10.30773/pi.2021.0382.

Applied Acoustics 21
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

564  [34] Johnston D, Egermann H, Kearney G. SoundFields: A virtual reality game

565 designed to address auditory hypersensitivity in individuals with autism spectrum
566 disorder. Appl Sci 2020;10. https://doi.org/10.3390/app10092996.

567 [35] Mayer-Benarous H, Benarous X, Vonthron F, Cohen D. Music Therapy for

568 Children With Autistic Spectrum Disorder and/or Other Neurodevelopmental

569 Disorders: A Systematic Review. Front Psychiatry 2021;12.

570 https://doi.org/10.3389/fpsyt.2021.643234.

571  [36] van der Kruk Y, Wilson WJ, Palghat K, Downing C, Harper-Hill K, Ashburner J.
572 Improved Signal-to-Noise Ratio and Classroom Performance in Children with
573 Autism Spectrum Disorder: a Systematic Review. Rev J Autism Dev Disord

574 2017;4:243-53. https://doi.org/10.1007/s40489-017-0111-7.

575  [37] Ellis Weismer S, Lord C, Esler A. Early language patterns of toddlers on the

576 autism spectrum compared to toddlers with developmental delay. J Autism Dev
577 Disord 2010;40:1259-73. https://doi.org/10.1007/s10803-010-0983-1.

578  [38] Palmer M, Tarver J, Carter Leno V, Paris Perez J, Frayne M, Slonims V, et al.
579 Parent, Teacher and Observational Reports of Emotional and Behavioral Problems
580 in Young Autistic Children. J Autism Dev Disord 2023;53:296-309.

581 https://doi.org/10.1007/s10803-021-05421-x.

582  [39] Satake H, Yoshida K, Yamashita H, Kinukawa N, Takagishi T. Agreement

583 between Parents and Teachers on Behavioral/Emotional Problems in Japanese
584 School Children Using the Child Behavior Checklist. Child Psychiatry Hum Dev
585 2003;34:111-26. https://doi.org/10.1023/A:1027342007736.

586  [40] Rescorla LA, Bochicchio L, Achenbach TM, Ivanova MY, Almqvist F, Begovac I,
587 et al. Parent-Teacher Agreement on Children’s Problems in 21 Societies. J Clin
588 Child Adolesc Psychol 2014;43:627—42.

589 https://doi.org/10.1080/15374416.2014.900719.

590 [41] Mal, Mahat P, Brendbo PH, Handegard BH, Kvernmo S, Javo AC. Teacher

591 reports of emotional and behavioral problems in Nepali schoolchildren: to what
592 extent do they agree with parent reports? BMC Psychiatry 2022;22:1-10.

593 https://doi.org/10.1186/s12888-022-04215-4.

594  [42] Dunn W. The Sensory Profile: Examiner’s manual (Psychological Corporation,
595 San Antonio, TX) 1999.

596  [43] Dunn W, Brown C. Factor Analysis on the Sensory Profile From a National

597 Sample of Children Without Disabilities. Am J Occup Ther 1997;51:490-5.
598 https://doi.org/10.5014/ajot.51.7.490.
599 [44] Brown MR, Kaczmarek LK. Potassium channel modulation and auditory
600 processing. Hear Res 2011;279:32-42.
601 https://doi.org/10.1016/j.heares.2011.03.004.
Applied Acoustics 22

Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

602
603

604
605
606

607
608
609
610

611
612
613

614
615
616
617

618
619

620
621
622
623

624
625

626
627
628

629
630
631

632
633

634
635
636

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Bowen GA. Naturalistic inquiry and the saturation concept: A research note. Qual
Res 2008;8:137-52. https://doi.org/10.1177/1468794107085301.

Hennink MM, Kaiser BN, Marconi VC. Code Saturation Versus Meaning
Saturation: How Many Interviews Are Enough? Qual Health Res 2017;27:591—
608. https://doi.org/10.1177/1049732316665344.

Francis JJ, Johnston M, Robertson C, Glidewell L, Entwistle V, Eccles MP, et al.
What is an adequate sample size? Operationalising data saturation for theory-based
interview studies. Psychol Heal 2010;25:1229-45.
https://doi.org/10.1080/08870440903194015.

Fan YT, Cheng Y. Atypical mismatch negativity in response to emotional voices
in people with autism spectrum conditions. PLoS One 2014;9:1-10.
https://doi.org/10.1371/journal.pone.0102471.

Bonnel A, McAdams S, Smith B, Berthiaume C, Bertone A, Ciocca V, et al.
Enhanced pure-tone pitch discrimination among persons with autism but not
Asperger syndrome. Neuropsychologia 2010;48:2465-75.
https://doi.org/10.1016/j.neuropsychologia.2010.04.020.

Lepisto T. Speech — sound-selective auditory impairment in children with autism :
They can perceive but “ 2003;100:5567-72.

Schafer EC, Traber J, Layden P, Amin A, Sanders K, Bryant D, et al. Use of
wireless technology for children with auditory processing disorders, attention-
deficit hyperactivity disorder, and language disorders. Semin Hear 2014;35:193—
205. https://doi.org/10.1055/s-0034-1383504.

Glaser B.G, Strauss A.L. The discovery of grounded theory: strategies for
qualitative research. Chicago: Aldine Pub. Co. ; 1967.

Acun V, Yilmazer S. A grounded theory approach to investigate the perceived
soundscape of open-plan offices. Appl Acoust 2018;131:28-37.
https://doi.org/10.1016/j.apacoust.2017.09.018.

Liu F, Kang J. A grounded theory approach to the subjective understanding of
urban soundscape in Sheffield. Cities 2016;50:28-39.
https://doi.org/10.1016/j.cities.2015.08.002.

Strauss A, Corbin JM. Basics of qualitative research: Grounded theory procedures
and techniques. Thousand Oaks, CA, US: Sage Publications, Inc; 1990.

Persson Waye K, Karlberg J. Sound Quality Characteristics of Importance for
Preschool Children’s Perception and Wellbeing After an Acoustic Intervention.
Front Built Environ 2021;7:1-14. https://doi.org/10.3389/fbuil.2021.688836.

Applied Acoustics 23
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

637
638
639

640
641
642

643
644
645
646

647
648
649
650

651
652
653

654

655

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

[57]

[58]

[59]

[60]

[61]

Sussman ES, Steinschneider M. Attention modifies sound level detection in young
children. Dev Cogn Neurosci 2011;1:351-60.
https://doi.org/10.1016/j.dcn.2011.01.003.

Ma H, Su H, Cui J. Characterization of soundscape perception of preschool
children. Build Environ 2022;214:108921.
https://doi.org/10.1016/j.buildenv.2022.108921.

Ceponiene R, Lepisto T, Shestakova A, Vanhala R, Alku P, Niitinen R, et al.
Speech-sound-selective auditory impairment in children with autism: They can
perceive but do not attend. Proc Natl Acad Sci U S A 2003;100:5567-72.
https://doi.org/10.1073/pnas.0835631100.

Kuhl PK, Coffey-Corina S, Padden D, Dawson G. Links between social and
linguistic processing of speech in preschool children with autism: behavioral and

electrophysiological measures. Dev Sci 2005;8:F1-12.
https://doi.org/10.1111/5.1467-7687.2004.00384 .x.

Gilbertson LR, Lutfi RA, Ellis Weismer S. Auditory preference of children with
autism spectrum disorders. Cogn Process 2017;18:205-9.
https://doi.org/10.1007/s10339-016-0787-0.

Applied Acoustics 24
Volume 213, October 2023, 109623


https://www.sciencedirect.com/journal/applied-acoustics/vol/213/suppl/C

656

657

Applied Acoustics DOI: https://doi.org/10.1016/j.apacoust.2023.109623

Appendices

Tabel A.1 Information for child participants with ASD.

Participants Age Gender score of auditory raw
1 2 Male 18
2 2 Male 12
3 2 Male 18
4 2 Male 5
5 2 Male 0
6 2 Female 11
7 3 Male 19
8 3 Male 10
9 3 Male 6
10 3 Male 7
11 3 Female 11
12 3 Female 20
13 4 Male 14
14 4 Male 16
15 4 Male 13
16 4 Female 6
17 5 Male 16
18 5 Male 16
19 5 Male 11
20 5 Male 16
21 5 Female 11
22 5 Female 9
23 5 Male 12
24 5 Female 19
25 6 Female 14
26 6 Male 22
27 6 Male 4
28 6 Male 9
29 6 Male 6
30 6 Male 6
31 6 Female 11

Notes: Within the ASD participants, based on parent reports, 13 participants (41.9%) had an ADHD
diagnosis, 6 participants (19.4%) had an anxiety diagnosis, 3 participants (9.7%) had a gastrointestinal
tract disease diagnosis, 3 participants (9.7%) had a somnipathy diagnosis, 1 participant (3.2%) had a
tic diagnosis.
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Table A.2 Description, recording location and mean values of psychoacoustics
characteristics of 22 sound stimuli.

DOI: https://doi.org/10.1016/j.apacoust.2023.109623

Fluctuatio

Sounds Description of the sounds Reco.r ding n strength Tonality Sharpness  Roughnes
location . (tu) (acum) s (asper)
(vacil)

Howling -

wind The whistling of the gale Park 0.0217 15.870 1.62 1.59

Trees blowing in the wind K 00220  0.004 3.04 2.93

rustling Leaves blowing in the win Par . . . .

Raining Rain hitting plants and ground ~ Park 0.0229 0.023 436 3.48

Stream sound  The stream flows slowly Park 0.0241 0.022 3.86 4.11

Barking dB:)‘;kmg ofa medium sized Park 0.174 0.018 1.16 1.95

Birdsong A few birds chirping lightly Park 0.269 1.100 4.56 2.01

Cat meow A cat meowing peacefully Park 0.106 15.140 2.43 1.22

Frogs A few frogs chirping by a

croaking quiet pond Park 0.241 0.028 2.18 434

Car’s whistle A few cars staggered their Park 0.152 29760 2.92 225
horns

Traffic noise ~ 0ts of cars passing fast on Roadway 0.0232 2.970 2.72 2.68
the road

Human voice - of people talking inthe gy o mall 0,032 0.016 2.37 3.19

Children A few chi_ldren playing and

frolicking laughing in the outdoor Park 0.0307 0.157 2.50 2.84
playground

Knock on th

e on the. - Knock on metal entry door oft g o igence 0.153 6.580 1.08 1.54

oor residences
Constructi i i
onsiruction - Hammering on wood during  p . igence 0.403 3.300 1.51 3.26

sound renovation

Air- Sound when ai diti .

conditioner ound when air ConAioner s p egidence 0.0856 4.860 3.75 3.08

thrummed running

Piano sounds 1O Elise” played on the Reh_abl_htatlon 0.0864 19.420 1.03 1.28
speaker institution

Violin “Butterfly Lovers” played on ~ Rehabilitation

sounds the speaker institution 0.0631 30.490 2.60 1.45

Drum sounds Upbeat drumming” played on Behabl.htatlon 0.403 6.320 289 380
the speaker institution

Clarinet “The Polka” played on the Rehabilitation

sounds speaker institution 0.23 17.060 2.81 241

The lilting . . ' e .

singing of JllngledBelltshby Chi(ldren Reltl_zzl);htatlon 0215 27.690 3.00 1.98

children played on the speaker institution

The soothing R N e .

singing  of lGrarzldmo;cllller s PingHuWan Be?z:b;.htatlon 0.137 36.050 306 1.60

children played on the speaker institution

Fountain A fountain that is spouting

sound water at a constant rate Park 0.016 0.057 3.76 3.97
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Table A.3 The percentages of sound preference for the ASD and ND groups.

DOI: https://doi.org/10.1016/j.apacoust.2023.109623

Sound stimuli ASD TD
) ] like 48.39% 47.17%
Howling wind —
dislike 51.61% 52.83%
) like 67.74% 43.40%
Trees rustling .
dislike 32.26% 56.60%
Raini like 77.42% 67.92%
ainin
8 dislike 22.58% 32.08%
like 74.19% 69.81%
Stream sound —
dislike 25.81% 30.19%
Barki like 67.74% 49.06%
arkin
8 dislike 32.26% 50.94%
) like 77.42% 94.34%
Birdsong .
dislike 22.58% 5.66%
Cat like 80.65% 60.38%
at meow
dislike 19.35% 39.62%
) like 80.65% 64.15%
Frogs croaking .
dislike 19.35% 35.85%
] like 45.16% 50.94%
Car’s whistle —
dislike 54.84% 49.06%
) like 48.39% 47.17%
Traffic noise —
dislike 51.61% 52.83%
] like 54.84% 58.49%
Human voice —
dislike 45.16% 41.51%
] o like 54.84% 54.72%
Children frolicking .
dislike 45.16% 45.28%
like 58.06% 43.40%
Knock on the door —
dislike 41.94% 56.60%
] like 58.06% 60.38%
Construction sound —
dislike 41.94% 39.62%
) o like 48.39% 50.94%
Air-conditioner thrummed —
dislike 51.61% 49.06%
) like 77.42% 84.91%
Piano sounds —
dislike 22.58% 15.09%
o like 58.06% 62.26%
Violin sounds —
dislike 41.94% 37.74%
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like 58.06% 71.70%
Drum sounds —
dislike 41.94% 28.30%
i like 64.52% 69.81%
Clarinet sounds —
dislike 35.48% 30.19%
. i like 90.32% 86.79%
The lilting singing of children ——;
dislike 9.68% 13.21%
L ) like 70.97% 81.13%
The soothing singing of children——;
dislike 29.03% 18.87%
) like 38.71% 49.06%
Fountain sound —
dislike 61.29% 50.94%

661

662  Figure A.1 Spectrogram of 22 sound stimuli.
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