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Abstract

A Study on Sound Symbolism:
The Cognitive and Neural Mechanism Underlying
the Sound-meaning Correspondence in Language

by Sachi Itagaki

The correspondence between sound and meaning plays an important role in the
language development. One idea that this relationship is not arbitrary is the sound
symbolism that the sound itself has a specific impression. The purpose of this study is to
elucidate the mechanism of sound symbolism from cognitive and neural perspective and
whether sound symbolism affects the language development. In this study, a series of five
experiments were conducted. 1) When word-like phonemes were used as sound stimuli,
the sound symbolism related to visual size judgment was measured with functional
magnetic resonance imaging (fMRI) scanning. The bilateral anterior cingulate cortex, left
middle temporal gyrus, and right superior temporal gyrus were more activated under
incongruent condition in sound symbolism. The results suggests that brain regions related
to phoneme perception involved in sound symbolism. 2) Behavioral psychological
experiment verified that phoneme perception affects sound symbolism. The results
showed that the sound symbolism was difficult to observe if the sound stimulus was not
clearly perceived as a single phoneme. This result suggested that not only acoustic
features but also phoneme perception was important for sound symbolism. 3) The
relationship between sound symbolism and phoneme perception was investigated with
fMRI scanning. Data showed, that left postcentral gyrus was activated both in incongruent
condition, and in phoneme perception. These results suggest that the motor cortex
associated with tongue movement was activated even when sound stimuli were presented
aurally, and that motor cortex involved in sound symbolism. The sound symbolism during
the language development were measured using 4) infants' preferential looking behavior
and 5) infants' preferential reaching behavior methods. The tone bursts, Japanese
phonemes, and words were used as sound stimuli. The data showed that sound symbolism
for tone bursts was acquired before the age of 9 months, and sound symbolism for
Japanese phonemes was changed at approximately 12 months old, but sound symbolism
in words was not exhibited at 15 months of age. These results suggested that the age to
acquire the sound symbolism differs depending on the sound types. In all, the results
suggest that motor cortex involved in phoneme articulation contributes to sound
symbolism and that effect of sound symbolism and language develop through mutually
interacting with each other. The findings in this study provide new insights into research
aimed at elucidating the mechanisms of language development and language acquisition.
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CHPTER 1.

Introduction

1.1 Sound symbolism

The phenomenon of “sound symbolism” or “phonetic symbolism” in the
association between meanings and sounds (i.e., phonemes) has been supported by several
studies (e.g. Sapir, 1929; Kohler, 1947; Ramachandran and Hubbard, 2001). The idea
underlying this phenomenon is that a sound itself conveys a certain impression, which

then serves as the psychological basis for the word—meaning association.

1.2 Types of sound symbolism
1.2.1 Words and phonemes

Famous examples of sound symbolism are the “maluma-takete” and “bouba-kiki”
effects (KOhler, 1947; Ramachandran and Hubbard, 2001). These studies have shown that
the pseudo words “maluma” and “bouba” are associated with a rounded shape, while the
words “takete” and “kiki” are associated with a spiky shape. In addition to sound
symbolism in pseudo words, sound symbolism is also observed in phonemes or
ideophones. In one study, it was observed that the phoneme /a/ is “larger-sounding", while
the phoneme /i/ is “small-sounding” (Ohtake and Haryu, 2013). Knoeferle et al. (2017)
reported that voiceless stop consonants are considered spiky and smaller, while nasal
consonants are considered rounded and larger. Meanwhile, Lockwood et al. (2016) used
unknown natural language ideophones to investigate whether naive subjects could
identify the correct translation of the word. According to the results, subjects were able
to identify the correct translation of the unknown ideophone. These studies revealed that
sound symbolism could accommodate sound-to-meaning mapping of words and

phonemes.



1.2.2 Pitch of sound

Sound symbolism has also been observed for pitch (Bernstein and Edelstein, 1971;
Chiou and Rich, 2012). In one study, the interaction between pitch and brightness was
measured (Marks, 1987). The subjects’ responses to dark and dim visual stimuli were
faster and more accurate when the accompanying sound was low rather than high in pitch,
while their responses to light and bright visual stimuli were faster when the accompanying
sound was high rather than low in pitch. However, responses to low (or high) tones were
faster when the visual stimulus was dim/dark (or bright/light). This correspondence
between pitch and brightness was observed even in chimpanzees (Pan troglodytes;
Ludwig et al., 2011). Others studies have suggested that high pitch sounds are associated
with the impression of smallness, while low pitch sounds are associated with the
impression of largeness (Gallace and Spence, 2006; Walker and Smith, 1985; Parise and
Spence, 2008). Knoeferle et al. (2017) stated that when the higher first formant (F1) is
paired with longer vowel duration, it was associated with the impression of a larger size.
Surprisingly, the lower second formant (F2) was also associated with the impression of a
larger size. In other words, the impression of largeness or smallness may be elicited to a
vowel’s F2 frequencies. These studies confirmed that pitch can influence the impression

of size.

1.2.3 Loudness of sound

In addition, sound symbolism for loudness has also been investigated (Marks, 1974,
see Spence, 2011, for a review). One study demonstrated that both adults and children (5-
year-olds) reliably matched brightness to loudness crossmodally (Bond and Stevens,
1969). In other words, both groups of participants (adults and children) paired a light gray
patch of color with a loud sound and a dark gray patch of color with a quiet sound. These

results suggest that even with loudness, some impression is made.

1.3 Mechanisms of sound symbolism

1.3.1 Acoustic character

The correspondence between pitch and size may reflect the characteristics of



acoustic resonance. In terms of the size of a human body, a larger body resonates at a
lower frequency than a smaller body. Once again, it could be argued that such
correspondence might depend on the physical acoustic properties. For instance, harder
objects tend to resonate at higher frequencies and break into sharper pieces than softer
objects (e.g. Freed, 1990; Walker et al., 2010). This probably explains the cross-modal
correspondence between pitch and object shape (Walker et al., 2010). In addition, large
objects that normally resonate at low frequencies are generally considered heavy.
Therefore, it is unlikely to fly or be found at a higher position; this may explain the
correspondence between pitch and altitude. These ideas perhaps explain the cross-modal
correspondence of shape and size based on the formant frequency for sound symbolism

in phonemes.

1.3.2 Articulatory movement

Some studies show that articulatory movement also contributes to sound
symbolism (Newman, 1933; Sapir, 1929; Shinohara and Kawahara, 2010). For example,
vowels such as /a/, /u/, and /o/ convey the impression of a large-sized object, whereas
vowels such as /i/ or /e/ evoke the impression of a small-sized object. When we pronounce
these vowels, the position of the tongue and the oral cavity differ. These differences may
contribute to a vowel-size correspondence. On the other hand, when we pronounce the
Japanese phoneme /a/, the position of the tongue is toward the back of the mouth and the
oral cavity is larger. On the other hand, when we pronounce the Japanese /i/, the position
of the tongue is toward the front of the mouth, hits the upper jaw, and the oral cavity is
smaller. One important theory to consider is the motor theory, which suggests that speech
pronunciation is related to speech recognition (Liberman and Whalen, 2000). One study
observed motor-evoked potentials related to anterior tongue muscles while participants
were listening to words (Fadiga et al., 2002). In order to clarify whether articulatory
movement contributes to sound symbolism, the relationship of the neural basis between
articulatory movement and sound symbolism should be examined in addition to the
aforementioned behavioral experiments. For example, in designing an experiment that

directly examines the relationship between articulatory movement and sound symbolism,



a behavioral experiment may ask the subject to verbally respond at the time sound
symbolism is observed. However, this experiment is not enough to clarify whether
unconscious movement, which could have occurred while listening to the voice,
contributes to sound symbolism. Therefore, the relationship between motor areas and

sound symbolism should be verified through experiments that measure brain activity.

1.4 Motor Theory

Humans are not only speakers but also listeners. Based on this fact, motor theory
suggests that the process of speech production plays an important role in speech
perception. Among the basic claims of motor theory that have been modified in response

to various arguments are the following (Liberman and Mattingly, 1985):

* Speech perception is based on estimating the articulatory gesture of the speaker who
generated it from the acoustic signal.

* Estimation of articulatory gestures is based on “analysis by synthesis” using an internal

model of articulatory organs.

The McGurk effect is an experiment that examines the contribution of a speaker’s
articulatory gestures to speech perception (McGurk and MacDonald, 1976). When the
sound /ba/ and the video of a person saying /ga/ are synchronized, the sound is perceived
as /da/ or /ga/. The sound of /ba/ is not articulated unless the mouth closes, but the mouth
does not close in the /ga/ video. Therefore, it is not perceived as /ba/ but is perceived as
another sound, /da/. In this study, it was suggested that speech perception was influenced
by visual information and was estimated based on the articulatory gestures of the speaker.
Motor theory has also been investigated for its neural basis, and it has become clear that
multiple parallel circuits are involved in speech processing (Scott and Johnsrude, 2003;
Hickok and Poeppel, 2000). One auditory circuit takes a ventral route that travels forward
from the primary auditory cortex and passes through the anterior part of the superior
temporal sulcus to the ventral region of the frontal lobe. The other auditory circuit takes
a dorsal pathway that travels backward from the primary auditory cortex and passes

through the posterior part of the superior temporal sulcus and the parietal association area



to each region of the frontal lobe such as the premotor cortex. In order to investigate the
path of speech perception that contributes to sound symbolism, the brain activity that

contributes to sound symbolism should be measured.

1.5 Language learning and sound symbolism

1.5.1 The role of sound symbolism in language

Language is what sets mankind apart. In other words, humans communicate using
language, making our communicative behavior different from that of other animals.
Animals also communicate by voice, such as calls, but humans have far more means to
use voice-based communication. Language has several constituents such as words and
grammar. The use of words, i.e., the correspondence between an object and the word that
describes that object, has been considered arbitrary in natural languages (de Saussure,
1983). For example, “dog” refers to a carnivorous quadruped mammal that is raised as a
pet, to assist police, and for other purpose. If the correspondence between words and
objects is arbitrary, the name “cat” could be used instead of “dog”. Since word-to-
meaning mapping has this quality of arbitrariness, it is considered that humans are able
to communicate infinitely, unlike animals. However, language learning would be more
difficult if word-to-meaning mapping was completely arbitrary. Practically, there may be
rules, such as sound symbolism. Conventions such as sound symbolism could contribute
to word-to-meaning mapping. In addition, thanks to these rules, we may be able to
perform semantic processing with limited hesitation when encountering an unknown

word (Lockwood et al., 2016).

1.5.2 Language development

There are several phases in language development. First, infants learn to produce
non-speech sounds. Next, the infant begins to produce vowel-like sounds and canonical
babbling. Then, language-specific speech production begin at approximately 10 months
of age, with the first word often produced at approximately 12 months of age (Kuhl, 2004).
As the number of words infants can produce increases, they will be able to speak

sentences with two or three words. Vocalization development in infants begins with a



language-universal pattern of production that eventually becomes language-specific
(Kent, 1992; Oller and Lynch, 1992; Stoel-Gammon, 1992). Two elements of anatomical
change and language learning are important in the early phase of infant utterance. The
vocal tract of young infants is significantly different from that of adults and more closely
resembles that of non-human primates than that of adult humans (Bosma, 1975; Kent,
1981). An infant’s vocal tract is not only much smaller than that of an adult’, but also has
a broader oral cavity, a tongue mass that is proportionally larger and more anterior, and a
more gradually inclined oropharyngeal tract (see Kent, 1992, for a review). Infants later
develop a vocal tract similar to that of adults. This development increases the range of
formants that can be produced. In one study, it was observed that changes in formant
production occur during infancy (Kuhl and Meltzoff, 1996). In 12-week-old infants, the
distribution of vowels’ formants was compact and overlapped. In 20-week-old infants,
the distribution of vowels’ formants had increased and the overlap between vowels was
much reduced. There are several phases in speech perception (Kuhl, 2004). Shortly after
birth, infants can discriminate between phonetic contrasts of all languages; language-
specific perception for vowels occurs at approximately 6 months of age. At approximately
12 months of age, infants can recognize language-specific sound combinations and
demonstrate an increased perception of native-language consonants. Sound symbolism

may interact with the recognition of sound combinations and the production of formants.

1.6 Purpose

Although these sound symbolism studies suggested that both phoneme perception
and simple acoustic characteristics are essential (Newman, 1933; Gallace and Spence,
2006), the relative contribution of each factor and the interactions between them have not
been investigated systematically. I think it is necessary to investigate the effects of these
factors on sound symbolism, respectively. The purpose of this study is to elucidate the
mechanism of sound symbolism from the cognitive and neural perspectives and whether
sound symbolism affects language development. Therefore, I first constructed an
experimental paradigm that can measure sound symbols in an unusual environment such

as functional magnetic resonance imaging (fMRI), and measured brain activity that



contributes to sound symbolism. Next, in order to investigate the relationship between
phoneme perception and sound symbolism, which was suggested to be an essential factor,
I used behavioral, psychological experiments to measure the effect of phoneme
perception difficulty on sound symbolism. Furthermore, it was investigated whether brain
regions related to phoneme perception contribute to sound symbolism. Like previous
studies, sound symbols can contribute to language acquisition (Lockwood et al., 2016;
Imai et al.,, 2015). Thus, in this study, the sound symbolism during the language
development was also examined by using the preferential looking behavior and

preferential reaching behavior methods of infants.

1.7 Organization

This dissertation is organized as follows. Chapter 2 contains brain activity related
sound symbolism to word-like phonemes. Chapter 3 describes the relationship between
phoneme perception and sound symbolism during behavioral psychological experiment.
Chapter 4 presents the neural basis between phoneme perception and sound symbolism.
In Chapter 5, sound symbolism for infants was examined using infants' preferential
looking behavior method. Chapter 6 presents sound symbolism for infants was measured
with infants' preferential reaching behavior method. Finally, conclusion and possible

directions for feature research are described in Chapter 7.



CHAPTER 2.
Brain activity related to sound symbolism: Cross-modal effect of

an aurally presented phoneme on judgment of size

2.1 Introduction

It has been assumed that in natural language, there is no particular regularity in the
correspondence between an object and the acoustic properties of the word that describes
that object (de Saussure, 1929). However, a phenomenon called “sound symbolism” or

“phonetic symbolism” in the association between meanings and sounds (i.e., phonemes)
has been confirmed by several studies (Kohler, 1947; Auracher et al., 2010; Shinohara et

al., 2016; Ludwig et al., 2011; Hirata et al., 2011). The idea underlying this phenomenon
is that a sound itself makes a certain impression, which then serves as the psychological
basis for the word—meaning association.

The most famous example of this phenomenon is the so-called “bouba-kiki” effect
(Ramachandran and Hubbard, 2001), which involves asking a participant to name spiky
and round shapes using only the sounds “bouba” and “kiki.” According to the results,
most people associate “bouba” with “round” and “kiki” with “spiky.” Moreover, this
effect has been observed regardless of the subject’s age or native language. Most sound
symbolism studies have used a relatively naturalistic approach (Parise and Pavani, 2911;
Parise and Spence, 2012; Knoeferle et al., 2017; Newman, 1933). In one study, in an
attempt to illustrate the effect of each phoneme, subjects were asked about their
impressions of an artificial word (Knoeferle et al., 2017). These studies successfully
detected a relationship between the acoustic features of a stimulus word and the
impression left by or the response to these features. However, the neural basis of sound
symbolism is less well understood.

Kovic and colleagues analyzed the neural processes underlying novel word—visual

object matching using electroencephalography (EEG) (Kovic et al., 2010). Their results



showed that sound—symbol matching evoked an early negative EEG response, indicating
that such matching involved early sensory processes. Recent EEG research with an 11-
month-old infant showed that large-scale synchronization within the left hemisphere was
sensitive to the sound—symbol correspondence (Asano et al., 2015). These results suggest
that the preverbal infant is capable of mapping an auditory stimulus onto a visual
experience by recruiting a multimodal perceptual processing system. One early
neuroimaging study of sound symbolism (Japanese onomatopoeia) was conducted by
Osaka and colleagues, who used fMRI to investigate how onomatopoeic words modified
the activity of different cerebral regions (Osaka et al., 2003; Osaka et al., 2004). Recently,
Kanero et al. studied the neural basis of sound symbolism with fMRI using the written
text of Japanese mimetic words and moving images (Kanero et al., 2014). Their results
showed that the right temporal region was involved in processing Japanese mimetic words.
Here, I used the sounds of phonemes as auditory stimuli, and examined how different
aspects of sound symbolism (phoneme vs mimetic word) and different modalities of
stimulus presentation (visual vs auditory) affect the activities of the right temporal and
other brain regions.

In this study, I examined the effect of a phoneme (the basic unit of sound within a
word) on the judgment of the size of a visual stimulus and the related brain activity.
Subjects were required to perform two types of task, a comparison task and a control task
(Fig. 2.1). In the comparison task, they compared the visual sizes of standard and target
stimuli. The target stimulus was either smaller or larger than the standard by £5%, +10%,
or £20% of its diameter, and was displayed to the subjects while they were listening to
the syllable “bobo” or “pipi”. Previous research into sound symbolism predicted a
tendency to pair the former sound with a larger object and the latter with a smaller object
(Newman, 1933). The control task was designed to prevent subjects ignoring the sound

stimuli.



2.2 Materials and Methods
2.2.1 Subjects

Fourteen subjects (four females and ten males; aged 21-26 years) participated in
the fMRI experiment after they had provided their written informed consent. All the
subjects were right-handed native Japanese speakers. None of the participants had any
knowledge of sound symbolism or the experiment. The data from three participants were
excluded because of artifact or inadequate task performance (e.g., head movement > 3
mm). The experimental protocol was approved by the Research Ethics Committee on
human subjects of Doshisha University, and the study carried out in accordance with the

guidelines of the committee.

2.2.2 Experimental apparatus

Each subject was positioned supine in an MRI scanner. The sound stimuli were
presented through MRI-compatible headphones (Kiyohara Optics Inc., Tokyo, Japan),
and the visual stimuli were presented with a projector and mirror system. The subjects
viewed the visual stimuli projected onto a mirror placed 18 cm in front of their eyes, and
they pushed buttons (Current Designs, Inc., PA, USA) with their left hand to respond.
Experiment control software (Presentation®; Neurobehavioral Systems, Inc., Albany, CA,

USA) was used to synchronize the experimental procedures with the fMRI scans.

2.2.3 Visual stimuli

In this experiment, I examined the effect of sound symbolism when judging the
size of a visual stimulus. The visual stimulus, a gray circle that looked like a doughnut,
was presented on a frosted screen at the end of the scanner bore, and could be seen by the
subject via a mirror mounted on the head coil. The standard stimulus had an outer circle
of 300 pixels and an inner circle of 280 pixels. The target stimulus was either smaller or
larger than the standard stimulus by £5%, £10%, or £20% of its diameter. In total, seven
sizes (one for the standard and six for the targets) were used. Each stimulus was presented
twice for 200 ms, with an interstimulus interval (ISI) of 120 ms (Fig. 2.1A). A red cross

(34 pixels) was always presented as the fixation point at the center of the screen.
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2.2.4 Sound stimuli

The sound stimuli were “bobo” and “pipi”. A publicly available sound dataset
(FWO03; NTT Communication Science Laboratories, Kanagawa, Japan) was used to create
the sounds. All sounds were recorded at a sampling frequency of 48 kHz and a
quantization of 16 bits. The single-syllable utterances /bo/ and /pi/ were spoken by a male,
and these were duplicated to produce the sound stimuli “bobo” and “pipi”, respectively.
These sound stimuli have no accent, therefore they were not similar to any word. The
duration of the sound was 520 ms, and the stimulus amplitude was 64 dB sound pressure
level (SPL). According to previous research, the sound /pi/ was louder than /bo/ by about
1.4 dB in subjective loudness (Nagatani et al., 2008). The sound stimulus was
synchronized with the visual stimulus. In an additional experiment, the participants were
asked to evaluate the size of each sound stimulus by selecting labeled pictures of five
Russian nested dolls of different sizes (doll 5 was the largest) (Fort et al., 2015; Knoeferle
et al., 2017). The mean scores for “bobo” and “pipi” were 4.0 and 2.3, respectively, and
no participant ever scored “bobo” smaller than “pipi”. Therefore, I confirmed that “bobo”

created a larger impression than “pipi”.

2.2.5 fMRI parameters

Functional images of brain activity were acquired with a 1.5-T MRI system
(Echelon Vega, Hitachi Medical Corporation, Tokyo, Japan) as T2*-weighted images
using a gradient echo—echo planar imaging (GE—EPI) sequence with a resolution of 3 x
3 x5 mm voxels (30 axial slices; field of view [FOV]: 192 mm; matrix: 64 X 64; repetition
time [TR]: 3000 ms; echo time [TE]: 50 ms; flip angle [FA]: 90°). The first five scans
were discarded to avoid magnetic saturation effects. A structural T1 image was acquired
ataresolution of I x 1 x I mm using a three-dimensional gradient echo inversion recovery
(3D-GEIR) sequence (192 slices, 1 mm thick; sagittal; FOV: 256 mm; matrix: 256 x 256;
TR: 9.7 ms; TE: 4 ms; T1: 1045 ms; FA: 8°).
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2.2.6 Procedure

The subjects were asked to judge the difference in the sizes of the standard and
target stimuli (Gallace and Spence, 2006). Each trial began with a 3,000 ms rest period.
The standard stimulus was then presented for 520 ms, followed by a 300 ms ISI. The
target stimulus was then presented for 520 ms, followed by a response period of 3,000 ms
(Fig. 2.1A). The screen was black during the rest and response periods. After the subject
had responded to the task by pressing a button, the next trial began automatically. When
the sound (sound 2) presented with the target stimulus was identical to the sound (sound
1) presented with the standard stimulus, the subject had to press the middle button,
regardless of the visual stimulus (control task). When the sound stimulus presented with
the target stimulus differed from that presented with the standard stimulus, the subject
had to respond according to whether the target circle was smaller or larger than the
standard (Fig. 2.1B). The subjects used their index and ring fingers to press the left and
right buttons, respectively (comparison task). The button assignment (i.e., which button
represented which answer) was changed between subjects. There were six combinations
of visual stimuli (one standard x six targets) and four combinations of sound stimuli (two
sound 1 x two sound 2), yielding a total of 24 stimulus combinations. The entire stimulus
set was randomized to create one block (24 trials), and each session consisted of three

blocks. In the behavioral experiment, each subject completed one session (72 trials).

2.2.7 Analysis

The functional imaging data were processed with the SPM12 software (Wellcome
Department of Cognitive Neurology, London, UK). For realignment, the image was
spatially normalized to an EPI template in Montreal Neurological Institute (MNI) space,
and smoothed with an 8 mm full width at half maximum Gaussian kernel. To examine the
brain activation associated with phonetic symbolism, I created different types of contrast
images (congruent minus incongruent for all target sizes combined, incongruent minus
congruent for all target sizes combined, congruent minus incongruent for £20% target
sizes, and incongruent minus congruent for £20% target sizes). These effects were

modeled as stick functions convoluted with the canonical hemodynamic response
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function. The movement parameters of the realignment corrections were included in the
model as covariates of no interest. Activated areas were depicted on a standard human
brain template from MRIcro software (www.mccauslandcenter.sc.edu/crnl/mricro).

To further clarify the effect size, I used a ROI analysis of the contrast estimates in
the right STG and left MTG. Each ROI was constructed with leave-one-subject-out cross-
validation to avoid any bias arising from nonindependence (Esterman et al., 2010). Briefly,
the data for each subject were iteratively left out of the group. The resulting group (N —
1 subjects) analyses returned peak coordinates of the ROIs (spheres with a 4 mm radius)
for the subject who was left out, and the average responses in the ROIs in the right STG
and left MTG were estimated.
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2.3 Results

I analyzed the reaction times (RTs) for the compared tasks. Several studies have
shown that the phonemes /b/, /d/, /g/, and /o/ elicit “larger” reactions, whereas /p/, /t/, /k/,
and /i/ elicit “smaller” reactions (Newman, 1933; Sapir, 1929). Therefore, I assumed that
“bobo” and “pipi” would induce “larger” and ‘“‘smaller” impressions, respectively. |
defined the congruent and incongruent conditions as follows and analyzed the data
accordingly. Under the congruent condition, the target visual stimulus was consistent with
the reaction to the sound (i.e., the larger target was presented with “bobo” or the smaller
with “pipi”’). Under the incongruent condition, the target visual stimulus was inconsistent
with the reaction to the sound (i.e., the larger target was presented with “pipi” or the
smaller one with “bobo”).

Eleven subjects performed well on the comparison task. The mean correct response
rate was 94.1%. The differences in the RTs under the congruent and incongruent
conditions are shown in Fig. 2.2. The mean RT decreased as the size difference between
the targets increased from +5% to £20%. The mean RT under the incongruent condition
was longer than that under the congruent condition for all target sizes. However, this
difference was statistically significant only when the target was +20% of the standard (t
=-5.93, p <0.001, ¢ test with Bonferroni correction).

In this study, I investigated the brain region associated with sound symbolism by
contrasting the incongruent condition with the congruent. The bilateral anterior cingulate
cortex (ACC) was activated under the incongruent minus congruent condition for all
target sizes (Fig. 2.3A, Table 2.1)

The activation of the right lingual gyrus, left middle temporal gyrus (MTG), and
right superior temporal gyrus (STG) was observed under the +20% incongruent minus
+20% congruent condition (Fig. 2.3B, Table 2.2). The contrast (incongruent — congruent)
for each target size condition in each of these brain regions is presented in Fig. 2.4. There
was no significant activation under the +20% congruent minus +20% incongruent
condition.

The contrast estimates (incongruent — congruent) for the right STG and left MTG

under each condition were evaluated with a region-of-interest (ROI) analysis with leave-
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one-subject-out cross-validation, and are shown in Fig. 2.4, in which a positive value

indicates stronger activation during the incongruent condition than during the congruent
condition. The difference at £20% was more prominent than that at +£5% or £10% in

each region.
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2.4 Discussion

The RT under the congruent condition was shorter than that under the incongruent
condition, suggesting that the effect of sound symbolism was observed under my
experimental setting (the phoneme as a sound stimulus). However, the efficacy of sound
symbolism differed with the target size, and only the £20% condition yielded a significant
difference between the congruent and incongruent conditions. Because the RTs were more
strongly affected by the target size than by the congruent—incongruent difference (Fig.
2.2), it is not surprising that the effect of sound symbolism was minimal under some target
conditions.

The bilateral ACCs were more strongly activated under the incongruent condition
than under the congruent condition. The activation of the dorsal ACC has been associated
with cognitively demanding tasks, typically involving response conflict, such as the
Stroop task (Pardo et al., 1990; Roelofs et al., 2006). In this study, I observed a more
pronounced BOLD response in the dorsal ACC, suggesting that the task performed under
the incongruent condition was more cognitively demanding for the subjects. Together
with the longer RTs, the activation of the dorsal region of the ACC may reflect the Stroop-
like interference between the phoneme and the visual magnitude of the stimulus.

The left MTG was more strongly activated under the +20% incongruent condition
than under the +20% congruent condition. The results of the ROI analysis of the peak
region are plotted in Fig. 2.4. The left MTG has been identified in previous studies as a
brain region related to semantic association (see Price, 2012, for a review). This region is
also very similar to the area that was activated under the incongruent condition in a
priming study using EEG (Schneider et al., 2008), in which congruence was based on the
relationship between a picture and an environmental sound (i.e., an animal and its
vocalization). That study demonstrated that the left MTG is involved in cross-modal
semantic-matching processes. The result of this study implies that sound symbolically
matching between the target size and a phoneme is also processed in the MTG.

The right STG was more strongly activated under the £20% incongruent condition
than under the £20% congruent condition. The ROI analysis of the peak region (Table

2.2) revealed that the activation of the STG (incongruent minus congruent) was more
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prominent as the size difference between the targets increased from £5% to £20% (Fig.
2.4), indicating that the efficacy of the sound symbolism correlated with the activation of
the region. Many previous studies have identified the STG as a primary region for speech
perception (see Price, 2012, for a review). Interestingly, activities in the right STG have
been associated with the incongruence between emotional prosodic cues and other
information (speech content (Wittfoth et al., 2010) and facial expression (Watson et al.,
2013)). The result of this study suggests that the right STG is part of a brain network
involved in processing conflict in phonemic sound symbolism in addition to emotional
prosodic information.

Kanero and colleagues (2014) reported that the right posterior STG was more strongly
activated when subjects were evaluating matched pairs of mimetic words and moving
images than when they were evaluating mismatched pairs. However, my analysis detected
no significant activation in this region. Although the functional localization of the right
STG is still contentious, several researchers have reported that the anterior region is
strongly associated with phoneme perception (Obleser et al., 2006; Correia et al., 2015).
The stimulus difference (mimetic word in Kanero’s study or phoneme in my study) could
contribute to the difference in the activated area. In addition to analyzing the stimulus
difference, they asked their subjects to actively report their impression of mimetic words,
whereas subjects in this study were engaged in a visual discrimination task, and were not
asked to report their impression of the phoneme. The observed differences in activation
area could be attributable to these task differences. Further research is required to
investigate the sound symbolic effect on both phonemes and mimetic words within the
same experimental paradigm to detect the functional segregation, if any, of the right STG
into the different aspects of sound symbolism. There are several limitations of this study.
The number of subjects is relatively small, and only two types of speech sounds were
tested; therefore, the data of this study should be treated as a pilot study to draw general
conclusion on the neural processing of sound symbolism. I still believe that the data of
this study indicates the involvement of bilateral temporal regions (i.e., the right STG and

left MTG) in the sound-meaning association.
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2.5 Summary

Sound symbolism is the theory that a sound conveys a certain impression (e.g., the
phoneme /p/ is associated with an impression of smallness) and could be the
psychological basis of the word—meaning association. In this study, | investigated the
neural basis of sound symbolism. Subjects were required to compare the visual sizes of
standard and target stimuli while listening to syllables that were either large-sounding or
small-sounding. Stimulus—response congruence was defined as the agreement between
the target size and the syllable’s impression. Behavioral data showed that the subjects
exhibited a longer reaction time in the incongruent condition than in the congruent
condition, indicating that they tended to associate object size with certain syllables. I used
fMRI to evaluate cerebral activity during the task, and found that both semantic- and
phonetic-process-related areas of the brain (left middle temporal gyrus and right superior
temporal gyrus, respectively) were activated in the incongruent condition. Furthermore,
the bilateral ACCs were more strongly activated in the incongruent condition than in the
congruent condition. The activation of the dorsal ACC has been associated with
cognitively demanding tasks, typically involving response conflict, such as the Stroop
task. These results suggest that these regions were associated with the incongruence of

sound symbolism.
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MNI coordinates

Brain region Z-score Cluster size (voxels)
X y z

Right anterior cingulate cortex 10 42 2 4.91 569

Left anterior cingulate cortex 0 32 8 4.78

Table 2.1 MRI activation clusters derived from comparison of the incongruent and
congruent conditions.

Note: Coordinates are in MNI (Montreal Neurological Institute) space. Included are
clusters that survived the threshold at a voxel level of p < 0.001 with a cluster-level
family-wise error (FWE) correction of p < 0.05.
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MNI coordinates

Brain region y y . Z-score Cluster size (voxels)
Right lingual gyrus 32 -60 -2 4.35 774
Right inferior occipital gyrus 40 -60 -2 414

Right lingual gyrus 18 -40 -2 3.95

Right inferior occipital gyrus 36 -62 0 3.89

Right calcarine cortex 32 -64 6 3.88

Left middle temporal gyrus -48 -44 0 4.22 1040
Left middle occipital gyrus -30 -76 8 4.06

Left middle temporal gyrus -48 -50 -2 4.05

Left middle temporal gyrus -44 -50 0 4.01

Left lingual gyrus -26 -54 -4 3.76

Right frontal operculum 50 16 -6 4.00 551
Right temporal pole 44 10 -14 3.73

Right posterior orbital gyrus 28 26 -10 3.73

Right planum polare 44 -6 -10 3.71

Right superior temporal gyrus 48 -10 -12 3.57

Table 2.2 MRI activation clusters derived from the comparison of the +20% incongruent
condition and the +20% congruent condition.

Note: Coordinates are in MNI space. Included are clusters that survived the threshold at
a voxel level of p <0.005 with a cluster-level FWE correction of p < 0.05.
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Figure 2.1 Illustration of the experimental design and flow chart illustrating the

experimental process.

(A) Illustration of the experimental design. Each trial started with a rest period (3,000 ms).
The standard stimulus (520 ms) was then presented, followed by the target stimulus (520
ms) after a 300 ms interstimulus interval (IST). Subjects were instructed to respond to the
task during the response period (3,000 ms) via a button device, using the fingers of their

left hand. A red cross was always presented as the fixation point.

(B) Flow chart illustrating the experimental process. Subjects were instructed to push the
middle button to respond to the control task and to push the left or right button to respond
to the comparison task. Button assignment (which button represented a specific answer)

in the comparison task was changed between subjects.
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Figure 2.2 Average the RTs under each circle-size condition (Z-score). The vertical axis
represents the Z-score and the horizontal axis represents the target size. Error bars
represent the standard errors of the means. The Z-score was greater under the incongruent
condition than under the congruent condition for all target-size conditions; the difference
under the +20% target-size condition was significant (¢ =—5.93, p < 0.001.
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Figure 2.3 Activation maps under the incongruent condition and under the +20%
incongruent condition.

(A) Activation maps under the incongruent condition. The brain region showing greater
activity under the incongruent condition than under the congruent condition is the ACC
[p <0.001 with a cluster-level family-wise error (FWE) correction of p < 0.05].

(B) Activation maps under the £20% incongruent condition. Shown are the brain regions
with greater activation during the +20% incongruent condition than during the +20%
congruent condition (p < 0.005 with a cluster-level FWE correction of p < 0.05).
Significant regions were superimposed on a standard brain template from MRIcro
software.
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Figure 2.4 Contrast estimate for each target size in the right STG and the left MTG. The
contrast estimate for each target size, calculated by subtracting the congruent from the
incongruent condition, in the right superior temporal gyrus and left middle temporal gyrus.
The ROIs were spheres with a radius of 4 mm. Error bars represent the standard errors of
the means. The contrast estimate was greater for a difference of +20% than for a difference
of £5% or £10% in each region.
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CHAPTER 3.
Sound symbolism on synthetic speech continuum in judgment of

size of visual stimulus

3.1 Introduction

Sound symbolism is the idea that sounds themselves form certain impressions
(Ramachandran and Hubbard, 2001). For example, previous studies have shown that /p/,
/s/, and /i/ have smaller impressions, whereas /b/, /o/, and /a/ have larger impressions
(Newman, 1933; Sapir, 1929). In my previous study, I confirmed that /p/ and /i/ have
smaller impressions and /b/ and /o/ have larger impressions, even when the sound
stimulus is presented aurally (Itagaki and Kobayasi, 2017). Sound symbolism in
nonspeech sounds has also been investigated, demonstrating that simple acoustic
characteristics, such as frequency, contribute to sound symbolism (Gallace and Spence,
2006). Overall, although these studies suggested that both phoneme perception and
simple acoustic characteristics are important, the relative contribution of each factor and

the interactions between them have not been investigated systematically.

In this study, I sought to clarify the effect of the perception of a phoneme on sound
symbolism using the stimulus continuum of speech sound. If the acoustic characteristic,
rather than phoneme perception, is the main contributor to sound symbolism, the effect
of sound symbolism should gradually change as the morphing rate changes. In contrast,
if phoneme perception plays a measurable role in sound symbolism, the effects of sound
symbolism should change in a stepwise manner around the middle of the stimulus
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continuum, where perception switches from one phoneme to another. I also compare the

effects of consonants and vowels and examine the differences in their effects.
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3.2 Materials and Methods
3.2.1 Subjects

Ten subjects (6 females and 4 males; aged 21-24 years) participated in experiment
1, and 10 subjects (8 females and 2 males; aged 21-23 years) participated in experiment
2. All subjects were native Japanese speakers with no knowledge of either sound

symbolism or the purpose of the experiments.

3.2.2 Visual stimuli

I examined the sound symbolism in terms of the magnitude of the visual stimulus
(Gallace and Spence, 2006). Gray circles of different sizes were presented as the visual
stimulus on a black background on a liquid crystal display (1024 x 768 lines, 15 inches;
VL-150VA, Fujitsu) positioned 60 cm from the subject. There were three types of visual
stimuli (one standard and two targets) and the target diameter was either smaller or larger
than the standard by 40%. The standard comprised an outer circle of 300 pixels and an
inner circle of 280 pixels. The larger target comprised an outer circle of 420 pixels and an
inner circle of 400 pixels. The smaller target comprised an outer circle of 180 pixels and
an inner circle of 160 pixels. The same visual stimuli were used in experiments 1 and 2.

A red cross was always presented as the fixation point at the center of the screen.

3.2.3 Sound stimuli

The morphed speech sounds were presented as sound stimuli to examine the effect
of phoneme perception on sound symbolism. The speech analysis and synthesis software

“STRAIGHT” (Kawahara et al., 1999) was used to generate 10-step audio-morphed
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continua between pairs of naturally recorded speech sounds. In experiment 1, I used a
stimulus continuum between /pi/ and /ba/. In experiment 2, I used a stimulus continuum
between /i/ and /a/. For instance, for each pair I generated nine intermediate stimuli in
10% acoustic steps from 0% (highly similar to /pi/ or /i/) to 100% (highly similar to /ba/
or /a/). Consequently, a total of 11 stimulus types (2 originals + 9 intermediates) were
used in each experiment. Approximately 50% of the sounds were likely to be perceptually

very ambiguous and could, for example, be randomly interpreted as /ba/ or /pi/.

3.2.4 Procedure

The subjects were required to estimate the size difference between the standard and
target visual stimuli (larger or smaller). The same experimental paradigm was used for
experiments 1 and 2. The trial began with a 2000 ms rest, then the standard stimulus was
presented for 800 ms, and after an interstimulus interval (ISI) of 700 ms the target
stimulus was presented for 500 ms, followed by a response period of 2000 ms (Fig. 3.1).
During the rest and response periods, the screen was black. After the target stimulus was
presented, the subject pressed the left or right button using his/her index or ring finger,
respectively, to report the target size. Which button (left or right) represented which
answer (larger or smaller) was alternated between subjects. I analyzed the RTs for each
sound stimulus. There were 22 different combinations of overall stimulus types (two types
of visual stimuli x 11 types of sound stimulus). All the stimulus types were randomly
ordered to form one block. One session contained a total of three blocks. In both

experiments 1 and 2, each subject performed two sessions.
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3.3 Results

I defined the congruent and incongruent conditions (described below) and analyzed
the data accordingly. Under the congruent condition, the target stimulus was consistent
with the impression of the concurrent sound (e.g., the larger target was presented with
/ba/ (in experiment 1) or /a/ (in experiment 2)). In contrast, under the incongruent
condition the target stimulus was inconsistent with the impression of the concurrent sound.
I only used the data on the original sounds (i.e., 100% /ba/, 0% /ba/, 100% /a/, and 0%

/a/) for the statistical analysis of the congruent and incongruent conditions.

3.3.1 Experiment 1: stimulus continuum /pi/~/ba/

The mean Z score for RT under the incongruent condition was longer than that
under the congruent condition, but the difference was not statistically significant (100%
/ba/ vs 0% /ba/, t = —1.26; Fig. 3.2A). The differences in the Z scores for RT for all the
sound stimuli are shown in Fig. 3.3A. In the stimulus in which the /ba/ component was
less than 50%, RT for the smaller circle was shorter than that for the larger circle. In
contrast, for the stimulus in which the /ba/ component was 50% or more, RT for the larger
circle was shorter than that for the smaller circle. When the sound stimulus was 10% /ba/,
RT for the larger circle was longer. This tendency may be an outlier or the value for 0%

/ba/ might have been small. This should be considered in future research.
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3.3.2 Experiment 2: stimulus continuum /i/~/a/

The mean Z score for RT under the incongruent condition was longer than that
under the congruent condition, and the difference was significant (100% /a/ vs 0% /a/, ¢
= —-2.48, p < 0.05; Fig. 3.2B). The differences in the Z scores for RT for all the sound
stimuli are shown in Fig. 3.3B. For the stimulus in which the /a/ component was less than
50%, RT for the smaller circle was shorter than that for the larger circle. In contrast, for
the stimulus in which the /a/ component was 50% or more, RT for the larger circle was

shorter than that for the smaller circle.
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3.4 Discussion

In compare with the RT difference in Fig. 3.2A, the RT difference in Fig. 3.2B was
large. This result suggested that the effect of vowel more affect to sound symbolism than

the effect of consonant.

Comparing Figs. 3.3A and 3.3B, I see that the difference in response between the
smaller circle and larger circle was more distinct in the vowel continuum (Fig. 3.3B) than
in the combined consonant and vowel continuum (Fig. 3.3A). One possible explanation
is that the effect of the consonant (i.e., /b/ or /p/) was only marginal, and the consonant

masked the effect of the vowel (i.e., /a/ or /i/).

In Fig. 3.3B, the effect of sound symbolism (i.e., the difference between the closed
symbol and the open symbol) did not change proportionally along the morph axis. Instead,
the difference seems to fluctuate between 40% and 60%. This result suggests that the
simple acoustic characteristic alone, which was manipulated as the morphing rate, was
not the main contributor to the sound symbolism and that phoneme perception could play

a measurable role in sound symbolism.

The data presented here have several shortcomings. First, when the behavioral
response to the /pi/—/ba/ continuum was compared with that to the /i/~/a/ continuum, the
results for the 50% morphing stimulus were inconsistent. One possible explanation for
this inconsistency is that the perceptual boundaries of the phoneme were placed slightly
differently between the two continua; i.e., in the /pi/—/ba/ continuum the boundary was
between 40% and 50%, whereas in the /i/~/a/ continuum it was between 50% and 60%.
This hypothesis can be tested by measuring the discrimination functions of these phoneme
continua. In addition, the behavioral responses (Z scores) contain a point of discontinuity
along the percentage axis. Specifically, the 10% morphing sound stimulus in the /pi/—/ba/
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continuum produced a distinctly longer RT than the others (Fig. 3.3A). | cannot determine
only from the current data whether the sample is an outlier. Therefore, further studies are
required to understand the sound symbolism effect. Overall, this study indicates that my
paradigm, combined with a morphed stimulus, provides a consistent behavioral response,
and will assist in systematically evaluating the effect of phoneme perception on sound

symbolism.
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3.5 Summary

In many previous studies related to sound symbolism, stimuli were presented
visually with alphabets, and subjects directly responded to questions regarding the
impression of the sound. Therefore, it was not known whether basic acoustic features,
phoneme perception, or both affect sound symbolism. In one study, it was suggested that
factors such as length and frequency or the perception of the phoneme causes sound
symbolism. The purpose of this study was to evaluate the effect of phoneme perception
on the phenomenon. I created a phoneme continuum as the stimulus and focused on sound
symbolism for visual size perception. Vocal sounds were assumed to convey the
impression of a large or small size, according to previous research. Subjects were all right-
handed native Japanese speakers, and they did not have any knowledge about the sound
symbolism theory used in this experiment. The results indicated that when it was difficult
to identify sound stimulus as a phoneme in experiments 1 and 2, sound symbolism was
not observed; when the sound stimulus was clearly identified as a phoneme, sound
symbolism was observed. These results suggest that phoneme perception is significantly

related to sound symbolism.
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Visual stimuli

| | |
Rest : Standard : ISI : Target : Response period
Sound stimuli, : ! !
E E E-E push button
Response : : : : ﬁ
2000 1+ 800 1 700 1 500 1 2000 - >
Time (ms)

Figure 3.1 Illustration of the experimental design. Each trial started with a rest period
(2,000 ms). The standard stimulus (800 ms) was then presented, followed by the target
stimulus (500 ms) after a 700 ms interstimulus interval (ISI). Subjects were instructed to
respond to the task during the response period (2,000 ms) via a button device, using the

fingers of their left hand. A red cross was always presented as the fixation point.
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Figure 3.2 Average the RTs under each condition in both experiment 1 and 2 (Z-score).
The vertical axis represents the Z-score and the horizontal axis represents the condition.
Error bars represent the standard errors of the means. The mean Z score for RT under
the incongruent condition was longer than that under the congruent condition

(A) The RT difference when sound stimuli were 100% /ba/ and 100% /pi/ in experiment
1 (t=-1.26).

(B) The RT difference when sound stimuli were 100% /a/ and 100% /i/ in experiment 2
(t=-2.48, p <0.05).
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Figure 3.3 The differences in the Z scores for the RTs for all the sound stimuli. The
vertical axis represents the Z-score and the horizontal axis represents the mixing
percentage of sound stimuli. Error bars represent the standard errors of the means.

(A) Experiment 1: In the stimulus in which the /ba/ or /a/ component was less than 50%,
RT for the smaller circle was shorter than that for the larger circle.

(B) Experiment 2: For the stimulus in which the /ba/ or /a/ component was 50% or more,
RT for the larger circle was shorter than that for the smaller circle.
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CHAPTER 4.
Brain regions involved in sound symbolism and their

relationship with phoneme perception

4.1 Introduction

Sound symbolism has been confirmed as a form of word-meaning association by
previous studies (Ramachandran and Hubbard, 2001; Sapir, 1929; K&hler, 1947). Sound
symbolism is a phenomenon in which a sound conveys a particular impression. Several
studies have confirmed the association between sounds and meanings to be “sound
symbolism” or “phoneme symbolism.” For example, one study reported that a voiced
consonant such as /b/ or the vowel /o/ convey the impression of largeness, unlike a
voiceless consonant such as /p/ or the vowel /i/ that convey the impression of smallness
(Newman, 1933). Other studies have reported that higher frequency sounds convey an
impression of smallness, while lower frequency sounds convey the impression of
largeness (Gallace and Spence, 2006; Ohtake and Haryu, 2013). There are many types of
sound symbolism as shown by various studies (Fort et al., 2015; Noppeney et al., 2008;
Westbury, 2005; Revill et al., 2014; Imai et al., 2015; Asano et al., 2015)

The key factors of sound symbolism include experience and articulatory movement.
Knoeferle et al. (2017) indicated that when the higher first formant (F1) is paired with a
longer vowel duration, it was associated with the impression of a greater size.
Interestingly, the lower second formant (F2) was also associated with the impression of a

greater size. In other words, the impression of largeness or smallness may be elicited to a
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vowel’s F2 frequencies. Furthermore, other studies confirm that articulatory movement
also contributes to sound symbolism (Newman, 1933; Sapir, 1929; Shinohara and
Kawahara, 2010). For example, vowels such as /a/, /u/, and /o/ convey the impression of
larger-sized objects, whereas vowels such as /i/ or /e/ evoke the impression of smaller-
sized objects. When we pronounce these vowels, the position of the tongue and the oral
cavity differ. These differences may contribute to a vowel-size correspondence. On the
other hand, when we pronounce the Japanese phoneme /a/, the position of the tongue is
toward the back of the mouth and the oral cavity of the mouth is larger. On the other hand,
when we pronounce the Japanese phoneme /i/, the position of the tongue is toward the
front of the mouth, hits the upper jaw, and the oral cavity is smaller. An important theory
to be considered while discussing these points is the motor theory, which suggests speech
pronunciation is related to speech recognition (Liberman and Whalen, 2000). In one study,
motor-evoked potentials were observed in relation to the anterior tongue muscles while
participants were listening to words (Fadiga et al., 2002). In other words, the motor cortex
related to the pronunciation of speech is also activated by passive listening to words. In
my previous study, it was confirmed that brain regions related to phoneme perception
contribute to sound symbolism (Itagaki et al., 2019). However, the study was unable to
investigate the relationship between sound symbolism and phoneme perception directly.
Therefore, the current study is focused on the relationship between speech (phoneme)
perception and sound symbolism. As explained above, experience and articulatory
movement are some of the factors of sound symbolism. However, these studies cannot
investigate the individual effects of these factors, because the experimental paradigms
used in such studies are complex. Research is needed to investigate these factors

individually.
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In my previous study, sound symbolism was observed even when the sound stimuli
were phonemes. Speech sounds such as “bobo” and “pipi” were used as sound stimuli
with simple syllables repeated twice. Therefore, this study was unable to investigate
whether vowels or consonants have a greater effect on sound symbolism. Thus, this study
investigated the difference between the effects of vowels and consonants. Furthermore,
this study focused on the relationship between the motor cortex related to speech
(phoneme) perception and sound symbolism. In this study, I also investigated how neural

representation of visual stimuli is modulated by sound symbolism.

39



4.2 Materials and Methods
4.2.1 Subjects

Thirteen (one female and twelve males; aged 21-24 years) subjects participated in
Experiment 1, while nine (all males; aged 21-24 years) of the initial 13 also participated
in Experiment 2. All experiments were conducted with fMRI after obtaining written
informed consent from all subjects. All subjects were right-handed and native Japanese
speakers. None of the participants had any knowledge of sound symbolism or these
experiments. In Experiment 1, data from two participants were excluded due to artifact

or inadequate task performances (e.g., head moves > 3 mm).

4.2.2 Experimental apparatus

Each subject was positioned on an MRI scanner in a supine position; sound stimuli
were presented via MRI-compatible headphones (Kiyohara Optics Inc., Tokyo, Japan),
and visual stimuli were presented using the projector and mirror system, as in the previous
study. Subjects viewed visual stimuli projected onto a mirror placed 18 cm away and in
front of their eyes, and they pressed buttons (Current Designs, Inc., Pennsylvania, USA)
with their left hand to respond. The control software (Presentation; Neurobehavioral
System, Inc., Albany, CA, USA) for Experiments 1 and 2 were used to synchronize the

experimental procedures with the fMRI scan.

4.2.3 Visual stimuli
4.2.3.1 Experiment 1
This experiment examined the effect of sound symbolism on judging the size of a

visual stimulus, as in the previous study. The visual stimulus, a gray doughnut-shaped
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circle , was presented on a frosted screen at the end of the scanner bore, which the subject
could see via a mirror mounted on the head coil. The standard stimulus had an outer circle
of 300 pixels and an inner circle of 280 pixels. The target stimulus was either smaller or
larger than the standard one by +40% of its diameter. In total, three sizes (one for the
standard and two for the targets) were used. The standard stimulus was presented for 250
ms, and the target stimulus was presented for 700 ms. A red cross (34 pixels) was always

presented as a fixation point at the center of the screen.

4.2.3.2 Experiment 2

This experiment’s task was the phoneme discrimination. In this experiment, the
instruction screen was presented as the visual stimulus and “please choose the sound
heard” was presented as the instruction phrase. These instruction screens were presented
for 4500 ms, and a red cross (34 pixels) was presented as a fixation point at the center of

the screen at other times.

4.2.4 Sound stimuli

The sound stimuli were click sounds, white noise, and phonemes (/bo/, /bi/, /po/,
and /pi/). A publicly available sound dataset (FW03; NTT communication Science
Laboratories, Kanagawa, Japan) was used for these phonemes. All phoneme sounds were
recorded at a sampling frequency of 48 kHz and a quantization of 16 bits. The single-
syllable utterances /bo/, /bi/, /po/, and /pi/ were spoken by a male. The duration of sound
was 250 ms, and the stimulus amplitude was 64 dB sound pressure level (SPL). The
hearing level of /bi/ was louder than /po/ by approximately 8.14 dB (Nagatani et al., 2008).

The sound stimulus was synchronized with the visual stimulus. The click sound was

41



always presented with sound 1, and one of the sound stimuli was presented randomly with
sound 2. In my previous study, I confirmed that /bo/ conveys a greater impression of

largeness than /pi/.

4.2.5 fMRI parameters

These experiments used the same fMRI parameters used in my previous study.
Functional images of brain activity were acquired using a 1.5-T MRI system (Echelon
Vega, Hitachi Medical Corporation, Tokyo, Japan) as T2*-weighted images using a
gradient echo-echo planar imaging (GE-EPI) sequence with a resolution of 3 x 3 X 5-mm
voxels (30 slices; FOV: 192 mm; matrix: 64 x 64; TR: 3000 ms; TE: 50 ms; FA: 90
degrees). Five initial scans were discarded to avoid magnetic saturation effects. A
structural T1 image was scanned at a 1 mm x 1 mm x 1-mm resolution using a three-
dimensional gradient echo inversion recovery (3D-GEIR) sequence (192 X 1-mm thick
slices; sagittal; FOV: 256 mm, matrix: 256 x 256; TR: 9.7 ms; TE: 4 ms; T1: 1045 ms;

FA: 8 degrees).

4.2.6 Procedure
4.2.6.1 Experiment 1

Subjects were asked to judge the difference in sizes of standard and target stimuli,
as in the previous study. Each trial began with a 3,000-ms rest period. Then, the standard
stimulus was presented for 250 ms, followed by the ISI for 300 ms. Next, the target
stimulus was presented for 700 ms, followed by a response period of 800 ms (Fig. 4.1A).
Subjects were required to answer within the time that the target stimulus was presented.

The screen was black during the rest and response periods. When the subjects responded
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to the task by pressing a button, the next trial began automatically. In the control task,
subjects were instructed to press the middle button with their middle finger, regardless of
the visual stimulus, when the sound (sound 2) presented with the target stimulus was
identical to the sound (sound 1) presented with the standard stimulus. In the comparison
task, subjects were directed to respond (using their index and ring fingers to press the left
and right buttons, respectively) according to the size of the target circle compared with
the standard size (Fig. 4.1B) when the sound stimulus presented with the target differed
from that presented with the standard stimulus. The button assignment (i.e., which button
represented which answer) was changed between subjects. There were two combinations
of visual stimuli (one standard x two targets) and six combinations of sound stimuli (one
Sound 1 % six Sound 2), yielding a total of 12 stimulus combinations. In Experiment 1,
each subject completed 384 trials (control task = 144 trials; comparison task = 240 trials).

Each subject conducted one training session.

4.2.6.2 Experiment 2

In this experiment, subjects were required to discriminate between the heard sounds.
Each trial began with a 1,500 ms rest period. Then, the instruction screen was presented
for 4,500 ms. The sound stimulus was presented 1,000 ms after the instruction screen was
presented, followed by a response period of 1,500 ms (Fig. 4.1C). The screen was black

during the rest period.

4.2.7 Analysis
Functional imaging data were processed using the SPM12 software (Wellcome

Department of Cognitive Neurology, London, UK). For realignment, the image was
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spatially normalized to an EPI template in the Montreal Neurological Institute (MNI)
space and smoothed with an 8-mm full width at half maximum Gaussian kernel. To
examine the brain activation related to sound symbolism and speech perception, I created
different types of contrast images (congruent minus incongruent, incongruent minus
congruent, speech perception and discrimination). These effects were modeled as stick
functions with a convolution of the canonical hemodynamic response function.
Movement parameters from realignment corrections were included in the model as
covariates of no interest. Significant regions were superimposed on a standard human
brain template from MRIcro software (www.mccauslandcenter.sc.edu/crnl/mricro).
Furthermore, FSL software version 5.0 (FMRIB Software Library, FMRIB, Oxford, UK;
Smith et al., 2004) was used for physiological noise removal before analysis (Aso et al.,

2017). Region-of-interest (ROI) analysis was performed using the SPM toolbox.

4.2.8 Physiological noise removal

A denoising approach was applied to minimize pseudo-positives and inter-
individual variation of the fMRI due to physiological noise (Aso et al., 2017; Erdogan et
al., 2016; Tong et al., 2013). This technique used to reduce noise involves tracking the
regional phase variation of the low-frequency oscillation of systemic origin.

First, the oscillation time course is captured by selecting a set of voxels that give a
cross-correlogram peak at precisely zero using a bandpass filtered (0.08-0.07 Hz) global
signal.

Based on the averaged time-series across these voxels (with lag = 0) as the new
reference, the next set of voxels was located by finding those with a cross-correlogram

peak at 0.5 s (0-0.5 s) indicating a perfusion time lag. This recursive procedure was
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repeated up to 7 s both upstream and downstream to create a lag map and the
corresponding time-series set. This spatiotemporal lag structure was subsequently
regressed out from the original data, which can be considered as global signal regression

tailored for each voxel but affecting only the slow components.

45



4.3 Results

Eleven subjects performed well on the comparison task; the mean correct response
rate was 95.1%. I analyzed the RTs for the comparison tasks. As my previous study and
some other previous studies have confirmed that /b/ and /o/ elicited an impression of
largeness and /p/ and /i/ elicited an impression of smallness, I assumed that /bo/ and /pi/
would induce impressions of largeness and smallness, respectively. I defined the
congruent and incongruent conditions as follows and analyzed the data accordingly. In
the congruent condition, the target stimulus was consistent with the reaction to the sound
(i.e., the larger target was presented with /bo/ or the smaller target with /pi/). In the
incongruent condition, the target stimulus was inconsistent with the reaction to the sound
(i.e., the larger target was presented with /pi/ or the smaller one with /bo/).

First, I examined the influences of consonants and vowels and examined the
different effects they had on sound symbolism. Upon examining the influence of
consonants, I determined that /bo/ and /bi/ convey an impression of largeness, while /po/
and /pi/ convey an impression of smallness. Regarding the influence of vowels, I found
that /bo/ and /po/ convey an impression of largeness, while /bi/ and /pi/ convey an
impression of smallness. In both cases, the mean RT in the congruent condition was
shorter than that in the incongruent condition. However, the influence of vowels was
larger than that of consonants (Fig. 4.2). Regarding the influence of vowels, the difference
between the mean RT in the congruent condition and incongruent condition was
significant (¢ =-3.15, p < 0.05, paired t-test with Bonferroni correction).

In this study, I examined the brain activity related to sound symbolism and speech
perception by contrasting the incongruent condition with the congruent condition and

conducting an ROI analysis. The left postcentral gyrus was more activated in the
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incongruent condition than in the congruent condition (Fig. 4.3). The anterior cingulate
cortex (ACC), which was confirmed to be associated with sound symbolism in my
previous study, was more activated in the incongruent condition than in the congruent
condition. However, the difference in activation intensity was not significant.

I also investigated the brain region related to motor control during speech
perception using ROI analysis. First, the peak value of the contrast estimate under f-
contrast in Experiment 2 was obtained after masking the left/right precentral and
postcentral gyri using Neuromorphometrics masks created using the SPM toolbox (Table
4.1). Next, I created ROIs from these peak coordinates. The ROIs were spheres with a
radius of 8 mm. Then, to examine the relationship between sound symbolism and speech
perception, contrast estimates in Experiment 1 were masked with these ROIs and plotted
(Fig. 4.4). The region related to the left postcentral gyrus observed in Experiment 1
demonstrated activation during speech discrimination, and this effect of interaction
between vowel and visual size was significant [F(1, 10) = 6.328, p = 0.031].

I also investigated whether sound symbolism influences the visual cortex. The
activity of the visual cortex in symbolic sound experiments was measured by masking the
ROIs created using the peak coordinate of the visual cortex obtained from half of the trials
to the contrast estimate of the other half of the trials. First, the peak coordinate of the
contrast estimates from the visual cortex in each subject in Experiment 1 was measured
using Neuromorphometrics masks created by the SPM toolbox. Then, visual cortex
activity was measured using ROIs created by the above coordinate in each subject and
plotted (Fig. 4.5). In V1 to V3, the values of the contrast estimates in the congruent
condition were larger than that in the incongruent condition and greater in the larger circle

condition than in the smaller circle condition.
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4.4 Discussion

The behavioral results suggest that vowels affect sound symbolism more strongly
than do consonants. In Japanese, consonants are always paired with a vowel. Therefore,
vowels may be more important than consonants when we pronounce words. Furthermore,
this result suggests that sound symbolism was observed even when sound stimuli
consisted of a single syllable.

Brain activity in the left postcentral gyrus was observed in Experiments 1 and 2
both. Previous studies indicate that this region is related to tongue movement and speech
(Ehrsson et al., 2003; Grabski et al., 2012). Ehrsson and his colleagues (2003)
investigated whether imagining voluntary movements of different body parts activates
corresponding motor representations. In the movement condition of this study, subjects
were asked to make horizontal movements with their tongue and imagine its movement
in the imagination condition. The left and right precentral and postcentral gyri were
activated in both the movement and imagination conditions. These regions were very
close to the regions observed in Experiment 2 of the current study. Grabski and her
colleagues (2012) examined brain regions related to the lips, jaw, larynx and tongue
movement. In this study, subjects were required to pronounce a vowel and move each
body part (lip, jaw, larynx, and tongue). The left premotor cortex was activated in the
vowel voicing and tongue movement conditions. This region was also very closely
located to the regions observed in Experiment 2 of the current study. Thus, Grabski and
her colleagues (2012) suggested that the premotor cortex and the precentral and
postcentral gyri contribute to speech perception and discrimination. Again, this region
was also observed in Experiment 1 of my study, which investigated sound symbolism.

This finding suggests that the motor areas related to speech affect sound symbolism.
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Moreover, this region was more activated in the incongruent condition than in the
congruent condition in Experiment 1, suggesting that the incongruent condition was more
difficult for perception and speech discrimination. In other words, the phonetic symbol
may have boosted speech recognition and visual size determination.

The ACC was more activated in the incongruent condition than in the congruent
condition, similar to the results of my previous study. However, the difference in the
intensity of activation was not significant. In this study, the sound stimulus was a single
syllable with linguistic reduction unlike that in my previous study which used speech with
a single syllable repeated twice. In addition, the experimental paradigm of this study was
more complex than that of my previous study. Therefore, the difference in ACC activity
in this study is considered to be smaller than in my previous study.

In V1 to V3, the values of the contrast estimate in the congruent condition were
larger than that in the incongruent condition. Additionally, the values of the larger circle
were greater than that of the smaller circle in both congruent and incongruent conditions.
Previous studies have was considered size perception to be a high-level function,
probably mediated by specific cortical areas selective to objects and object size
(Ungerleider and Bell, 2011; see Kourtzi and Connor, 2011, for a review; Konkle and
Oliva, 2012). Furthermore, the different primary visual cortex representations were
activated by the apparent size of an object when the object was presented together with a
perspective visual cue (Murray et al., 2006; Fang et al., 2008; Pooresmaeili et al., 2013;
Schwarzkopf and Rees, 2013). In other words, different parts of the visual cortex were
activated by subjective perception. Meanwhile, the visual cortex was also activated by
listening to mimic words (Osaka, 2009). In the walk condition of this study, subjects were

asked to listen to walk-evoking mimic words and nonsense syllables in the control
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condition, and to close their eyes while listening. The visual cortex was more activated in
the walk condition than in the control condition. This result suggests that a visual image
was recalled from the mimic words. In my study, the values of the contrast estimate in the
congruent condition were larger than that in the incongruent condition. These results are
consistent with the results of previous studies. In addition, the difference between
congruent and incongruent conditions was observed in the lower order area of the visual
cortex. It can be inferred from this result that the first step of speech symbolism may be
processed in the lower levels of the visual cortex, such as V1 to V3.

These results confirm that acoustic character is not the only factor involved in
sound symbolism. Furthermore, it suggests that the motor area related to speech
perception also affects sound symbolism. However, the relationships among sound
symbolism, speech processing, and acoustic character should be investigated by further

research.
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4.5 Summary

In this study, two experiments were conducted to investigate the relationship
between speech perception and sound symbolism. In Experiment 1, I focused on brain
activity related to sound symbolism for visual size. Subjects were required to identify the
visual difference in size between a standard and a target stimulus, while listening to sound
stimuli. Sound stimuli consisted of a single syllable (/bo/, /bi/, /po/, and /pi/), a noise, and
a click sound. In Experiment 2, subjects were asked to discriminate between heard sounds.
Only the Japanese phonemes used in Experiment 1 were used as sound stimuli in
Experiment 2. The behavioral data showed that sound symbolism was observed even
when the sound stimulus was a single syllable. Furthermore, when comparing the RT
difference between incongruent and congruent conditions, vowels were found to have had
a greater influence than consonants. The fMRI data showed that the left postcentral gyrus
was more activated in Experiments 1 and 2 both. In other words, the brain regions related
to speech perception also contributed to sound symbolism. In addition, the values of the
contrast estimate in the congruent condition were larger than that in the incongruent
condition in the lower order of the visual cortex. From this result, it can be inferred that
the first step of speech symbolism may be processed in lower levels of the visual cortex,
such as V1 to V3. These results confirm that acoustic characters are not the only factors
involved in sound symbolism, suggesting that the motor area related to speech perception

also influences sound symbolism.
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MNI coordinates

Brain region Z-score  Cluster size (voxels)
X y z

@ Left precentral gyrus 40 -30 64 4.26 911

2 Left postcentral gyrus 62 -2 28 2.44 65

@ Left precentral gyrus -50 4 40 2.16 44

(@ Right precentral gyrus 36 -24 66 4.07 591

(® Right postcentral gyrus 56 0 34 252 225

Table 4.1 MRI activation clusters related to motor area derived speech perception.
Note: Peaks that survived the threshold at voxel level p < 0.1, uncorrected, and cluster
extent k > 40 voxels uncorrected. This table shows the MRI activation cluster related to

motor area derived speech perception.
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Figure 4.1 Illustration and flow chart of the experimental design in Experiment 1 and 2.
(A) Illustration of the experimental design in Experiment 1. Each trial started with a rest
period (3,000 ms). The standard stimulus (250 ms) was then presented, followed by the
target stimulus (700 ms) after a 300 ms interstimulus interval (ISI). Subjects were
instructed to respond to the task during the response period (800 ms) via a button, using
the fingers of their left hand. A red cross was always presented as the fixation point.
(B) Flow chart illustrating the experimental process. Subjects were instructed to push the
middle button to respond to the control task and the left or right button to respond to the
comparison task. Button assignment (which button represented a specific answer) in the
comparison task was changed between subjects.
(O) Illustration of the experimental design in Experiment 2. Each trial started with a rest
period (1,500 ms). Then, the instruction screen was presented (4,500ms). The sound
stimulus was presented 1,000 ms after the instruction screen was presented and was
followed by a response period (1,500 ms). A red cross was presented as the fixation point.
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Figure 4.2 Average the RTs for each condition (Z-score). The vertical axis represents
the Z-score and the horizontal axis represents the condition. Error bars represent the
standard errors of the means. The Z-score was greater in the incongruent condition than
in the congruent condition in both conditions.

(A) This figure shows the influence of consonants (¢ =-0.073).

(B) This figure shows the effect of vowels.

The difference in the vowel effect condition was significant (¢ =-3.15, p <0.05, paired t-
test with Bonferroni correction.)
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Left y=-4 X =-62

z=28

Figure 4.3 Activation maps in the incongruent condition. The left postcentral gyrus
exhibited greater activity in the incongruent condition than in the congruent condition
(threshold at voxel level p < 0.01, uncorrected, and cluster extent k > 50 voxels
uncorrected).
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Figure 4.4 Contrast estimate for each condition in each ROI related to the left/right
precentral and postcentral gyri. The vertical axis represents the contrast estimate and the
horizontal axis represents each ROI. The ROIs were spheres with a radius of 8§ mm.
Error bars represent the standard errors of the means. Each number on the horizontal
axis represents each region in Table 4.1. In the left postcentral gyrus, the value of the
incongruent condition was greater than that of the congruent condition (©).
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Figure 4.5 Contrast estimate for each condition in the visual cortex during Experiment
1. The vertical axis represents the contrast estimate and the horizontal axis represents
each area of the visual cortex. Error bars represent the standard errors of the means. In
V1 to V3, the values of contrast estimates in the congruent condition were larger than
that in the incongruent condition. Values were also greater in the larger circle condition
than in the smaller circle condition.
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CHAPTER 5.
Change of sound symbolism during the language development:

Infants’ preferential looking behavior

5.1 Introduction

There are several phases in the process of language learning (Kuhl, 2004). Infants
learn to make sounds using the mouth and subsequently learn the relationship between
words and their meanings. More complex communication is later possible by learning the
grammatical structure. As mentioned above, infants increase their vocabulary by learning
the connection between sounds or letters and their meanings or notions. Such word-to-
meaning mapping has been considered arbitrary, however, phenomena such as sound
symbolism appear to contribute to word-to-meaning mapping (de Saussure, 1983; Sapir,
1929; Kohler, 1947; Ramachandran and Hubbard, 2001). Sound symbolism refers to a
phenomenon in which the sound itself conveys a specific impression, for example, a high
frequency sound conveys an impression of smallness, while a low frequency sound
conveys an impression of largeness (Gallace and Spence, 2006; Ohtake and Haryu, 2013;
Hirata et al., 2011; Shinohara et al., 2016; Fort et al., 2015; Knoeferle et al., 2017).

Various studies have examined the effect of sound symbolism on experience and
learning (Lockwood et al., 2016; Imai et al., 2008; Nygaard et al., 2009; Kantartzis et al.,
2011; Imai et al., 2015). One study investigated whether subjects could infer the meaning
of an ideophone from an unfamiliar language (Lockwood et al., 2016). Specifically, after

the Japanese ideophone was presented, the translation opposite to the real translation of
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the ideogram was presented in Dutch. Dutch subjects were required to select the real
translation of their ideophones. According to the results, subjects selected real translations
for unknown ideophones with a degree of accuracy above the level of chance. Another
study examined whether onomatopoeia created for 2- and 3-year-olds was associated with
the manner of walking expressed by the words (Imai et al., 2008). Specifically, the
children were asked to select a video that matched the words they heard from two videos
displayed side-by-side showing different manners of walking. The videos that matched
the words were selected at a rate above the level of chance. These results suggest that
sound symbolism contributes to the determination of the meaning of unfamiliar words.
Sound symbolism has also been observed in 4-month-olds (Pefia et al., 2011). One
study examined the connections between phonemes (/i/, /e/, /o/, and /a/) and different
sizes of geometric shapes (circle, oval, triangle, and square) in Spanish infants. The
infants tended to look longer at small shapes when the sound stimuli were /i/ or /e/
compared to when the sound stimuli were /o/ or /a/. Meanwhile, infants tended to look at
large shapes longer when the sound stimuli were /o/ or /a/ compared to when the sound
stimuli were /1/ or /e/. This suggests that an association between phonemes and visual size
exists before speech production in 4-month-olds. That is, sound symbolism may be
acquired before speech production, and if it is acquired prior to speech production, it
could be considered to contribute to language development. In addition, another study
investigated the relationship between the frequency of sounds and visual size in 4- and 6-
month-olds (Ferndndez-Prieto et al. 2015). In this study, infants were presented with a
frequency-modulated sound (from 300 Hz to 1,700 Hz and from 1,700 Hz to 300 Hz) and
a circle which changed size in tandem with the frequency modulation. Six-month-olds

tended to look at the visual stimuli longer when they matched the impression conveyed
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by the sound while no difference in looking time across conditions was observed in 4-
month-olds. These and other studies have provided evidence to support that sound
symbolism occurs before speech production in infants (Imai et al., 2015; Maurer et al.,
2006; Ozturk et al., 2013; Asano et al., 2015). However, since these experiments used
different experimental paradigms, they were not able to comprehensively examine the
relationship between sound symbolism and the language development process. Therefore,
experiments should be conducted across various ages to explore whether sound
symbolism changes with language development.

To investigate the relationship between language development and sound
symbolism in this study, I used the same paradigm for infants of various ages below and
above 12 months, which is typically considered to be the speech production period when
many infants produce their first word. In order to evaluate this using the same paradigm,
the looking time for each stimulus was measured using an eye tracker. It was asserted that
the same paradigm can be used for various ages by using the infant’s preferential looking
method to examine whether sound symbolism changes with language development. If
sound symbolism changes as infants acquire language, then sound symbolism may

contribute to language development itself.
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5.2 Materials and Methods
5.2.1 Subjects

Thirty-eight 9-month-old infants (range, 8 months 24 days to 9 months 7 days; 17
boys, 21 girls), thirty-three 12-month-olds (range, 11 months 24 days to 12 months 7
days; 15 boys, 18 girls), and thirty-one 15-month-olds (range, 14 months 24 days to 15
months 7 days; 16 boys, 15 girls) participated in the study. All parents of infants who
were participants gave written informed consent prior to participation. They were native
speakers of Japanese. The Japanese MacArthur-Bates Communicative Development
Inventory was used to evaluate the language development stage at each age (Ogura et al.
2004). The average number of understood words in the vocabulary section of the
questionnaire was 31.9 words (SE = 5.8) in 9-month-old infants, 66.0 words (SE = 8.7)

in 12-month-olds, and 102.3 words (SE = 12.4) in 15-month-olds.

5.2.2 Experimental apparatus

In this study, infants’ behavior was observed while sitting on their parents’ lap,
positioned 65 cm from the display. The eye movement of infants while they watched the
video was measured using an eye tracker (Tobii, Tobii pro X3-120). Visual stimuli were
presented on the display (DELL, 1800FP), and at the same time, sound stimuli were

presented from the speaker behind the display (BOSE, Computer Music Monitor).

5.2.3 Visual stimuli and sound stimuli
5.2.3.1 Experiment 1
Visual stimuli

Experiment 1 included two conditions: a shape condition and a size condition. Two
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shapes with different outlines (rounded and spiky shapes) were used as visual stimuli in
the shape condition, and pictures of balls with different sizes (large and small balls) were
used as visual stimuli in the size condition. In the shape condition, the visual stimulus
flashed in tandem with the sound stimulus, and, in the size condition, the visual stimulus
rotated in tandem with the sound stimulus. Two types of figures or pictures were presented
side-by-side. In order to account for infants’ the left or right screen preference, the
location of the visual stimulus (left or right side) was counterbalanced within participants.
There were 16 combinations in total (four visual stimuli x four sound stimuli). In

Experiment 1, the length of one video was 12 seconds.

Sound stimuli

In Experiment 1, the sound stimuli consisted of low frequency (100 Hz) and high
frequency (400 Hz) tone bursts with a harmonic structure and the Japanese phonemes /a/
and /i/ spoken by two native Japanese females. The amplitudes of the sounds were
adjusted to 74 dB sound pressure level (SPL) (= 1 dB SPL). The length of the sound

stimulus was approximately 250 ms.

5.2.3.2 Experiment 2
Visual stimuli

Two faces, one with rounded eyes and one with spiky eyes, were used as visual
stimuli in experiment 2. The eyes of the face flashed in tandem with the sound stimulus.
The length of one video was 9 s, and, in Experiment 2, there were a total of eight
combinations (two visual stimuli x four sound stimuli). Experiment 2 included two types

of faces presented side-by-side, and the position of the visual stimulus (left or right) was
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counterbalanced within participants, as in Experiment 1.

Sound stimuli

99 ¢¢ 99 ¢6

In Experiment 2, four unfamiliar four-mora words (“kinkiri,” “chingai,” “moudan,”
and “yumon”) spoken by two native Japanese females were used as sound stimuli. The
results of an evaluation completed by adult participants indicated that these four words
were selected as the top two words associated with the impression of roundness and the
top two words associated with the impression of spikiness. In this impression evaluation

2 13 2 (13

experiment, eight words (“chingai,” “mongara,” “sekiten,

2 13

moudan,” “hannaga,”
“kinkiri,” “chinrin,” and “yumon”) from the voice data set (FW03; NTT communication
Science Laboratories, Kanagawa, Japan) were used as sound stimuli. Using the two-
alternative forced choice method, subjects were required to answer which of the two
words randomly extracted from these eight words best matched the spiky shape.
Differences in the order of playback constituted different combinations, and each
combination was presented three times. If a word matched a spiky shape, the selected
word was scored as one point and the total score of each word was calculated. The
sharpness of each word was determined by the scores. Using this method, four words
(“chingai,” “kinkiri,” “moudan,” and “yumon”) were selected as sound stimuli for

Experiment 2. These sound stimuli were also adjusted to 74 dB SPL, and the length of

the sound stimuli was 750 to 870 ms.

5.2.4 Procedure
The experimental environment was the same in Experiment 1 and Experiment 2.

Infants were required to sit on their mother’s lap, positioned approximately 65 cm from a
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display, and were required to look at the display. The movement of the infants’ eyes at
this time was measured by the eye tracker positioned at the bottom of the display. In order
to prevent the mother’s behavior from influencing the infant’s behavior, the mother was
required to cast her eyes down and not look at the visual stimulus. The sound stimulus
was presented simultaneously with the visual stimulus. In order to acquire the attention
of infants, videos that did not affect the experiment were presented before and after the
experiment and between each stimulus (Fig. 5.1). Experiment 1 was divided into two
sessions (eight videos in each session), and three sessions were conducted in combination
with Experiment 2. All videos were presented randomly at each session, and each session

was also presented randomly across subjects.

5.2.5 Analysis

Subjects who cried during the experiment, looked at only one of the stimuli
presented side-by-side, or had an insufficient gaze rate during the experiment (30% or
less) were excluded from the following analysis. Therefore, seventeen 9-month-olds,
eight 12-month-olds, and five 15-month-olds were excluded from the shape condition,
and fifteen 9-month-olds, seven 12-month-olds, and two 15-month-olds were excluded
from the size condition in Experiment 1. In Experiment 2, thirteen 9-month-olds, six 12-
month-olds, and seven 15-month-olds were excluded from subsequent analyses. In this
study, the duration of time that infants spent looking at the visual stimuli was analyzed.
First, areas of interests (AOIs) large enough to include the visual stimulus were set equal
to each visual stimulus. Then, if a line of sight entered the AOIs, it was considered that
the visual stimulus was being watched, and the total looking time spent in the AOIs was

measured.
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5.3 Results

In this experiment, the looking time for each stimulus was analyzed. Previous
research has indicated that non-sense words including /a/, the phoneme /a/, and low-
frequency sounds were associated with impressions of roundness and largeness, whereas,
non-sense words including /i/, the phoneme /i/, and high-frequency sounds were
associated with impressions of spikiness and smallness (Newman, 1933; Auracher et al.,
2009; Gallace and Spence, 2006; Nielsen and Rendall, 2013; Lockwood and Dingemanse,
2015). I defined the congruent and incongruent conditions as follows and analyzed the
data accordingly. In the congruent condition, the visual stimulus was consistent with the
impression of the sound (i.e., the larger ball was presented with /a/ or the smaller ball with
/1/). In the incongruent condition, the visual stimulus was inconsistent with the impression
of the sound (i.e., the rounded shape was presented with /i/ or the smaller one with /a/).

In Experiment 1, the difference in the looking time between visual stimuli for each
sound stimulus (rounded shape - spiky shape in the shape condition, large ball picture -
small ball picture in the size condition) was compared (Fig. 5.2). When the sound stimulus
was a tone burst, the amount of time spent looking in the incongruent condition was found
to be longer than that in the congruent condition in both the shape and size conditions,
regardless of the age of subjects. However, when the sound stimulus was a Japanese
phoneme, the amount of time 9-month-olds spent looking in the congruent condition was
longer than the incongruent condition. In contrast, 12-month and 15-month-olds tended
to look longer in the incongruent condition than in the congruent condition. This tendency
was observed for both the shape and size conditions. When comparing the looking time
for each stimulus at each age of the infants, the spiky shape tended to be more preferred

than the rounded shape in the shape condition regardless of the age of subjects, and the
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large ball was also more preferred than the small ball in the size condition (Figs. 5.3 and
5.4). The statistical significance was not observed in these results.

In Experiment 2, I compared the difference in looking time between visual stimuli
for each word (face with rounded eyes-face with spiky eyes; Fig. 5.5). The impression
evaluation completed by adults indicated that “kinkiri” was the word that conveyed the

99 ¢¢

strongest impression of pointiness, followed by “chingai,” “moudan,” and “yumon”. In
this study, I determined that the two words “kinkiri” and “chingai” give the impression of
spikiness, while the two words “moudan” and “yumon” give the impression of roundness.
The results show that when the word was “chingai” the time spent looking at the face
with rounded eyes was the longest, regardless of the age of subjects. When the word was
“kinkiri,” subjects tended to spend more time looking at the face with spiky eyes,
regardless of their age. Unlike Experiment 1, there was no difference in the looking time
between the congruent condition and the incongruent condition. However, a consistent
preference between the word and time spent looking at the face was seen regardless of
the age of infants. The face with rounded eyes was more preferred than the face with spiky
eyes regardless of the age of subjects. This tendency was different from the one observed

in the shape condition in Experiment 1. Furthermore, the total time spent looking at the

face tended to decrease as the subject’s age increased.
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5.4 Discussion

Infants have preferences for visual stimuli that they are interested in and tend to
look at these stimuli for a long time. It has been reported that this behavior changes from
familiarity to novelty (Fantz, 1963; Houston-Price and Nakai, 2004). This behavioral
method was adopted for the current study. This technique of using infants’ preferential
looking behavior has often been used in studies using point-light displays (PLDs) that
depict biological motion (Christie and Slaughter, 2010; Slaughter et al., 2002; Zieber et
al., 2005). In one study, infants looked at familiar items for a longer time (Sanefuji et al.,
2008). In this study, the subjects were infants who could walk without support and infants
who could crawl, and the PLDs of crawling and walking actions demonstrated by an adult
were presented as stimuli. Infants who could crawl looked at the PLDs depicting crawling
for a longer time than those depicting walking, and infants who could walk without
support looked at the PLDs of walking for a longer time than those depicting crawling.
This result suggests that infants prefer movement patterns that resemble their own motor
repertoire.

Meanwhile, Morita et al. (2012) suggest that gaze tendency changes depending on
the understanding of biomechanical constraints on arm movement. In this study, the
length of time 9- and 12-month-old infants spent looking at animations of possible and
impossible movements was measured. Although both 9- and 12-month-olds spent longer
looking at the animation of impossible movement than the animation of possible
movement, the 12-month-olds spent a significantly longer time looking at the animation
of an impossible movement than did the 9-month-olds. These results suggest that the
infants’ visual attention was attracted to impossible movements due to their understanding

of how arms can move.
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Gaze tendency could also be influenced by individual differences. In one study, 8-month-
old infants whose average motor skills were higher than the median looked at impossible
movements longer than possible movements (Reid et al., 2005). This result suggests that
gaze tendency was influenced by changes in understanding the movement of arms due to
differences in individual motor skills. These differences were not limited to movement
pattern processing. Another study that examined the association between frequency
modulation and object size in infants found no difference in the gaze tendency in 4-month-
old infants, but in 6-month-olds, the time spent on congruent conditions was longer.
(Fernandez-Prieto et al., 2015). In addition, in the study which investigated the connection
between single syllables and object size in 4-month-old infants, the time spent attending
to matching conditions was longer (Pefia et al., 2011). In the study that examined the
association between words and the roundness/sharpness of shapes in 4-month-old infants,
the time spent on the incongruent condition was longer (Ozturk et al., 2013). These studies
suggest that gaze tendency could change depending on the age of infants and the difficulty
of the experiment.

In both the shape condition and the size condition in Experiment 1, when the sound
stimulus was a tone burst, the looking time in the congruent condition was longer than
that in the incongruent condition, regardless of the subject’s age. When the sound stimulus
was a Japanese phoneme, the gaze tendency differed between 9-month-old infants and
12- and 15-month-olds. In 12- and 15-month-old infants, the age at which many infants
produce their first word, the looking time in the incongruent condition may be attributed
to the change in the relationship between sound symbolism and speech production time.
Since sound symbolism changed around the time of speech production, it was considered

that the looking time in the incongruent condition was longer in 12- and 15-month-old
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infants, when many infants produce their first word. Similarly, sound symbolism for tone
bursts was suggested to have been acquired and changed around or before 9 months of
age.

Previous studies using words with infants have used CVCV (consonant-vowel-
consonant-vowel) words and CVCV-CVCYV (repetition of CVCV) words (Ozturk et al.,
2013; Asano et al., 2015; Imai et al., 2015). In Imai et al.’s (2015) study of 14-month-old
infants, the connection between a two-mora word and a figure was examined, and it was
found that the gaze time for the congruent condition was longer. In Experiment 2, no
particular tendency was observed in the difference in looking time between the congruent
condition and the incongruent condition, regardless of the subject’s age. Since four-mora
words were used as sound stimuli in Experiment 2, unlike the sound stimuli used in these
previous studies and Experiment 1, it was considered that these sound stimuli are a more
complex sound for infants. In addition, there may be a possibility that the impression
recalled from the word was different between adults and infants, and that the impression
of the shape expected by using the face as the visual stimulus could not be recalled. In
spite of these problems, the results of Experiment 2 suggest that sound symbolism for
words which have a higher number of morae has not yet been acquired at 15-month-olds.
These issues should be verified through further experiments, such as reducing the number
of morae in words and using the same visual stimuli as in Experiment 1.

Regarding the preference of visual stimuli, infants tended to look at the spiky shape
longer in the shape condition of Experiment 1, but in Experiment 2, infants tended to look
longer at the face with rounded eyes. Unlike Experiment 1, Experiment 2 displayed the
different shapes as eye shapes. It has been reported that a few days after birth, infants look

longer at the schematic of a face than at other shapes (Fantz, 1963). When the visual
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stimulus was presented as an eye shape, the face with rounded eyes was less unnatural
than the face with spiky eyes, and the characteristics of preferring a face-like shape were
observed. In this study, sound symbolism during the language development was examined.
These results suggest that there are several phases in the acquisition of sound symbolism.
In other words, it was suggested that sound symbolism for phonemes is acquired at
approximately 12 months of age, which is the speech production period, after sound
symbolism for tone bursts is acquired approximately 9 months of age. Furthermore, it
was suggested that sound symbolism for complex words is not yet acquired in 15-month-

olds.
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5.5 Summary

In this study, I measured infants’ preferential looking behavior to stimuli, and t wo
experiments were conducted to investigate multiple types of sound symbolism. In
Experiment 1, tone bursts and Japanese phonemes were used as sound stimuli, and

different shapes or sizes of figures were used as visual stimuli. In Experiment 2, non-
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sense words (“kinkiri,” “chingai,” “moudan,” and “yumon”) were used as sound stimuli,
and two faces with rounded eyes or spiky eyes were used as visual stimuli. Subjects were
9-, 12-, and 15-month-old infants during the language development period. I measured
the time spent looking at each visual stimulus while sound stimuli were presented. In
Experiment 1, when the sound stimuli were tone bursts, the looking time in the
incongruent condition was longer than that in the congruent condition, regardless of infant
age. When the sound stimuli were Japanese phonemes, the looking time was differed
according to infant age. In 9-month-olds, the looking time in the congruent condition was
longer than that in the incongruent condition. However, among 12- and 15-month-olds,
the looking time in the incongruent condition was longer than that in the congruent
condition. In Experiment 2, the tendency for sound symbolism was not observed. These
results suggest that sound symbolism for phonemes is acquired at approximately 12
months of age, which is the speech production period, after sound symbolism for tone

bursts is acquired at approximately 9 months of age. Furthermore, it was suggested that

sound symbolism for complex words is not yet acquired in 15- month-olds.
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Figure 5.1 Illustration of the experimental design in Experiment 1 and Experiment 2.
(A) Illustration of the experimental design in Experiment 1. The duration of one video
was 12 s. All videos were presented randomly. Experiment 1 was divided into two
sessions (eight videos in each session).

(B) Illustration of the experimental design in Experiment 2. The duration of one video
was 9 s. All videos were presented randomly.

In order to acquire the attention of infants, videos that did not affect the experiment were
presented before and after the experiment and between each stimulus, in Experiment 1
and 2 both.
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Figure 5.2 The differences in looking time in each condition.

(A) The sound stimuli were tone bursts in the shape condition.

(B) The sound stimuli were Japanese phonemes in the shape condition.

(C) The sound stimuli were tone bursts in the size condition.

(D) The sound stimuli were Japanese phonemes in the size condition.

The vertical axis represents the difference in looking time and the horizontal axis
represents age of infants. Error bars represent the standard errors of the means. In (A) and
(C), the looking time in the incongruent condition was longer than that in the congruent
condition, regardless of infant age. In (B) and (D), the looking time in the congruent
condition was longer than that in the incongruent condition in 9-month-olds. However, in
12- and 15-month-olds, the looking time in the incongruent condition was longer than
that in the congruent condition.
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Figure 5.3 The looking time in each condition in the shape condition.

(A) The looking time in 9-month-olds.

(B) The looking time in 12-month-olds.

(C) The looking time in 15-month-olds.

The vertical axis represents the total looking time and the horizontal axis represents sound
stimuli. Error bars represent the standard errors of the means. The looking time was longer
for spiky shapes than for rounded shapes, regardless of infant age.
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Figure 5.4 The looking time in each condition in the size condition.

(A) The looking time in 9-month-olds.

(B) The looking time in 12-month-olds.

(C) The looking time in 15-month-olds.

The vertical axis represents the total looking time and the horizontal axis represents sound
stimuli. Error bars represent the standard errors of the means. When the sound stimulus
was the same sound, the looking time was longer for the large ball compared to the small
ball, regardless of infant age.
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Figure 5.5 The differences in looking time in each condition. This figure shows the
differences in looking time between the face with rounded eyes and the face with spiky
eyes in Experiment 2. The vertical axis represents the difference in looking time and the
horizontal axis represents age of infants. Error bars represent the standard errors of the
means. When the word was “chingai,” the looking time at the face with rounded eyes was
the longest, regardless of the age of subjects. When the word was “kinkiri,” there was a
tendency for the looking time at the face with spiky eyes to be the longest, regardless of
the age of subjects.
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CHAPTER 6.
Change of sound symbolism during the language development:

Infants' preferential reaching behavior

6.1 Introduction

Many object characteristics, such as complexity, size, and familiarity, can influence
infants’ looking preferences (Slater et al., 1990; Christie and Slaughter, 2010; Slaughter
et al., 2002; Zieber et al., 2005). For example, newborns prefer to look at shapes that
resemble a face (Fantz, 1963). As infants grow older and their visual abilities develop,
other factors such as pattern complexity gain more importance in determining visual
preference. While 3-week-old infants preferred to look at checkerboards made up of four
large squares, by 8 weeks infants started to prefer patterns of intermediate complexity
(made up of 64 squares), and by 14 weeks, infants preferred to look at patterns with the
highest complexity (made up of 576 squares; Brennan et al., 1966). However, looking
preference only suggests that infants can discriminate between objects.

Infants’ behavior of reaching for objects that are interesting or familiar to them
has been previously observed (Shinskey and Munakata, 2010; Newman et al., 2001,
Fagard, 2000; Gurteen et al., 2011; Libertus et al., 2013). Shisnskey and Munakata
(2010) investigated the transition of preference from familiarity to novelty in infants.
When objects were visible, 7- and 11-month-old infants showed a robust preference for

novelty. However, when objects were hidden in the dark, 11-month-olds maintained
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their novelty preference, in contrast to 7-month-olds who reversed to a familiarity
preference. This result suggests that preferences change with development. One study
examined the effect of object size on reaching preferences in infants aged 5 to 15
months (Newman et al., 2001). In this study, pairs of cylindrical objects 1 cm, 2.5 cm,
or 6 cm in diameter were presented to infants, and the visual and reaching preferences
were recorded. Between the ages of 5 months and 8.5 months, infants did not
demonstrate a clear reaching preference for either smaller or larger objects. In contrast,
infants aged 8.5 to 12 months were significantly more likely to reach for smaller, more
graspable objects. These results show that perceived reachability influences the actual
reaching behavior of infants for objects. In the current study, | measured the active
selection behavior of infants using this characteristic.

In my previous study, I measured infants’ looking time at two differently-shaped
visual stimuli (i.e., rounded and spiky shapes). In 9-month-old infants, when the sound
stimuli were Japanese phonemes, the looking time in the congruent condition (where the
impression conveyed by the visual stimuli and sound stimuli matched) was longer than
that in the incongruent condition (where the impressions did not match). On the contrary,
in 12- and 15-month-old infants, the looking time in the incongruent condition was longer
than that in the congruent condition. These results suggest that sound symbolism changed
between 12 and 15 months of age, i.e., the time of speech production.

In this study, | investigated whether the preferential reaching behavior of infants
was similar to infants’ preferential looking time. If sound symbolism changed between

12 and 15 months of age, then infants’ preferential reaching behavior could also change.
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6.2 Materials and Methods
6.2.1 Subjects

Twelve 9-month-old infants (range, 8 months 24 days to 9 months 7 days; six boys,
six girls), eleven 12-month-olds (range, 11 months 24 days to 12 months 7 days; four
boys, seven girls), and ten 15-month-olds (range, 14 months 24 days to 15 months 7 days;
four boys, six girls) participated in the study. All parents of infants who were participants
gave written informed consent prior to participation, and they were native Japanese

speakers.

6.2.2 Experimental apparatus

In this study, infants’ behavior was observed while sitting on their parents’ lap
facing the testing table. Infants’ behavior was recorded using two video cameras (SONY,
FDR-AX60). One video camera was placed behind the experimenter to face the infant.
Another camera recorded infants’ behavior from the side. Objects were presented in pairs
approximately 60 cm apart from each other on a rectangular tray. The sound stimulus was
presented from a speaker (BOSE, computer music monitor) installed behind the

experimenter.

6.2.3 Object stimuli
The objects were created with a 3D printer based on shapes used in my previous

study. Two types of shape were used (two rounded and two spiky shapes; Fig. 6.1).
These objects' sizes were 9 cm X 8.5 cm (range, 9 to 9.5 cm; 8 to 9.5 cm). These

objects were shaken in tandem with the sound stimulus.
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6.2.4 Sound stimuli
The sound stimuli were the Japanese phonemes /a/ and /i/. These phonemes were
spoken by two native Japanese females. The duration of the sound was 250 ms, and the

stimulus amplitude was adjusted to 74 (range 73 to 75) dB sound pressure level (SPL).

6.2.5 Procedure

The experiment began with a 15-s rest period. Then, two objects (rounded and spiky
shapes) were presented clearly out of reach of the infant. At this time, these objects were
shaken in tandem with the sound stimuli, which were presented four times. Subsequently,
these objects were moved by the experimenter to a much closer position, clearly within
the reach of the infant. The distance between objects was approximately 60 cm. At this
time, the sound stimuli were again presented four times. One minute after these objects
were moved closer to the infant, they took a rest (range, 12 s to 18 s) and started the next
trial. Sounds unrelated to the experiment were presented during the rest period. When the
infant dropped objects, their parent or experimenter picked them up and returned them to

the testing table. There were a total of four trials to counterbalance the object position.

6.2.6 Analysis

In this study, I recorded the object that the infant touched first. The data from
participants who failed to complete the four trials or did not touch the object were
excluded. Five 9-month-old infants (two boys, three girls), seven 12-month-olds (two
boys, five girls), and seven 15-month-olds (two boys, five girls) were excluded from the

following analysis.
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6.3 Results

I measured infants’ reaching behavior by recording the object that each subject
touched first (Table 6.1). The data from seven 9-month-old infants (four boys, three girls),
four 12-month-olds (two boys, four girls), and three 15-month-olds (two boys and one
girl) were analyzed. The data from two 9-month-old infants (subject 8 and subject 14),
one 12-month-old (subject 7), and two 15-month-olds (subject 2 and subject 3) indicated
a solitary preference for a particular position (left or right) in all trials. On the contrary,
there were some participants (three 9-month-old infants: subject 9, subject 11, and subject
13; two 12-month-olds: subject 5 and subject 6) whose preference (left or right) was
consistent in three of four trials. Therefore, | analyzed four videos (two 9-month-old
infants: subject 10 and subject 12; one 12-month-old: subject 4; and one 15-month-old:
subject 1).

Evidence from my previous study and other studies indicate that /a/ conveys an
impression of roundness and /i/ conveys an impression of spikiness (Knoeferle et al. 2017,
Fort et al. 2015). I defined the congruent and incongruent conditions as follows. In the
congruent condition, the object was consistent with the reaction to the sound (i.e., the
rounded object was presented with /a/). In the incongruent condition, the object was
inconsistent with the reaction to the sound (i.e., the rounded object was presented with
/i/).

Subjects 4, 10, and 12 selected the congruent object. Meanwhile, the 15-month-old

infant (subject 1) selected the incongruent object.
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6.4 Discussion

In my previous study, I measured the time spent looking at visual stimuli. In this
study, two figures with different shapes (rounded and spiky shapes) were used as visual
stimuli. The sound stimuli were presented in tandem with the visual stimuli being shaken.
When the sound stimuli were Japanese phonemes, the looking time changed according to
infant age. In 9-month-old infants, the looking time in the congruent conditions was
longer than that in the incongruent conditions. In contrast, in 12- and 15-month-old infants,
the looking time in the incongruent conditions was longer than that in the congruent
condition. These results suggest that sound symbolism changes between 12 and 15
months of age, i.e., the time of speech production.

This experiment observed an active choice, unlike my previous study. Subjects 4,
10, and 12 selected the congruent object, while the 15-month-old infant (subject 1)
selected the incongruent object. Not only the looking time but also the reaching behavior
changed at approximately 12 months of age. This result suggests that sound symbolism
may change at the time of speech production. Therefore, this result supports the findings
of my previous study. However, further experiments should be conducted since there are

little data.

82



6.5 Summary

In this study, I measured infants’ reaching behavior towards objects. Objects were
created with a 3D printer and based on two different types of shape (rounded and spiky
shapes) used in my previous study. The sound stimuli were the Japanese phonemes /a/
and /i/, which were spoken by two native Japanese females. Objects were shaken left and
right in tandem with the sound stimuli. Subjects were 9-, 12-, and 15-month-old infants
during the language development period. I observed infants’ preferential reaching
behavior by recording the object that infants touched first. In this analysis, the data from
subjects who failed to complete all trials or did not touch the object were excluded. Three
9- and 12-month-old infants selected the congruent objects across all trials. Only one 15-
month-old infant selected the incongruent object across all trials. These results suggest
that the preferential reaching behavior of infants changes at approximately 12 months of

age, which is the time of speech production.
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Left; Rounded — Right; Spiky

Left; Spiky — Right; Rounded

Subjects | Age [months] | Gender lal fil lal fil
Sub.1 15 Male Right Left Left Right
Sub. 2 15 Male Right Right Right Right
Sub. 3 15 Female Left Left Left Left
Sub. 4 12 Male Left Right Right Left
Sub. 5 12 Male Right Left Left Left
Sub. 6 12 Female Right Left Right Right
Sub. 7 12 Female Left Left Left Left
Sub. 8 9 Male Left Left Left Left
Sub. 9 9 Male Left Right Left Left
Sub. 10 9 Male Left Right Right Left
Sub. 11 9 Male Left Left Left Right
Sub. 12 9 Female Left Right Right Left
Sub. 13 9 Female Right Right Right Left
Sub. 14 9 Female Left Left Left Left

Table 6.1 The first touch in infants’ reaching behavior to objects in each subject.
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Figure 6.1 Example of two differently-shaped toys used as stimuli.
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CHAPTER 7.

Conclusions

In this dissertation, brain activity related to sound symbolism was
measured to elucidate their cognitive and neural mechanism. In addition, sound
symbolism during the language development was studied to investigate
whether sound symbolism influences the language acquisition. In this chapter,
I summarize the main results of the dissertation and discuss directions for

future work.

7.1 Summaries of Main Results

7.1.1 Brain activity related to sound symbolism: Cross-modal effect of an

aurally presented phoneme on judgment of size (Chapter 2)

In Chapter 2, the neural basis of sound symbolism was described. In this
chapter, I described the effect of a phoneme (the basic unit of sound within a
word) on the judgment of the size of a visual stimulus and the related brain
activity. Subjects were required to perform two types of task, a comparison
task and a control task. In the comparison task, subjects compared the visual
sizes of standard and target stimuli. The target stimulus was either smaller or
larger than the standard by +5%, £10%, or £20% of its diameter, and was
displayed to the subjects while they were listening to the sounds “bobo” or

“pipi.” In the control task, subjects were asked to push the middle button

86



regardless of the visual size of the target stimuli. This task was designed to
prevent subjects from ignoring the sound stimuli. According to the previous
study on sound symbolism, it was identified that “bobo” is associated with a
larger object and “pipi” is associated with a smaller object. Behavioral data
showed that RT in the incongruent condition was longer than that in the
congruent condition. This result suggests that in incongruent conditions, the
task of determining visual size was the competitive condition for subjects.
Furthermore, the RT difference between the incongruent condition and the
congruent condition increased as the visual size difference between the target
and the standard increased. The fMRI data showed that the bilateral ACCs were
more activated in the incongruent condition than in the congruent condition,
regardless of the differences in visual size. In addition, the left MTG and right
STG were also activated in the incongruent condition. It was reported that these
regions were related to semantic and phonetic processes. The result of this
study suggests that the right STG is part of a brain network involved in
processing conflict in phonemic sound symbolism, in addition to emotional
prosodic information. This implies that symbolic matching between the target
size and a phoneme is also processed in the MTG. These results demonstrate

that the phonetic process influences sound symbolism.
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7.1.2 Sound symbolism on synthetic speech continuum in judgment of size

of visual stimulus (Chapter 3)

In Chapter 3, the effect of phoneme perception on sound symbolism was
described. | created a phoneme continuum to serve as a stimulus and
investigated whether perceptual difficulty changes sound symbolism. This
phoneme continuum was a 10-step audio-morphed continua between pairs of
naturally recorded speech sounds using “STRAIGHT” software. In
Experiment 1, a stimulus continuum between /pi/ and /ba/ was generated, while
a stimulus continuum between /i/ and /a/ was used in Experiment 2. Therefore,
a total of 11 stimulus types (two originals and nine intermediates) were used
in each experiment. The composite sound in which approximately 50 % of each
sound component was mixed was perceptually very ambiguous and, for
instance, was randomly interpreted as /pi/ or /ba/. The results of Experiments
1 and 2 show that when it was difficult to identify the sound stimulus as a
phoneme, sound symbolism was not observed. On the other hand, when the
sound stimulus was clearly identified as a phoneme, sound symbolism was
observed. In other words, the RT in the incongruent condition was longer than
in the congruent condition. This tendency was observed in both Experiment 1
and 2. This result suggests that the simple acoustic characteristic alone, which
was manipulated as the morphing rate, was not the main contributor to sound
symbolism. As such, phoneme perception could play a measurable role in

sound symbolism.
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7.1.3 Brain regions involved in sound symbolism and their relationship with

phoneme perception (Chapter 4)

In Chapter 4, the relationship between speech perception and sound
symbolism was described. In Experiment 1, I examined brain activity related
to sound symbolism, and in Experiment 2, [ examined the brain region related
to speech perception. In Experiment 1, subjects were required to judge the
difference in visual size between a standard and a target stimulus while
listening to sound stimuli. Sound stimuli were single syllables (/bo/, /bi/, /po/
and /pi/), a noise and a click sound. In Experiment 2, subjects were asked to
discriminate between the heard sounds. Only the Japanese phonemes that were
used in Experiment 1 were used as sound stimuli in Experiment 2. Behavioral
data showed that the RT underrun the incongruent condition was longer than
in the congruent condition. That is, even when the sound stimulus was a single
syllable, sound symbolism was still observed. Furthermore, when comparing
the difference in RT between the incongruent and congruent condition, the
influence of vowels was larger than that of consonants. The fMRI data for
Experiment 1 showed that the left postcentral gyrus was more activated in the
incongruent condition than in the congruent condition. This region was also
activated during speech perception. In addition, other motor areas were also
activated during speech perception. This result suggests that the incongruent
condition was more difficult for perception and speech discrimination. In other
words, sound symbolism may have boosted speech recognition and visual size
determination. The values of the contrast estimate in the lower order area of

the visual cortex were larger in the congruent condition than in the incongruent
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condition. From this result it can be inferred that the first step of speech
symbolism may be processed in the lower order areas of the visual cortex, such
as V1 to V3. These results support that acoustic character is not the only factor
involved in sound symbolism. Furthermore, it was suggested that the motor

area related to speech perception influences sound symbolism.

7.1.4 Change of sound symbolism during the language development: Infants’

preferential looking behavior (Chapter 5)

In Chapter 5, sound symbolism in infants was explored using infants’
visual preferences. Two experiments were conducted to investigate multiple
types of sound symbolism. In Experiment 1, tone bursts and Japanese
phonemes were used as sound stimuli, and objects of different shapes or sizes
were used as visual stimuli. In Experiment 2, non-sense words (“kinkiri,”

99 ¢

“chingai,” “moudan,” and “yumon’’) were used as sound stimuli, and two faces
with rounded eyes or spiky eyes were used as visual stimuli. Subjects were 9-,
12-, and 15-month-old infants during the language development period. I
measured the time spent looking at each visual stimulus while sound stimuli
were presented. In Experiment 1, when the sound stimuli were tone bursts, the
looking time in the incongruent condition was longer than in the congruent
condition, regardless of infant age. On the other hand, when the sound stimuli
were Japanese phonemes, the looking time changed depending on infant age.

In 9-month-olds, the looking time in the congruent condition was longer than

in the incongruent condition. However, 12- and 15-month-olds spent a longer
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time looking in the incongruent condition than in the congruent condition.
These tendencies were observed in both visual stimuli conditions (i.e., shape
and size). These results suggest that sound symbolism for tone bursts is
attained before the age of 9 months, while sound symbolism for Japanese
phonemes changes at approximately 12 months old. In Experiment 2, sound
symbolism was not observed. This result suggests that sound symbolism for

words is not exhibited at 15 months of age.

7.1.5 Change of sound symbolism during the language development: Infants’

preferential reaching behavior (Chapter 6)

In Chapter 6 described infants’ preferential reaching behavior in regard
to sound symbolism. In this study, two video cameras were used to record
infants’ reaching behavior towards objects. Four objects were created with a
3D printer based on two different types of shape (rounded and spiky shapes),
as used in my previous study. The sound stimuli were the Japanese phonemes
/a/ and /i/ which were spoken by two native Japanese females. The objects were
shaken left and right in tandem with sound stimuli. This study investigated
whether infants’ reaching behavior was influenced by sound stimuli, which
were presented in tandem with the object’s movement. Participants were 9-,
12-, and 15-month-old infants during the language development period. I
compared the objects that infants touched first. In this analysis, | excluded data
from participants who failed to complete all trials or did not touch the object.

The data from 10 participants showed a preference for a particular position in
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all or most trials. Three 9- and 12-month-old infants selected the congruent
objects across all trials. On the other hand, one 15-month-old infant selected
the incongruent objects across all trials. These results suggest that the
preferential reaching behavior of infants change at approximately 12 months
of age, which is the time of speech production. This suggests that sound

symbolism for Japanese phonemes changes at approximately 12 months old.

7.2 Future works

7.2.1 The effect of sound symbolism on language learning

In my study, sound symbolism was observed even in infants, suggesting
that sound symbolism changes around the time of speech production. In other
words, sound symbolism can affect language development. However, this
result does not reveal whether sound symbolism contributes to language
learning. In one study, unknown natural language ideophones were used to
examine whether naive speakers could choose the correct translation of the
word (Lockwood et al. 2016). The results showed that the subject was able to
guess the correct translation of the unknown ideophone. This result suggests
that sound symbolism contributed to identifying the meaning of the ideogram,
but it was insufficient to clarify whether sound symbolism influences language
learning. That is, in order to examine the relationship between language
learning and sound symbolism, it is necessary to compare the learning of
symbolic words and the learning of non-symbolic words. Therefore, in future

research, the group that learns unknown words with symbolic sound
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combinations should be compared with another group that learns unknown
words with non-symbolic sound combinations. Furthermore, these learning

effects should be considered at various ages.

7.2.2 Changes in sound symbolism

This study suggests that sound symbolism changes at the time of
language development in infants, and that the change depends on the type of
sound symbolism. However, the results of this study did not reveal when sound
symbolism is acquired. When the sound stimuli were tone bursts, the
preferential gaze tendency of infants to incongruent conditions was observed
at 9 months old. If sound symbolism was not acquired by this point, there
would be no difference in gaze preference between congruent and incongruent
conditions. Therefore, sound symbolism in infants 9 months old and younger
should be measured. On the other hand, when the sound stimuli were words,
sound symbolism was not observed, regardless of infant age. The experimental
paradigm used in this study may not have been optimal to investigate sound
symbolism for words. Future research should improve this experimental

paradigm and measure sound symbols at various stages of infancy.

7.3 Final remarks

This dissertation describes the brain activity that contributes to sound

symbolism and sound symbolism in infants during the language development.
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Consequently, the RT in the incongruent condition was longer than in the
congruent condition, it was found that sound symbolism was observed even
when sound stimuli were presented aurally. The ACC was more activated in
the incongruent condition than congruent condition. The activation of the
dorsal region of the ACC in the incongruent condition may reflect the Stroop-
like interference between the phoneme and the visual magnitude of the
stimulus. In addition, the left MTG and right STG were activated in the
incongruent condition. These results suggest that the right STG is part of a
brain network involved in processing conflict in phonemic sound symbolism
in addition to emotional prosodic information. These results also imply that
symbolically matching sounds between target size and phonemes is processed
in the MTG. Thus, the possibility that phonological processing contributes to
phonetic symbols is supported. This dissertation then described the
relationship between phoneme perception and sound symbolism. Consequently,
it was shown that the left postcentral gyrus, which is related to phoneme
perception was more activated in the incongruent condition. This result
suggests that tasks in the incongruent condition were more difficult for
perception and speech discrimination. Therefore, this dissertation shows that
simple acoustic characteristics are not the only contributors to sound
symbolism. Indeed, speech perception and the motor areas related to speech
perception also contribute to sound symbolism. Furthermore, this dissertation
explained that sound symbolism changes in infants during the language
development and could contribute to language acquisition itself. In all, the

results suggest that motor cortex involved in phoneme articulation contributes
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to sound symbolism and that effect of sound symbolism and language develop
through mutually interacting with each other. The findings in this study provide
new insights into research aimed at elucidating the mechanisms of language

development and language acquisition.
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