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A fundamental question in language development is how infants start to assign meaning
to words. Here, using three Electroencephalogram (EEG)-based measures of brain activity,
we establish that preverbal 11-month-old infants are sensitive to the non-arbitrary cor-
respondences between language sounds and concepts, that is, to sound symbolism. In each
trial, infant participants were presented with a visual stimulus (e.g., a round shape) fol-
lowed by a novel spoken word that either sound-symbolically matched (“moma”) or mis-
matched (“kipi”) the shape. Amplitude increase in the gamma band showed perceptual
integration of visual and auditory stimuli in the match condition within 300 msec of word
onset. Furthermore, phase synchronization between electrodes at around 400 msec
revealed intensified large-scale, left-hemispheric communication between brain regions in
the mismatch condition as compared to the match condition, indicating heightened pro-
cessing effort when integration was more demanding. Finally, event-related brain poten-
tials showed an increased adult-like N400 response — an index of semantic integration
difficulty — in the mismatch as compared to the match condition. Together, these findings
suggest that 11-month-old infants spontaneously map auditory language onto visual
experience by recruiting a cross-modal perceptual processing system and a nascent se-
mantic network within the first year of life.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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1. Introduction

How human infants map speech sounds to meaning in order
to break into semantics is a key question for understanding
the ontogenesis of language. It has been suggested that a
biologically endowed ability to realize cross-modal mapping,
particularly between auditory and visual percepts, scaffolds
language learning in human infants (Imai, Kita, Nagumo, &
Okada, 2008; Maurer, Pathman, & Mondloch, 2006). Consis-
tent with this idea, 4-month-old infants appear to sense
intrinsic correspondences between speech sounds and certain
features of visual input (see Ozturk, Krehm, & Vouloumanos,
2013; Pena, Mehler, & Nespor, 2011), a phenomenon referred
to as sound symbolism. It has also been reported that toddlers
are not only sensitive to sound symbolism (Maurer et al., 2006)
but also make use of sound symbolism in verb learning (Imai
et al., 2008; Kantartzis, Imai, & Kita, 2011). The results from
preverbal infants (Ozturk et al., 2013; Pena et al., 2011) and
those from toddlers (Imai et al., 2008; Kantartzis et al., 2011,
Maurer et al., 2006) support the idea that sound symbolism
plays an important role in the ontogenesis of language (Imai &
Kita, 2014; Imai et al., 2008; Maurer et al., 2006).

It is generally agreed that infants start to associate speech
sounds and visual referents at around 12—14 months. At this
age, however, the process is effortful because infants have
limited information processing capacities and little experi-
ence in mapping words to the world (Fennell & Werker, 2003;
Werker, Cohen, Lloyd, Casasola, & Stager, 1998). They may
rely more on perceptually based cues that are available
without prior word learning experiences, such as cross-modal
correspondences between speech and visual input in their
word learning. Indeed, previous research suggests that 14-
month-old infants use sound-symbolic correspondences be-
tween speech sounds and object properties as a cue in their
effort to establish word (speech sounds) — referent associa-
tions (Imai et al., under review; Miyazaki et al., 2013). Thus,
there is some evidence that sound symbolism helps young
infants at the initial stage of word learning.

However, how sound symbolism is processed in the in-
fants' brain has not yet been addressed in the literature. It is
not conceivable that four-month-old infants are actively
engaged in semantic processing when they hear speech
sounds together with a visually presented referent (Stager &
Werker, 1997). Thus, infants at this age are likely to process
sound symbolism perceptually, possibly on the basis of cross-
modal binding mechanisms. However, at later times, the in-
fluence of sound symbolism is likely to transpire in temporal
windows compatible with higher-level information process-
ing, i.e., the semantic level.

In this study, we investigated how 11-month-old infants
respond to sound symbolism. If perceptual cross-modal
mapping ability scaffolds the establishment of word-referent
associations, we might see the effect of sound symbolism in
two time-windows: (a) in an early time window coinciding
with the time period of perceptual processing, and (b) in a time
window coinciding with higher-level cognition and/or se-
mantic processing. We chose to study 11-month-olds because
they are just about to say their first words but there is little or
no evidence to date for the successful establishment of novel

word-referent associations in experimental settings at this
age. To examine this possibility, we recorded EEG from nine-
teen children during the presentation of novel word — visual
shape pairs that were either sound-symbolically congruent or
incongruent (Fig. 1) and analysed the data using three indices
of brain functions: amplitude change, large-scale phase syn-
chronization, and event-related potentials (ERPs). In each trial,
infants were presented with a picture of a shape (randomly
selected from 20 spiky and 20 round shapes) followed by a
novel word (“kipi” or “moma”).

Here, we were interested in testing whether infants would
manifest increased N400 amplitude in the case of sound-
symbolically mismatching word-shape pairs as compared to
sound-symbolically matched ones. The N400 effect is an ERP
modulation known to be sensitive to semantic integration
processes in adults (Kutas & Federmeier, 2011), but also in
infants (Friedrich & Friederici, 2005, 2011; Parise & Csibra,
2012). A more negative-going N400 deflection for sound sym-
bolically mismatching sound-shape pairs would indicate that
infants with very little vocabulary assume sound symbolic
correspondence between word sound and shape, and consider
sound-shape mismatches to be anomalies at a conceptual/
semantic level.

Accumulating evidence suggests that an increase in
gamma-band EEG amplitude, or gamma-band activity, is
related to cross-modal perceptual integration. For example,
Schneider, Debener, Oostenveld, and Engel (2008) reported
that gamma-band activity increased for matched audio-visual
stimuli at around 100—200 msec in the 40—50 Hz frequency
range in adults (see also Senkowski, Schneider, Foxe, & Engel,
2008 for a review).
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Fig. 1 — Experimental protocol. In each trial, infants were
presented with a spiky or round visual shape, followed by
a novel word consisting of either voiceless stops and high
vowels or nasal consonants and mid/low vowels (“kipi”
and “moma”, respectively). Shape and sound were sound-
symbolically matched (e.g., a spiky shape followed by
“kipi”) or mismatched (e.g., a spiky shape followed by
“moma”).
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In the present study, we analysed amplitude changes,
especially in the gamma-band to investigate whether infants
process sound symbolism perceptually within local networks
underpinning cross-modal perceptual integration. To our
knowledge, no previous study has shown how infants' cross-
modal processing is reflected in amplitude changes. Howev-
er, previous studies have demonstrated that gamma-band
activity is related to uni-modal perceptual binding both in
adults (cf. Tallon-Baudry, Bertrand, Delpuech, & Pernier, 1996)
and infants (cf. 8-month-olds, Csibra, Davis, Spratling, &
Johnson, 2000). These results suggest that gamma-band ac-
tivity might be related to perceptual binding in infants, either
within one or across different modalities. Thus, here we may
see the gamma-band amplitude changes in a similar time
window if sound symbolism is processed as cross-modal
binding between audition and vision.

Large-scale synchronization of neural oscillations has been
shown to play an important role in the dynamic linking of
distributed brain regions in adults (Engel & Singer, 2001; Fries,
2005; Kawasaki, Kitajo, & Yamaguchi, 2010; Kitajo et al., 2007;
Lachaux et al., 2000; Rodriguez et al., 1999; Varela, Lachaux,
Rodriguez, & Martinerie, 2001; Ward, 2003). Semantic pro-
cessing requires communication between distributed brain
regions; thus, such exchange should be further reflected in
large-scale phase synchronization of neural activity. Here, for
the first time, we investigated large-scale phase synchroni-
zation to study how different areas of the infant brain
communicate, when children process sound symbolically
matching and mismatching novel word-shape pairs.

We expected that each of the three analyses would index
different aspects of sound symbolism and allow us to gain a
better and deeper understanding of infants' neural activities
relating to meaning integration. We thus focused on how the
results from the three analyses could be related and comple-
ment one another.

2. Materials and methods
2.1. Participants

Forty-nine healthy Japanese 11-month-old infants partici-
patedin this experiment. Informed consent was obtained from
all participants (parents of the infants and adults participated
in the rating studies) of this study after the nature and possible
consequences of the studies were explained, and the rights of
the participants were protected. All the experimental pro-
cedures had been approved by the Ethical Committee of
Tamagawa University, Japan, where the experiment was car-
ried out. We included only those infants who had a minimum
of 20 artefact-free trials per condition. Data from 30 infants
were excluded from the analyses because of fussiness (N = 23)
or insufficient data (N = 7). A total of 19 infants (13 boys, 6 girls,
M= 11months and 25 days, range = 11 months and 6 days to 12
months and 22 days) entered the final analyses.

2.2. Stimuli

Twenty spiky shapes and twenty rounded shapes, drawn with
black lines on a white background, were prepared. Stimulus

words and shapes were selected on the basis of the literature on
shape sound symbolism (Kohler, 1947; Maurer et al., 2006;
Ramachandran & Hubbard, 2001) and pretests. Each image
was presented to infants four times (twice with the matched
sound and twice with the mismatched sound) resulting in 160
randomly ordered trials. In each trial, participants were shown
one of the spiky or rounded visual shapes, followed by one of two
nonsense words, “kipi” and “moma”, spoken by a Japanese fe-
male (400 msec in duration). These words and shapes were
selected on the basis of theliterature on shape sound symbolism
(Kohler, 1947; Maurer et al., 2006) and pretests. The degree of
sound-symbolic match for each combination of shapes and
words was highly ranked in pretestsincluding other word-shape
pairs in adult speakers of Arabic (N = 18), Japanese (N = 98) and
English (N = 83). Examples of the shapes are shown in Fig. 2.

2.3. Procedure

Infants were seated on the lap of a caregiver and tested in
front of a 37 inch liquid crystal display (SHARP AQUOS LC-
37DS5 set to a 1280 x 1024 pixels resolution with a 60 Hz
refresh rate) in an electrically shielded and sound attenuated
room. The viewing distance was about 1.2 m. Caregivers wore
headphones to prevent them from hearing the auditory
stimuli and potentially influence their child's behaviour. Each
trial was initiated manually to insure that the infant's atten-
tion was directed towards the screen. A visual shape appeared
in the centre of the display within a viewing angle of
approximately 7 x 7°, 200 msec after the beginning of the trial
and remained for 2050 msec. The spoken word ‘kipi’ or
‘moma’ (400 msec in duration) was presented 550 msec after
the onset of the visual stimulus. Infants passively saw and
heard the stimuli. An attention-getter was presented in one
fourth of the trials (randomly selected) to regularly reinforce
the infants' attention towards the display.

2.4. Electroencephalogram (EEG) recording

The EEGs were continuously recorded from silver—silver
chloride electrodes attached to an elastic electrode cap. EEG
data were recorded at 11 electrode sites: F3, Fz, F4, C3, Cz, C4,
P3, Pz, P4, and left and right mastoids (A1, A2). The ground
electrode was placed at FPz. Electrode impedances were kept
mostly below 10 kQ. The EEG activity was amplified with
Neuroscan SynAmps2, digitized online at a rate of 1 kHz, and
filtered on-line (bandpass between .1 and 200 Hz).

A i : 3
Fig. 2 — Randomly selected examples of the variants of (a)
rounded and (b) spiky stimulus shapes.
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2.5. Calculation

2.5.1. Amplitude change

The EEG was re-referenced to the average of left and right
mastoid channels (A1, A2). Artifact rejection was performed
based on the criteria used in the ERP analyses (see section
2.5.2). There was a minimum of 21 valid epochs per condition
in every infant participant (mean: 47.6 epochs in the match
condition and 46.7 epochs in the mismatch condition). Epochs
ranged from —2000 to 1500 msec after the auditory onset.

To estimate local brain networks, we extracted amplitude
of oscillations in each frequency band (Herrmann, Munk, &
Engel, 2004; Schneider et al., 2008). It was extracted by using
the wavelet transform at the target frequency (f) (Lachaux
et al., 2000). The frequency ranged from 2 Hz to 45 Hz in
1 Hz steps. To avoid problems due to the sample size bias, for
each infant, the number of epochs was made the same for the
match and mismatch conditions by randomly selecting the
same number of epochs. EEG signal s(t) was convolved with
the complex Morlet's wavelet defined by:

w(t,f) = \/);exp( — t*/20%)exp(i2nft),

as a function of time (t) and frequency (f). The Morlet wavelet
is characterized solely by o, which sets the number of cycles
of the wavelet: nco = 6fs;. We chose nco to be 8 (Lachaux et al.,
2000).

To detect auditory event-related changes in amplitude, we
first computed the instantaneous amplitude of EEG signal
from electrode n by deriving the length of the convolved signal
as follows:

An(t) = [w(t,f)xsn(t)].

Next, we averaged the instantaneous amplitude A,(t)
across all trials and obtained averaged amplitude AMP,(t).

Finally, we standardized the averaged amplitude relative to
the pre-stimulus baseline period (600 msec—100 msec before
the visual onset) for each electrode and frequency. Stan-
dardized amplitude values for each time point t [AMPz(t)],
were computed as follows:

AMP(t) — AMPgean
AMP,(t) — AMP() = AMPanean /)*MPB .
S

where AMPgyean and AMPgg, are, respectively, the mean and
standard deviation of the AMPs computed from the baseline
period at each frequency. The resulting index, AMPz, indicates
standardized changes in the direction of increased amplitude
(positive values) or decreased amplitude (negative values).

2.5.2. Phase synchronization analyses
To estimate large-scale synchronization in brain activity, we
quantify phase synchronization of neural oscillations by
calculating phase-locking values (PLV), which reflect the
consistency of phase differences between two EEG electrodes
(Lachaux et al., 2000; Rodriguez et al., 1999).

The instantaneous phase of EEG signals was extracted by
using the same wavelet transform procedure as in 2.5.1, with
which EEG signal s(t) was convolved. We computed the

instantaneous phase ¢, of EEG signal from electrode n by
deriving the argument of the convolved signal:

exp(ia(t,f)) = w(t,f)xsn(t)/[w(t,f)*sn(t)].

Finally, we computed the PLV to estimate the degree of
phase synchronization between EEG phase signals as,

PLV(t) = %

)

zM:exp(ie(t, m))

where 0(t,m) = ¢,(t,m) — ¢,(t,m), ¢, and ¢, are the instanta-
neous phases of EEG time series from electrodes 1 and 2 at
time t for the m-th trial (Lachaux et al., 2000; Rodriguez et al.,
1999). M is the total number of epochs included in the calcu-
lation. The resulting PLV takes a value between 0 (random
phase difference, no phase synchronization) and 1 (constant
phase difference, perfect phase synchronization).

To detect auditory event-related changes in synchrony, we
standardized the PLV relative to the pre-stimulus baseline
period (600 msec—100 msec before the visual onset) for each
electrode pair and frequency. Standardized PLV values for
each time point t, PLVz(t) (Rodriguez et al., 1999), were
computed as follows:

PLV(t) — PLV,
pLV, (t) = PEV(®) = PLVmean ;LVB Lo

where PLVppean and PLVpgy are, respectively, the mean and
standard deviation of the PLVs computed from the baseline
period at each frequency. The resulting index, PLVz, indicates
standardized changes in the direction of increased synchro-
nization (positive values) or decreased synchronization
(negative values).

2.5.3.  ERP analysis
The EEG signal was re-filtered off-line with a zero phase shift
digital band-pass filter ranging from .3 to 30 Hz, and re-
referenced to the average of left and right mastoid channels
(A1, A2). Artifact rejection was performed automatically by
rejecting trials with a potential exceeding +200 pV. There was
a minimum of 21 valid epochs per condition in every infant
participant (mean: 47.6 epochs in the match condition and
46.7 epochs in the mismatch condition). Epochs ranged from
—950 to 1000 msec after the auditory onset and baseline
correction was applied in the interval —950 to —550 msec (i.e.,
from 400 to 0 msec before the onset of the visual stimulus).
We calculated mean amplitudes within a time window of
350—550 msec after the auditory onset over the central regions
of the scalp (i.e., C3, Cz, and C4) to evaluate the N400 effect. A
two-way analysis of variance (ANOVA) (two sound-symbolic
matching conditions x three electrodes) on the mean ampli-
tudes in the time-window was conducted.

3. Results
3.1.  Amplitude change
We computed AMPz on an individual basis. The statistical

group analyses were performed on AMPz time-frequency di-
agrams. Those diagrams were grouped across infants by
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condition and analysed by a permutation test in search of
time-frequency windows showing significant differences be-
tween the two conditions (Burgess & Gruzelier, 1999; Melloni
et al., 2007). Specifically, the significance level of group AMPz
difference (real difference) was tested in a pseudo-random
distribution of group differences obtained by randomly shuf-
fling (N = 10,000) the label of conditions (i.e., match or
mismatch) of time-frequency diagrams within each infant.
The statistical effects of multiple comparisons were controlled
by FDR (False Discovery Rate; see Benjamini & Hochberg, 1995)
by the number of electrodes (i.e., 9 electrodes). We considered
a measured AMPz difference above the (FDR-corrected) 97.5th
percentile or below the 2.5 percentile of the pseudo-random
distribution of AMPz differences to be significant.

Fig. 3(a) displays the resulting standardized AMP (AMPz)
averaged across all 9 electrodes and all infants for the match
and mismatch conditions, and the differences in AMPz be-
tween the two conditions. Fig. 3(b) presents a topographic map
showing significant AMPz differences between the two con-
ditions lasting more than .86 frequency cycles in each time
window. The .86 frequency cycle criterion was chosen in such
a way that the type I error does not occur in the baseline time
window, where no difference between the match and
mismatch conditions should be observed.

The results revealed an increase of gamma-band
(34—37 Hz) amplitude in the match condition as compared to
the mismatch condition in the 1—-300 msec time window,
which is earlier than the typical N400 time window (e.g.,
around 400 msec). The increased gamma-band activity for the
sound-symbolically matched shape—sound pairs in the early
time window is consistent with previous EEG amplitude
studies on multi-sensory integration in adults (e.g., Schneider
etal., 2008; in Schneider et al., gamma-band activity increased
for matched audio-visual stimuli at around 100—200 msec and
40—50 Hz), and also with results reported by Csibra et al. (2000),
in which an increased gamma-band activity (at around 40 Hz)
was observed for visual feature binding in 8-month-old infants
at 180—320 msec after stimulus onset. The gamma-band in-
crease was observed at the centro-parietal regions (electrodes
C4, P3, Pz, and P4). This is also similar to the study of Schneider
et al. (2008), in which gamma-band increase was observed at
medial central regions.

The early increase of gamma-band EEG amplitude for
sound-symbolically matched sound-shape pairs was subse-
quently followed by beta- (and theta-) band increases in the
301-600 time window and by gamma- (and theta-) band in-
creases in the 601-900 msec time window both for sound-
symbolically mismatched sound-shape pairs. Beta-band ac-
tivity, which is sometimes accompanied by amplitude in-
crease in the theta, alpha and gamma band, is known to be
involved in perceptual cross-modal processing (Senkowski
et al., 2008, for a review). Gamma-to-beta shift in neural ac-
tivities is reported in some studies on both uni-modal and
cross-modal perceptual integration, and some researchers
argue that gamma- and beta-band activity correspond to
bottom-up perceptual processing and stimulus-driven
salience signalling, respectively (Kisley & Cornwell, 2006).
The increased beta-band activity for sound-symbolically
mismatched sound-shape pairs as compared to sound-
symbolically matched pairs may indicate that infants

attended to the stimulus pairs more closely when they were
sound-symbolically mismatched than matched.

3.2. Phase synchronization

We computed PLVz on an individual basis. The statistical
group analyses were performed on PLVz time-frequency dia-
grams by using the same permutation test procedure as for
the amplitude change (AMPz) analyses, except that the FDR
control of multiple comparisons of statistical effects was
made by the number of electrode pairs (i.e., 36 pairs) this time.

Fig. 3(d) displays the resulting standardized PLV (PLVz)
averaged across all 36 electrode pairs and all infants for the
match and mismatch conditions. Prominent large-scale syn-
chronization was observed immediately after the auditory
onset (0 msec) across the alpha-beta bands (9—15 Hz) in both
conditions. In the match condition, however, active phase
synchronization was no longer evident from about 300 msec
after the auditory onset. In the mismatch condition, in
contrast, phase synchrony was stronger and more durable in
the later time windows (300 msec onwards) than in the match
condition. When comparing the two conditions, a marked
difference in large-scale phase synchronization was found in
the beta band (12—15 Hz), which is in accordance with previ-
ous findings reporting the involvement of beta-band ampli-
tude increase and coherence in multi-sensory integration
(Senkowski et al., 2008).

Fig. 3(c) presents a topographical map showing significant
PLV, difference between the two conditions lasting more than
.96 frequency cycles in each time window. The .96 frequency
cycle criterion was chosen in such a way that a type I error was
not found in the baseline time window, where no difference
between the match and mismatch conditions should be
observed. A statistically significant difference was found be-
tween the match and mismatch conditions in the latter two
time windows (301-600 msec, 601-900 msec). In these time
windows, phase synchronization increased for sound-
symbolically mismatched sound-shape pairs than for sound-
symbolically matched pairs in the beta band (14—15 Hz), most
prominently between electrode P3 (and C3) and other elec-
trodes over the left scalp. The N400 time-window coincided
with the time period in which the most prominent differencein
synchronization between matching and mismatching condi-
tions was found. See Supplementary Fig. S1 for a topographical
map showing significant PLVz for the match and mismatch
conditions as compared to pre-stimulus baseline.

Spurious phase synchrony of EEG signals could arise from
volume conduction due to a single dipole activity. To rule out
this possibility, we also analysed the distribution of instan-
taneous phase differences between pairs of electrodes. If
spurious synchrony had been caused by volume conduction,
distributions narrowly centred on zero and pi (Melloni et al.,
2007) would have been observed. However, the results indi-
cated that this was not the case, as scattered distributions
were observed.

3.3. ERP

AsFig. 4 shows, we identified a typical adult-like N40O response
in infants. ERPs to sound-symbolically mismatched stimuli
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Fig. 3 — (a) Time-frequency diagrams of grand average AMPz (in the standard deviation unit). AMPz was averaged across all 9
electrodes and 19 infants for the match (a, left) and mismatch (a, middle) conditions. Positive AMPz (in warm colours)
indicates standardized changes in the direction of increased synchronization and negative AMPz (in cold colours) indicates
decreased synchronization. (a, right) Difference in grand average PLVz across the match and mismatch conditions. Note that
soon after the auditory onset (<300 msec), the grand average AMPz for the match condition increased than those for the
mismatch condition in the gamma frequency range (at around 35 Hz). (b) Topographic maps of significant difference in AMPz
between the match and mismatch conditions. The solid line circles and the dotted line circles show significantly (p < .05,
FDR corrected, N = 19) higher AMPz in the match than in the mismatch condition and in the mismatch than in the match
condition, respectively. (c) Topographic maps of significant difference in PLVz between the match and mismatch conditions.
The solid lines and the dotted line show significantly (p < .05, FDR corrected, N = 19) higher PLVz in the match than in the
mismatch condition and in the mismatch than in the match condition, respectively. (d) Time-frequency diagrams of grand
average PLVz (in the standard deviation unit). PLVz was averaged across all 36 electrode pairs and 19 infants for the match
(d, left) and mismatch (d, middle) conditions. Positive PLVz (in warm colours) indicates standardized changes in the direction
of increased synchronization and negative PLVz (in cold colours) indicates decreased synchronization. (d, right) Difference in
grand average PLVz across the match and mismatch conditions. Note that after the auditory onset, the grand average PLVz
for the mismatch condition display more sustained pattern than for the match condition in the alpha-to-beta frequency
range.
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Fig. 4 — ERPs elicited by sound-symbolically matched (blue solid lines) and mismatched (red dotted lines) stimuli (N = 19).
ERPs to sound-symbolically mismatched stimuli were significantly more negative going than those to sound-symbolically
matched stimuli at around 350—550 msec after the auditory onset over the central regions of the scalp, i.e., C3, Cz, and C4
(shaded areas), which correspond to the typical time-window and sites for the N400 effect.

were more negative going than those to sound-symbolically
matched stimuli at around 350—550 msec after the auditory
onset over the central regions of the scalp, i.e., C3, Cz, and C4,
which correspond to the typical time-window and sites for the
N400 effect (Kutas & Federmeier, 2011). A two-way ANOVA (two
sound-symbolic matching conditions x three electrodes) on
the mean amplitudes in the time window revealed a main ef-
fect of sound-symbolic matching [F(1,18) = 8.47, p < .01, two-
tailed, n* = .03, N = 19; all data were normally distributed (all
Ds <.16 and ps > .62, Kolmogorov—Smirnov test)]. No statistical
differences between the two conditions were found in other
time windows including earlier time windows (e.g,
1—300 msec, in which the differences between conditions were
found in the amplitude change analysis) over any scalp regions
[frontal (i.e., F3, Fz, and F4), central (i.e., C3, Cz, and C4), and
parietal (i.e., P3, Pz, and P4)].

4, Discussion

This study investigated the neural mechanism for processing
novel word—shape pairs with or without sound symbolism in
11-month-old infants. There were three key findings:

First, amplitude change assessed by AMP increased for
sound-symbolically matched sound-shape pairs more than
for sound-symbolically mismatched pairs in the gamma band
and in an early time window (1—300 msec), consistent with

previous infant studies showing that perceptual processing
modulates oscillation amplitude in the gamma band in the
same time window (Csibra et al., 2000). Thus, the results from
the amplitude change analysis suggest that sound symbolism
is processed as a perceptual binding in 11-month-old infants.

Second, phase synchronization of neural oscillations
assessed by PLV increased, as compared to the baseline
period, significantly more in the mismatch condition than in
the match condition. This effect was observed in the beta-
band and most pronounced over left-hemisphere electrodes
during the time window (301—-600 msec) in which the N400
effect was detected in ERP. The time course of large-scale
synchronization suggests that cross-modal binding was ach-
ieved quickly in the match condition, but sustained effort was
required in the mismatch condition and seemed to involve
left-lateralized structures. The stronger inter-regional
communication in the left hemisphere is compatible with
the idea that the language-processing network in the left
hemisphere (Mesulam, 1990; Springer et al., 1999) is recruited
for processing the sound-shape pairings. For the first time in
infants, the current study shows modulation of large-scale
synchronization by cognitive processing in the time window
coinciding with that in which semantic (or higher cognitive
level) processing has been identified in adults.

When adult participants are presented with real words and
non-words in isolation, real words elicit stronger EEG coher-
ence in the beta-band in comparison to the resting state, but
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non-words do not (von Stein, Rappelsberger, Sarnthein, &
Petshe, 1999). This indicates that lexical processing induces
beta-band synchronization in adults. The beta-band increase
in phase synchronization found in our infants suggests that
the same neural network may be recruited for processing
words already at the age of 11 months.

The third key finding is that the N400 component was
significantly larger for sound symbolically mismatching than
matching pairs. The difference in ERP amplitude between the
match and mismatch condition suggests that 11-month-olds'
brain sensitively responds to congruency of sound-shape
correspondences. Furthermore, the timing and topography
of this ERP modulation is strikingly similar to the typical N400
effect (Kutas & Federmeier, 2011). Although there is wide-
spread agreement in the literature that the N400 response
reflects semantic integration difficulty both in adults and in-
fants (Friedrich & Friederici, 2005, 2011; Kutas & Federmeier,
2011; Parise & Csibra, 2012), the neural mechanism underly-
ing N400 is not perfectly understood (Kutas & Federmeier,
2011), especially in infants. In our case, however, the results
from the amplitude change in the earlier time window along
with the large-scale posterior-anterior synchrony observed in
the beta band over the left hemisphere in the N400 time
window jointly suggest that N400 modulation reflects the
detection of an anomaly at a conceptual rather than percep-
tual level. Indeed, when visual shape and spoken word were
sound-symbolically mismatched, it was more difficult for in-
fants to integrate the two and establish the pairing. In other
words, sound symbolism may help infants to acquire the
concept of word from novel sound-referent pairing.

This study goes beyond effects of sound symbolism pre-
viously demonstrated in infant behavioural measures (Maurer
et al., 2006; Ozturk et al., 2013; Pena et al., 2011; Walker et al.,
2010), as it revealed the neural processes linking perceptual
cross-modal processing and language development. The
amplitude change, phase synchronization, and ERP results
jointly indicate that, while it is processed in a cross-modal
perceptual network, sound symbolism triggers semantic
processing in the left hemisphere mapping speech sounds to
visually presented referents.

Sound symbolism may serve as an important boot-
strapping mechanism for establishing referential insights for
speech sounds. Although infants may start to associate words
and referents as early as 6 months of age (Bergelson &
Swingley, 2012), this process is initially slow and effortful.
Reports in the literature show that, up to 13 months, infants
are not so efficient in picking up the referent in preferential
looking, but that at 14 months, they become qualitatively
different and perform much better (Bergelson & Swingley,
2012; Werker et al,, 1998). In other words, young infants
need much more scaffolding to establish word referent asso-
ciations than older infants. Sound symbolism may be a help-
ing cue derived from a naturally endowed biological capacity
to map speech sounds to perceptual properties (Gogate &
Hollich, 2010). After a phase in which sound symbolism
helps infants to become aware of the meaningful association
between speech sounds and referents, infants may inten-
tionally seek to associate speech sounds to referents, which
would in turn lead to the realization that not all
sound—referent pairs have a close sound—symbolic

relationship. This process is likely to prompt referential
insight before the establishment of arbitrary word—meaning
relationships.

As this study is the first to explore the neural processing of
sound symbolism in the infants' brain, several limitations
should be acknowledged. First, the generalizability of our re-
sults will need to be examined using large sets of word-
referent pairs including in other perceptual domains than
vision. Second, although the large-scale synchronization in
the beta band found in the infants in this study is consistent
with the pattern found in previous study in adults (von Stein
et al, 1999), developmental trajectory of beta-band syn-
chrony needs much more investigation. Only a few studies
have investigated how large-scale neural synchronization
networks, mediating inter-regional communication and brain
functions, develop and mature in humans. Uhlhaas and col-
leagues (Uhlhaas, Roux, Rodriguez, Rotarska-Jagiela, & Singer,
2010; Uhlhaas et al.,, 2009) analysed the development of
functional networks by measuring EEG oscillations and syn-
chrony during a face perception task in participants rangingin
age from 6 to 21 years. Their results suggest that develop-
mental improvements in cognitive performance are accom-
panied by increases in gamma-band power and beta-band
neural synchrony. Although they did not test younger chil-
dren, their results underscore the importance of development
in large-scale beta-band synchrony in cognitive processing.
Further investigation is necessary to understand how the
pattern of whole brain communication develops in the course
of language development and how they map to cognitive
functions in language processing.

Despite its limitations, this study methodologically ex-
pands the horizon of developmental neuroscience research.
Studies addressing the neural processing of semantic infor-
mation in the infant brain are still sparse. There are a handful
of studies demonstrating the N400 effect under certain con-
ditions in infants (Friedrich & Friederici, 2005, 2011; Parise &
Csibra, 2012; Thierry, 2005; Torkildsen et al., 2008). However,
no study has examined connectivity amongst different re-
gions in the infant brain when language processing takes
place. This study is the first step toward understanding how
the infant brain creates networks when establishing word-
referent associations.
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