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Abstract: Understanding how the developing brain processes auditory information is a critical step to-
ward the clarification of infants” perception of speech and music. We have reported that the infant brain
perceives pitch information in speech sounds. Here, we used multichannel near-infrared spectroscopy to
examine whether the infant brain is sensitive to information of pitch changes in auditory sequences.
Three types of auditory sequences with distinct temporal structures of pitch changes were presented to 3-
and 6-month-old infants: a long condition of 12 successive tones constructing a chromatic scale (600 ms),
a short condition of four successive tones constructing a chromatic scale (200 ms), and a random condi-
tion of random tone sequences (50 ms per tone). The difference among the conditions was only in the se-
quential order of the tones, which causes pitch changes between the successive tones. We found that the
bilateral temporal regions of both ages of infants showed significant activation under the three conditions.
The stimulus-dependent activation was observed in the right temporoparietal region of the both infant
groups; the 3- and 6-month-old infants showed the most prominent activation under the random and
short conditions, respectively. Our findings indicate that the infant brain, which shows functional differ-
entiation and lateralization in auditory-related areas, is capable of responding to more than single tones
of pitch information. These results suggest that the right temporoparietal region of the infants increases
sensitivity to auditory sequences, which have temporal structures similar to those of syllables in speech
sounds, in the course of development. Hum Brain Mapp 33:596—608, 2012.  ©2011 Wiley Periodicals, Inc.
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Speech and musical sounds comprise a continuous time
series of phonemes and tones. Listeners are able to per-
ceive temporal orders of these components, which form
auditory information. For example, when we listen to an
auditory sequence of ‘C (do) — D (re) — E (mi),” we detect
each tone individually and then collate the order of tones
to identify the sequence. If we only detect tones singly, or
if we only detect multiple tones holistically and intermix-
edly, the sequence would not emerge from the tones.
Unraveling these translations naturally provoke the funda-
mental question: how do infants perceive speech and
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musical sounds? Previous studies on infants have success-
fully applied behavioral paradigms to determine how the
perception of speech and musical sounds develops [for
reviews, see Aslin et al.,, 1998; Jusczyk, 1999; Trehub and
Hannon, 2006].

Recent neuroimaging studies on neonates and infants
reported inconsistent results as to cortical activation in
response to musical stimuli. While two studies showed
weak bilateral responses to musical stimuli [Dehaene-Lam-
bertz et al., 2010; Kotilahti et al., 2010], a functional mag-
netic resonance imaging (fMRI) study reported the main
effect of a music condition in contrast to a silence condi-
tion in the right temporal and parietal regions of neonates
[Perani et al., 2010]. Because musical sounds contain multi-
ple information of melody, rhythm, harmony, and so on,
activation patterns would be affected by changes in all
these variables. A useful strategy to reveal functional roles
of cortical regions is to focus on a single information of au-
ditory sequences. Telkemeyer et al. (2009) used temporally
structured sounds and reported that neonates showed
bilateral and right-lateralized responses to rapid and slow
acoustic modulations, respectively. Their results suggested
the hemispheric difference in the processing of auditory
sequences.

Infants are also capable of discerning unique speech
melodies, i.e.,, speech pitch information. We conducted
studies to clarify how infants perceive pitch contours in
speech sounds [Homae et al., 2006, 2007]. Using multi-
channel near-infrared spectroscopy (NIRS), we demon-
strated that the right temporoparietal region of 3- and 10-
month-old infants is responsive to speech pitch informa-
tion (red and blue circles in Fig. 1) and that comparisons
between the activation patterns of the two ages show de-
velopmental changes. The sensitivity of infants to discern
pitch contour changes in speech sounds cannot be
observed if infants only process segmental information or
the pitch height of each syllable individually, suggesting
that infants perceive pitch changes over multiple syllables
in speech sounds. Thus, the right temporoparietal region
is a strong candidate for the neural substrates of the proc-
essing of pitch changes over multiple tones in auditory
sequences. In this study, we examined this possibility by
using three types of auditory stimuli with distinct tempo-
ral structures of pitch changes (50, 200, and 600 ms). The
continuity of pitch changes in several hundred millisec-
onds corresponds to syllabic transition rates in speech
sounds. There would be sensitive time windows of the
infant brain for processing pitch changes in auditory
sequences. To measure the cortical activation of infants,
we used multichannel NIRS. We predefined a region of in-
terest (ROI) in the right temporoparietal region (a green
trapezoid in Fig. 1) according to our previous studies
[Homae et al., 2006, 2007] and studies on adults [Griffiths
et al., 1997; Patterson et al., 2002; Zatorre et al., 1994]. Fur-
thermore, we tested whether the patterns of cortical activa-
tion show developmental changes between 3 months old
and 6 months old, at which age infants can memorize mu-

Figure I.

The ROI in the right hemisphere. We have reported cortical
activation in the right temporoparietal region of 3-month-old
infants (red circles) [Homae et al., 2006] and [0-month-old
infants (blue circles) [Homae et al., 2007], which are related to
the processing of pitch information in speech sounds (P < 0.01).
The two red circles overlaps blue circles. In this study, we set a
ROI (a green trapezoid) to examine whether this region of the
infant brain is sensitive to information of pitch changes in audi-
tory sequences. The arrangement of measurement channels
(open circles) in our previous studies was used in the measure-
ment of 3-month-old infants (see Fig. 3). Several landmarks from
the international 10-20 system are shown (crosses).

sical melodies by using pitch information [Plantinga and
Trainor, 2005]. Prior behavioral studies have reported de-
velopment of auditory and speech perception at these ages
[Aslin et al., 1998; Kuhl, 2004].

We prepared three types of tone sequences as the audi-
tory stimuli, all of which were made from a single
sequence by changing the temporal order of the 96 tones,
and thus the number of appearances of each tone was
equal among the three conditions. The difference among
the conditions was only in the sequential order of the
tones, which causes pitch changes between the successive
tones. By investigating whether the infant brain showed
different activation patterns for tone sequences of the three
conditions, we tested the functional role of the right tem-
poroparietal region in the pitch processing.

MATERIALS AND METHODS
Participants

Forty-six full-term healthy Japanese infants participated
in this study. Twenty-two infants were 3 months old (7
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girls and 15 boys; mean age: 115.5 days; range: 95-128
days), and 24 infants were 6 months old (15 girls and 9
boys; mean age: 193.8 days; range: 182-209 days). All
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infants were sleeping quietly while they were studied. An
additional 38 (3 months old: N = 19 and 6 months old: N
= 19) infants were studied, but they were excluded from
the analysis due to either producing large head move-
ments resulting in motion artifacts in the signals (3 months
old: N = 12 and 6 months old: N = 8) or probe obstruction
by hair (3 months old: N = 7 and 6 months old: N = 11).
A success rate of 3- and 6-month-old infants was 53.7%
and 55.8%, respectively. The measurement was stopped
when infants awoke from their sleep during the experi-
ments (3 months old: N = 19 and 6 months old: N = 41).
Informed consent was obtained from the parents of the
infants prior to the initiation of the experiments. The study
was approved by the ethics committee of the Graduate
School of Education, University of Tokyo.

Stimuli

The stimuli were digitally recorded tone sequences,
which were made by the Musical Instrument Digital Inter-
face sequencer and converted to WAV-format files (16 bit,
22,050 Hz). We prepared a chromatic scale containing 25
semitones from C3 to C5 of piano sounds (Fig. 2a), each of
which exhibits a harmonic structure. The duration of each
tone was 50 ms. Each tone sequence consisted of 96 tones
(duration: 50 ms x 96 tones = 4800 ms per tone sequence).
We made three types of tone sequences. First, the ascend-
ing or descending scales, which consisted of the 24 semi-
tones shown in Fig. 2a, were divided into two scales of 12
semitones (600 ms). The ascending or descending series of
12 semitones were pseudorandomly presented as the long
condition (Fig. 2b). These scales started from C3, C4, or
C5. In a single sequence of the long condition, we pre-
sented eight chromatic scales covering an octave in pseu-
dorandomized orders (Fig. 2b). As all chromatic scales
begin with C and end with B (ti) or C sharp, a tone
sequence consisted of 96 tones under the long condition,
which can be perceived as a continuous sequence if the
infants were sensitive to pitch chroma [Demany and

Figure 2.

The tone sequences. (a) The original tone sequence consists of
96 tones from C3 to C5. The abscissa indicates time (s), and
the ordinate indicates pitch height (semitone). (b—d) Examples
of the tone sequences under the three conditions. The red,
green, and blue-filled circles indicate tones presented in the long
(b), short (c), and random (d) sequences, respectively. Under
each of the three conditions, an identical set of tones made
from the original tone sequence (a) was presented. The only dif-
ference among the conditions was the order of tones alone. (e)
Stimulus presentation. The red, green, and blue-filled squares
indicate the single trials for the long, short, and random sequen-
ces, respectively. The tone sequences (duration: 4.8 s) were pre-
sented in a pseudorandomized order. During the interstimulus
interval (ISI: 12, 13, 14, or 15 s), no sound was presented.
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Armand, 1984]. Second, the ascending or descending
scales, which consisted of the 12 semitones in Fig. 2b,
were divided into three scales of four semitones (200 ms).
These ascending or descending series of four semitones
were pseudorandomly presented as the short condition
(Fig. 2c). The four tones constituting a chromatic scale
were placed at regular pitch intervals (i.e., semitone), and
the fourth tone was followed by a larger gap of the pitch
interval. Third, the ascending or descending scales, which
consisted of the four semitones in Fig. 2c, were divided
into individual semitones (50 ms). Semitones were pseu-
dorandomly presented as the random condition (Fig. 2d).
These processes allowed us to make tone sequences con-
taining all 96 tones in each trial under each condition. The
only difference among the conditions was the order of
tones. The mean pitch changes between two successive
tones under the long, short, and random conditions were
1.6, 3.3, and 9.0 semitones, respectively.

Stimulus Presentation

All experiments were conducted in a sound-attenuated
room (the background noise: less than 30 dB SPL). The
infant was held in an experimenter’s arms during the mea-
surement of cortical activation, and the stimuli were pre-
sented while the infant was in daytime sleep. The infants
were almost motionless and slept soundly throughout the
experimental sessions. We previously reported that NIRS
recordings from infants in daytime sleep provide long-du-
ration and motion-free data with a sufficiently high signal-
to-noise ratio, and the obtained data can be used to evalu-
ate cortical responses to speech sounds [Homae et al.,
2006, 2007; Nakano et al., 2008, 2009; Taga et al., 2007].
Stimulus-dependent cortical responses to speech sounds
have been reported in both sleeping adults [Portas et al.,
2000] and infants [Dehaene-Lambertz et al., 2002; Pefia
et al., 2003].

Tone sequences were presented at a maximum ampli-
tude of 45 dB SPL using a BOSE MMS-1 speaker system
placed in front of the infant. We presented 12 sequences
per condition to each infant. The presentation of tone
sequences was counterbalanced among the infants. No
sound was presented during the interstimulus intervals
(duration: 12, 13, 14, or 15 s; Fig. 2e).

NIRS Recordings

We used multichannel NIRS instruments (ETG-100 and
ETG-7000 for 3- and 6-month-old infants, respectively;
Hitachi Medical Corporation, Tokyo, Japan). The NIRS
instruments exploit the optical properties of hemoglobin,
which has oxygenated (oxy-Hb) and deoxygenated (deoxy-
Hb) forms with different absorption spectra in the NIR
wavelength region. By using two NIR wavelengths (780
and 830 nm in ETG-100 and 785 and 830 nm in ETG-7000)
and applying the data analyses based on the modified

Lambert-Beer law, these instruments measure the relative
changes in the concentrations of oxy-Hb and deoxy-Hb in
the cerebral cortex at preset measurement points. Detailed
descriptions of the principles underlying NIRS have been
previously described [Jobsis, 1977; Maki et al., 1995; Obrig
and Villringer, 2003; Reynolds et al., 1988; Villringer and
Chance, 1997]. NIRS has been successfully used to investi-
gate cortical activation in infants in response to auditory
stimuli [Homae et al., 2006, 2007; Kotilahti et al., 2005,
2010; Minagawa-Kawai et al., 2007; Nakano et al., 2008,
2009; Pefia et al., 2003; Taga and Asakawa, 2007; Taga
et al., 2007; Telkemeyer et al., 2009]. NIR light was emitted
from laser diodes through incident optical fibers. The max-
imum intensity of NIR light was set at 0.6 mW for 3-
month-old infants and 1.2 mW for 6-month-old infants
[Homae et al.,, 2010]. The received light was detected by
avalanche photodiodes through detection via optical fibers
and separated into individual light sources, depending on
each wavelength. For the 3-month-old infants, four sets of
3 x 3 arrays were used composed of five incident and
four detection fibers mounted on a flexible cap over the
frontal, temporal, and temporoparietal areas of each hemi-
sphere. For the 6-month-old infants two sets of 3 x 10
arrays composed of 15 incident and 15 detection fibers
were mounted on a flexible cap over the frontal, temporal,
temporoparietal, and occipital areas of each hemisphere.
Each pair of adjacent incident and detection fibers defined
a single measurement channel, which enabled us to simul-
taneously measure the time course of oxy-Hb and deoxy-
Hb signals with a 0.1-s time resolution. The distance
between incident and detection fibers was set at approxi-
mately 2 cm [Taga et al., 2007]. The measurement channels
were correctly positioned by reference to the international
10-20 system of electrode placement using landmarks of
external auditory pores, vertex, and inion from each infant.
Because few available atlases exist for the infant brain, we
used previous studies on adults [Herwig et al., 2003;
Homan et al., 1987, Okamoto et al., 2004; Steinmetz et al.,
1989] to estimate the craniocerebral correlation for each
measurement channel. A recent MRI study suggested that
the cortical structure in infants is similar to adults in many
aspects [Hill et al., 2010]. We have reported functional
mapping for audiovisual stimuli in infants, which is con-
sistent with an estimated map from the craniocerebral cor-
relation [Watanabe et al., 2008, 2010].

Data Analysis

We applied the same analysis methods that we have
previously reported [Homae et al., 2006, 2007; Taga et al.,
2007]. We examined the variation in the oxy-Hb signals,
which estimated changes in the regional cerebral blood ox-
ygenation during brain activation. In addition, we also an-
alyzed the deoxy-Hb signals. We evaluated relative
changes in oxy-Hb and deoxy-Hb signals contingent on an
arbitrarily assigned zero baseline from the start of the
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measurement period, which was based on the modified
Lambert-Beer law. Because the precise optical path length
of the light traveling through brain tissue cannot be com-
pletely evaluated by continuous-wave NIRS, the units of
oxy-Hb and deoxy-Hb signals were determined by multi-
plying the molar concentration by length (mM-mm). To
evaluate the cortical activation of similar regions in the
two age groups, we analyzed the signal changes of 64
measurement channels, which covered the frontal, tempo-
ral, and temporoparietal regions, in the data obtained
from the 6-month-old infants. We examined the possible
effect of the difference in head sizes, by randomly picking
up 100 head-size data values of 3- and 6-month-old infants
from our database and calculating their mean values: 41.1
cm for 3-month-old infants and 43.1 cm for 6-month-old
infants. The possible difference in head size was estimated
to be less than 5%. Because we set the distance between
incident and detection fibers at approximately 2 cm in
both infant groups, the head-size difference, if any,
between age groups and our channel arrangements
affected the sensitivity of NIRS measurement only slightly,
if at all.

In each individual dataset, we initially extracted data
blocks from the time course data. Each data block ranged
from 0.5 s prior to stimulus onset to 16.5 s after stimulus
onset. By detecting rapid changes in the summation of
oxy-Hb and deoxy-Hb signals, we eliminated data blocks
with a low signal-to-noise ratio due to obstruction by hair
and those with movement artifacts. Following these
screening processes, we only used data that contained a
minimum of six data blocks under each condition (range:
6-12 blocks; mean: 11.7 and 11.6 for 3- and 6-month-old
infants, respectively). All 3-month-old infants analyzed
surpassed this criterion in all measurement channels. In 6-
month-old infants, at least 18 infants surpassed this crite-
rion in all measurement channels (range: 18-24 infants;
mean: 23.7). We then calculated the mean signal of the first
11 time points (i.e., from 0.5 s prior to stimulus onset, dur-
ing which no sounds was presented, to 0.5 s after stimulus
onset) in each data block and used this value as the base-
line for each block. We corrected for a linear trend of sig-
nal changes using a linear fit to the baseline and the mean
signal of the last 11 time points in each data block. This
method was used in our previous studies [Homae et al.,
2006, 2007; Nakano et al., 2008; Taga et al., 2007; Watanabe
et al., 2008], and baseline correction using first 11 time
points was validated by our recent study [Watanabe et al.,
2010]. By averaging the signal changes over data blocks
for each subject under each condition, we obtained the he-
modynamic responses at each measurement channel.

To identify the activated regions under each condition,
we evaluated the individual data as random effects and
performed f-tests and analyses of variance (ANOVAs) for
each channel. First, a f-test of the signal changes under
each condition was performed against the zero baseline
(one-sample, two-tailed t-test). We applied a conjunction
analysis to reveal the cortical regions activated under all

three conditions [Nichols et al., 2005]. Then, we compared
the cortical activation among the three conditions (one-
way repeated measures ANOVA and Ryan’s method).
Multiple comparisons among the measurement channels
were considered by adopting an all-measurement-channels
false discovery rate correction at Q < 0.05 (3-month-old
infants: 48 channels, 6-month-old infants: 64 channels)
[Benjamini and Hochberg, 1995; Genovese et al., 2002;
Singh and Dan, 2006]. Based on our previous studies
[Homae et al., 2006, 2007], we predefined the ROI in the
right temporoparietal region. We would report significant
signal changes in the ROI even if the changes were
observed in a single channel in the ROI. The NIRS instru-
ment can reliably map localized absorbers of NIR light
inside biological tissue and scattering medium [Maki et al.,
1995; Yamashita et al., 1996]. We reported that 2- to 4-
month-olds and 10-month-old infants showed localized
and reproducible activation in a single channel [Homae
et al., 2007; Taga et al., 2003]. Thus, we considered that all
activations that persist beyond the conservative threshold
warrant reporting, and we did not use a cluster filter.
Because we determined in a previous study on infants that
oxy-Hb signals displayed a better signal-to-noise ratio than
deoxy-Hb signals [Homae et al., 2007], we focused on oxy-
Hb signal changes to examine the responsiveness of corti-
cal regions to tone sequences.

RESULTS

Through the use of multichannel NIRS, we found that 3-
and 6-month-old infants showed hemodynamic responses
to tone sequences in both the left and right hemispheres
(Figs. 3 and 4). The temporal and temporoparietal regions
under the three conditions demonstrated remarkable sig-
nal changes. These regions showed both increases in oxy-
Hb signals, as well as decreases in deoxy-Hb signals.
Moreover, the oxy-Hb signal changes were larger than the
deoxy-Hb signal changes. To quantify the hemodynamic
responses to tone sequences, we created an average time
course of all the measurement channels for the three con-
ditions in both infant groups (Fig. 5). The maximal change
in the oxy-Hb signals occurred at 6.6 s. In the statistical
analyses, we used the mean changes of the oxy-Hb signals
in the time window from 5.0 to 9.3 s after the onset of the
stimulus, in which the oxy-Hb signal change was greater
than two standard deviations for all time points of the
averaged time course.

By conducting statistical analyses on the mean changes
in oxy-Hb signals, we examined the cortical activation in
response to the tone sequences. We found that the bilateral
prefrontal, temporal, temporoparietal regions of the 3-
month-old infants showed significant activation for all
three sequences (gray-filled circles in Fig. 6a). The activa-
tion patterns in the bilateral regions of infants were con-
sistent with our previous results using speech sounds
[Homae et al., 2006]. A representative activation pattern
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T E 0.06 ——— oxy-Hb: long
%’ : 0 ——— oxy-Hb: short
2 E | oxy-Hb: random
T =-0.035 57015
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3-month-old infants
©O measurement channel

e l@OXY-Hb: long
deoxy-Hb: short
------------- deoxy-Hb: random

Figure 3.

The signal changes in the 3-month-old infants obtained by meas-
urements using multichannel near-infrared spectroscopy (NIRS).
Measurement channels (black open circles in the central panel)
were placed over the bilateral frontal, temporal, and temporo-
parietal regions of infants. These channels were correctly posi-
tioned using the 10-20 system (crosses). The green trapezoid
indicates the ROI (four channels). The numbers indicate the
channels in the predefined ROI. Mean time courses of the oxy-

was observed in the left and right temporal channels that
was located about 1 cm above T3 and T4, respectively, of
the international 10-20 system. Based on the craniocerebral
correlation derived from adult studies, these channels
were placed near the sylvian fissure, and the activation in
the early auditory areas resulted in the signal changes in
the temporal channels. Figure 6b shows the signal changes
in the right temporal channel (the auditory area of 3-
month-old infants, AA_3M) under each condition. This
measurement channel indicated equivalent signal changes
under each of the three conditions.

genated hemoglobin (oxy-Hb) and deoxygenated hemoglobin
(deoxy-Hb) signals of all the infants are arranged around the
central panel. The red, green, and blue lines indicate the
responses to the long, short, and random sequences, respec-
tively. The abscissa indicates time (s), and the ordinate indicates
the Hb signal (mM-mm). The zero time-point represents the
onset of the stimulus. For the purpose of display, the time
course data were low-pass filtered.

In the 6-month-old infants, we found that the bilateral
temporal regions showed significant activation under all
three conditions (gray-filled circles in Fig. 6c). While the
activation pattern in the bilateral temporal regions was
consistent with the results for the 3-month-old infants (Fig.
6a), the activated regions of the 6-month-old infants were
localized to the temporal regions. Figure 6d shows the sig-
nal changes in the right temporal channel (the auditory
area of the 6-month-old infants, AA_6M) under the three
conditions. This region was located very close to AA_3M
of the 3-month-old infants, as shown in Figure 6a. The
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B E 0.06 oxy-Hb: long
%E A ——— oxy-Hb: short
2 E 03l oxy-Hb: random
T =003, 51015

Time (s)

6-month-old infants
© measurement channel
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deoxy-Hb: short
............. deoxy-Hb: random

Figure 4.

The signal changes in the brains of the 6-month-old infants. Mea-
surement channels (black open circles in the central panel) were
placed over bilateral frontal, temporal, and temporoparietal
regions of infants. These channels were correctly positioned
using the 10-20 system (crosses). The green trapezoid indicates
the ROI (five channels). The numbers indicate the channels in

signal changes in the auditory area did not show signifi-
cant difference between the infant groups (Table I).

We investigated the differences in cortical activation in
response to the three types of tone sequences. We found
that the right temporoparietal region of the 3-month-old
infants (TP_3M; the black-filled circle in Fig. 7a), which
was located in the predefined ROI (the green trapezoid in
Fig. 7a), showed differences among the three conditions
[F(242) = 8.89, P < 0.001; the results in the predefined

the predefined ROl. Mean time courses of the oxy-Hb and
deoxy-Hb signals among all infants are arranged around the cen-
tral panel. The red, green, and blue lines indicate responses for
the long, short, and random sequences, respectively. For display,
the time course data were low-pass filtered.

ROI were shown in Table II]. This region showed signifi-
cant signal changes under all three conditions (Fig. 6a),
and the post hoc tests confirmed that the signal changes of
TP_3M for the random sequence were greater than
changes under the long and short conditions (Fig. 7b).
TP_3M of the random condition showed the highest signal
changes among the three conditions of all the channels,
when the signal changes of each condition were averaged
among the subjects (Fig. 7c), while the same channel of the
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The averaged time course of oxy-Hb signal changes in all the
measurement channels for the three conditions. The time
courses of the 3- and 6-month-old infants are averaged. The
gray bar indicates the period during which the auditory sequen-
ces were presented (4.8 s).

long and short conditions showed lower signal changes.
Given the bilateral activation in the temporal regions, our
findings demonstrate symmetric (in the auditory area) and
asymmetric (in the temporoparietal region) responses to
tone sequences in the 3-month-old infant brain.

The ANOVAs applied to the data of the 6-month-old
infants revealed that the right temporoparietal region of
this infant group also showed differences among the three
conditions (the black-filled circles in Fig. 7d). One of the
channels (TP_6M, the temporoparietal region of the 6-
month-old infants; F(2,46) = 6.62, P < 0.005; the results in
the predefined ROI were shown in Table II), which was in
the predefined ROI and the adjacent channel to TP_3M in
the 3-month-old infants (Fig. 7a), showed significant signal
changes only in response to the short sequence, and fur-
thermore, the post hoc tests confirmed that the signal
changes for the short sequence were greater than changes
for the long and random sequences (Fig. 7e,f). This pattern
of signal changes was observed in the prefrontal region of
the 6-month-old infants (the gray-filled circles in Fig. 7d; P
< 0.005). Both the 3- and 6-month-old infants showed
stimulus-dependent activation in the right temporoparietal
ROJ, and the stimulus-dependency of the activation in the
6-month-old infants was different from that observed in
the 3-month-old infants. The interaction between the infant
groups and the three conditions was significant (Table III).

The right temporoparietal region of the 3- and 6-month-
old infants showed significant difference among the condi-
tions, whereas the difference was not observed in the left
hemisphere. To confirm the hemispheric differences in the
temporoparietal regions of the 3- and 6-month-old infants,
we applied direct comparisons between the signal changes
in the right temporoparietal regions (TP_3M or TP_6M)
and their left homologues (Table IV). These comparisons

were based on the assumption that the optical path
lengths in homologous regions were equivalent. In both
infant groups, we found the significant interaction
between the hemispheres (right and left) and the condi-
tions (long, short, and random). While the right temporo-
parietal region showed the significant simple main effect
in both infant groups, the left homolog did not show the
significant effect. These findings suggest the lateralization
of the auditory pitch processing in the right hemisphere of
infants.

DISCUSSION

This study examined whether cortical regions show
stimulus-dependent differential activation under the long,
short, and random sequence conditions; such activation
differences were observed in the right temporoparietal
region of both infant age groups, as we have expected. If
infants detected individual tones singly, or detected all
tones in a sequence holistically, the three conditions we
tested would have elicited similar amounts of activation in
all cortical regions. The present results dismissed these
possibilities, and instead support the possibility that
infants detect more than single tones of auditory informa-
tion, namely pitch changes in successive tones. Our find-
ings confirmed the expectation that the right
temporoparietal region is involved in processing pitch
changes in not only speech sounds [Homae et al., 2006,
2007], but also changes in auditory sequences. While the
bilateral auditory areas showed significant activation in
the three conditions, the hemispheric difference of the tem-
poroparietal region was observed both in the 3- and 6-
month-old infants (Table IV and Fig. 7). These results
showed that both bilateral and right-lateralized activation
observed in previous studies [Dehaene-Lambertz et al.,
2010; Kotilahti et al., 2010; Perani et al., 2010] simultane-
ously occurred in the infant brain and further demon-
strated functional differentiation for pitch processing in
the auditory-related regions of the infant brain.

In the 3-month-old infant group, the most prominent
activation in the right temporoparietal region was
observed when stimulated with the random sequence (Fig.
7a,b), which corresponded to the largest pitch changes
between successive tones. This result suggests that the 3-
month-old infants are sensitive to pitch changes in a short
span of time. Otherwise, the 3-month-old infants can
detect discontinuity in global pattern of pitch changes,
which carries the lowest expectation what appears in the
following sequences, in a 4.8-s random sequence. Given
that the pitch changes and discontinuities in pitch con-
tours exist also in speech sounds, the right temporoparietal
region of the 3-month-old infants would process these fea-
tures when the infants perceive speech sounds.

The stimulus-dependency of the right temporoparietal
activation showed developmental changes from 3 to 6
months of age (Table IIl and Fig. 7). In the 6-month-old
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Figure 6.

The cortical activation under the three conditions in the 3- and
6-month-old infants. (a) The regions revealed by the conjunction
analyses of activation for the long, short, and random sequences
in the 3-month-old infants. We used the time from 5.0 to 9.3 s
after the onset of the stimulus for analyses. The gray-filled
circles indicate the channels that surpassed the statistical thresh-
olds under all three conditions. Small open circles indicate mea-
surement channels that did not show significant activation. An
arrow indicates the right auditory area (AA_3M) in the temporal
region. (b) Oxy-Hb signal changes in the AA_3M. The red,

infants, the most prominent activation in the right tempor-
oparietal region was observed when stimulated by the
short sequence composed of four tones placed at regular
pitch intervals, with the fourth tone followed by a larger
pitch interval (Fig. 2c). This finding suggests that informa-
tion extracted from auditory sequences changes with
infant development. Although the exact reason why the 3-
and 6-month-old infants exhibited different patterns of
stimulus dependency is unexplained, we can raise two
possibilities as follows. The first possibility is that a time
window for pitch processing in the 6-month-old infants is
being tuned to continuity of pitch changes in several hun-

green, and blue bars indicate the mean signal changes for the
long, short, and random sequences, respectively. Error bars
show the standard error for each test condition. (c) The regions
revealed by the conjunction analyses of activation in the 6-
month-old infants. The right auditory area (AA_6M) in the tem-
poral region, which is the same channel as AA_3M, is indicated
by an arrow. (d) Oxy-Hb signal changes in AA_6M. The red,
green, and blue bars represent the mean signal changes for the
long, short, and random sequences, respectively. Error bars
show the standard error among all subjects.

dred milliseconds, which corresponds to syllabic transition
rates in speech sounds. Around the 6 months old, infants
become sensitive to language-specific information of

TABLE I. Direct comparison of signal changes in the
right auditory area

The right auditory area (AA_3M, AA_6M)

Age (3- and 6-month-old infants) F(144)=158 P >0.1
Condition (long, short, and random)  F(2,88) =341 P < 0.05
Age x condition F(2,88) = 0.83 P>01
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vowels [for review, Kuhl, 2004]. The increased sensitivity
to frequency changes in several hundred milliseconds
would help infants to detect vowels in the speech sounds.
This possibility suggests a hypothesis that the activation
pattern of 6-month-old infants to speech sounds would be
different from the pattern of the 3-month-old infants.

The second possibility is that the 6-month-old infants
could perceive pitch information of not just two successive
tones but also multiple tones, including auditory ‘edges’
caused by sudden changes in pitch intervals and chroma
that occur only in the short condition. Behavioral studies
reported that infants during the second half of the first
year of life can perceive the differences between two me-
lodic contours, one of which changes the temporal order
of tones presented in an original sequence [Trehub et al.,
1984, 1987]. Infants may also use changes in pitch to
remember musical melodies [Plantinga and Trainor, 2005],
suggesting that infants can successfully use both pitch in-
formation and the temporal order of multiple tones to

3-month-old infants

6-month-old infants
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assess differences between musical melodies. The cortical
mechanisms involved in the processing of sequential audi-
tory events and edges were examined in fMRI studies on
adults, and the right temporoparietal region was a candi-
date for these mechanisms [Herdener et al., 2007; Mustovic
et al., 2003]. When auditory sequences enter auditory
memory, sequential groups of auditory information may
be formed [Koelsch and Siebel, 2005]. Therefore, this
region may be related to the formation of groups of audi-
tory sequences, such as the most representative properties
of music. Future studies are required to clarify how the
developing brain processes the continuity and discontinu-
ity of auditory information.

We found that the right prefrontal region of the 6-
month-old infants showed the prominent activation in
response to the short sequence (Fig. 7d). The measurement
channel of the prefrontal region was positioned approxi-
mately at the midpoint between C4 and F8 of the interna-
tional 10-20 system, which may have corresponded to the
ventral part of the prefrontal sulcus [Okamoto et al., 2004].
This channel may detect the activation in the inferior fron-
tal gyrus and the ventral subregion of the premotor cortex.

Figure 7.

The stimulus-dependent activation patterns in the 3- and 6-
month-old infants. (a) The activated region revealed by the
ANOVA analysis for the long, short, and random sequences in
the 3-month-old infants. TP_3M in the right temporoparietal
ROI (the green trapezoid) showed significant differences among
the three test conditions. (b) Oxy-Hb signal changes in TP_3M.
The red, green, and blue bars indicate the mean signal changes
for the long, short, and random sequences, respectively. Error
bars show the standard error among all subjects. Asterisks (*)
denote P < 0.05 in the post hoc tests. (c) The histogram of
mean signal changes of the 3-month-old infants. We calculated
subject-averaged signal changes in each channel for each condi-
tion and counted the number of channels in each bin (bin size =
0.005 mM-mm). The total number of the counts was 144 (48
channels under the three conditions). TP_3M of the random
condition is sorted in the highest bin (0.05-0.055 mM-mm) as
shown by an arrow, whereas TP_3M of the long and short con-
ditions are sorted in the middle bin (0.025-0.030 mM-mm). (d)
ANOVA revealed the regions activated on stimulation by the
long, short, and random sequences in the 6-month-old infants.
Two channels in the right temporoparietal ROl showed signifi-
cant differences among the three test conditions (the black-filled
circles). The representative channels in this region (TP_6M) is
indicated by an arrow. The prefrontal region also showed the
significant differences (the gray-filled circles). (e) Oxy-Hb signal
changes in TP_6M. Asterisks (*) denote P < 0.05 in the post
hoc tests. (f) The histogram of mean signal changes of the 6-
month-old infants. The total number of the counts was 192 (64
channels under the three conditions). The signal changes of
TP_6M under the short condition was greater than the signal
changes of this channel under the long and short conditions.
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TABLE Il. The right temporoparietal ROl of the 3- and 6-month-old infants

The 3-month-old infants

1 F(2,42) = 3.13 P =005
2 (TP_3M) F(2,42) = 8.89 P = 0.0006
3 F(2,42) = 1.50 P =023
4 F2,42) = 1.72 P =019

The 6-month-old infants

1 F(2,46) = 2.68 P =008

2 F(2,44) = 8.33 P = 0.0009
3 (TP_6M) F(2,46) = 6.90 P = 0.0024
4 F(2,46) = 3.81 P = 0.029
5 F(2,44) = 1.70 P =014

The leftmost column in each infant group indicates the channel numbers in the predefined ROI shown in Figures 3, 4, 7a and 7d.

The functional roles of the right prefrontal region for audi-
tory processing have been introduced in adult studies,
such as the detection of auditory deviance, the temporal
maintenance of auditory information, and the processing
of musical structures [Doeller et al., 2003; Koelsch et al.,
2005; Schubotz and von Cramon, 2002; Zatorre et al.,
1994]. The anatomical connection between the prefrontal
region and the temporoparietal region has been reported
in primate studies [Petrides and Pandya, 1988; Romanski
et al., 1999] and in human studies using diffusion tensor
imaging (DTI) [Makris et al., 2005; Tomassini et al., 2007].
A small tract of the superior longitudinal fasciculus, which
connects these regions, was identified in 3- to 12-month-
old infants [Zhang et al., 2007], although myelination of
the fiber progresses slowly in neonates, infants, and tod-
dlers. Furthermore, the arcuate fasciculus can be recon-
structed by tractography of DTI in 1- to 4-month-old
infants [Dubois et al., 2009], suggesting that the connection
at least partly exists in early infancy. These reports of ana-
tomical connections in infants and our observation of stim-
ulus-dependent coactivation in these regions provide a
hypothesis that the prefrontal region works in cooperation
with the temporoparietal region for processing pitch infor-
mation, and these regions may form a functional network
even in infancy. The interaction among multiple regions
would play an important role in constructing a biological
foundation for the processing of auditory information,
including information from musical notes and speech
sounds.

The activated cortical regions in response to auditory
stimuli of all the three conditions become localized to the
bilateral temporal cortex during the course of development

TABLE Ill. Direct comparison of signal changes in the
right temporoparietal region

The right temporoparietal region (TP_3M, TP_6M)

Age (3- and 6-month-old infants) F(1,44) =11.15 P < 0.005
Condition (long, short, F(2,88) = 3.77 P < 0.05
and random)
Age x condition F(2,88) =13.70 P < 0.0001
Simple main effect of condition
3-month-old infants (TP_3M)  F(2,88) = 13.80 P < 0.0001
6-month-old infants (TP_6M)  F(2,88) = 3.67 P < 0.05

(Fig. 6a,c), whereas cortical regions that are related to pitch
processing in the auditory sequences may evolve into a
broader network including the right temporoparietal and
prefrontal regions (Fig. 7a,d). The latter tendency is con-
sistent with our previous report that while the right tem-
poroparietal region of 3-month-old infants is related to the
processing of speech pitch information, both the prefrontal
and temporoparietal regions of 10-month-old infants are
involved in the pitch processing (Fig. 1) [Homae et al.,
2006, 2007]. The developmental changes in activation pat-
terns may be affected by both cognitive development and
maturation of cortico-cortical connections, as well as tha-
lamo-cortical connections, in the developing brain [Berl
et al., 2006; Casey et al., 2005, Homae et al., 2010]. The
present results suggest that the neural development pro-
ceeds in two directions, localization and globalization, to
organize functional networks for perception, cognition,
and behavior.

TABLE IV. Direct comparison of signal changes in the
right and left temporoparietal regions

The temporoparietal region of the 3-month-old infants
(TP_3M, the left homolog)

Hemisphere (right and left) F(1,21) =05 P >01
Condition (long, short, F(242) =6.33 P < 0.005
and random)
Hemisphere x condition F(2,42) =9.66 P < 0.0005
Simple main effect of condition
Right temporoparietal region ~ F(2,84) =890 P < 0.0005*
Left temporoparietal region F(2,84) =454 P <0.05

The temporoparietal region of the 6-month-old infants
(TP_6M, the left homolog)

Hemisphere (right and left) F(123) =094 P>0.1
Condition (long, short, F(2,46) =335 P < 0.05
and random)
Hemisphere x condition F(2,46) = 6.11 P < 0.005
Simple main effect of condition
Right temporoparietal region F(2,92) = 6.84 P < 0.005*
Left temporoparietal region F(292)=075 P>0.1

The P values with asterisks (*) in the simple main effect satisfied
the statistical threshold with the Bonferroni correction (3-month-
old infants, four channels in the ROI; 6-month-old infants, five
channels in the ROI).
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