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To elucidate the developmental neural attunement process in the language-specific phonemic repertoire, cerebral hemodynamic re-
sponses to a Japanese durational vowel contrast were measured in Japanese infants using near-infrared spectroscopy. Because only
relative durational information distinguishes this particular vowel contrast, both first and second language learners have difficulties in
acquiring this phonemically crucial durational difference. Previous cross-linguistic studies conducted on adults showed that phoneme-
specific, left-dominant neural responses were observed only for native Japanese listeners. Using the same stimuli, we show that a larger
response to the across-category changes than to the within-category changes occurred transiently in the 6- to 7-month-old group before
stabilizing in the groups older than 12 months. However, the left dominance of the phoneme-specific response in the auditory area was
observed only in the groups of 13 months and above. Thus, the durational phonemic contrast is most likely processed first by a generic
auditory circuit at 6 –7 months as a result of early auditory experience. The neural processing of the contrast is then switched over to a
more linguistic circuit after 12 months, this time with a left dominance similar to native adult listeners.
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Introduction
In contrast to their immature visual system, young infants pos-
sess a relatively mature auditory system that enables them to
detect subtle acoustic–physical differences in sounds (Alho et al.,
1990; Huotilainen et al., 2003). In addition to simple sound
changes like pitch and intensity, they can discriminate a wide
variety of speech sounds (phonemes) used in languages, includ-
ing those that they have never heard (Kuhl et al., 1992; Jusczyk,
1997). However, this initial ability to discriminate many phone-
mic units gradually declines as infants are exposed to the phono-
logical system of their ambient language. In other words, an in-
fant’s perceptual ability to discriminate native language
phonemes becomes so attuned that it becomes language specific.
Infants in an English-speaking environment, for instance, can
distinguish between Hindi and Salish phonemes at an early stage
but lose this ability after a year of exposure to English only
(Werker et al., 1981; Werker and Tees, 1984). Since the pioneer-
ing work of Eimas et al. (1971), it has been demonstrated that
infants become very sensitive to the vowel contrasts of their na-

tive language by �6 months of age (Kuhl et al., 1992; Polka and
Werker, 1994), and to their native consonant contrasts by
�10 –12 months (Werker and Tees, 1984; Best and McRoberts,
2003).

A question then arises with regard to the neurophysiological
mechanism underlying this perceptual change in the first year of
life. This issue has been examined by studies on event-related
potential (ERP), using mismatch negativities (MMNs) as indica-
tors of language-specific auditory responses (Cheour et al., 1998;
Dehaene-Lambertz and Baillet, 1998; Dehaene-Lambertz and
Gliga, 2004). Cheour et al. (1998) measured the MMNs of infants
at ages of six and 12 months. The results revealed that the 12-
month-olds had a weaker response to the non-native vowel con-
trast than the 6-month-olds. These results provide insights into
the different networks involved in various developmental stages.
However, there exists a certain issue that neither behavioral nor
electrophysiological studies could resolve completely, a develop-
mental process of hemispheric specialization. Many ERP studies
as well as dichotic listening studies have attempted to explore this
issue; however, their results are diverse (Novak et al., 1989; Simos
et al., 1997). The issue remains controversial.

A recent advent, multichannel near-infrared spectroscopy
(NIRS), can probably shed light on this issue: NIRS may provide
further and additional evidence of the developmental process of
left-hemispheric dominance, because it can measure infants non-
invasively with a spatial resolution of 2–3 cm (Chance et al., 1993;
Villringer et al., 1993). Consequently, this study used NIRS to
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assess the neural correlates of the dramatic perceptual change
within the first few years of life. Because a previous cross-
linguistic adult study (Minagawa-Kawai et al., 2005) revealed that
only native Japanese listeners exhibited left-dominant responses
to the phonemic-length change, we used the same Japanese vowel
stimuli with identical physical differences but with different lin-
guistic information, to examine at what age (1) the specific re-
sponse to across-category difference is observed and (2) the left-
dominant response to phonemic differences appears in the
infant’s development.

Materials and Methods
Participants. Monolingual infants brought up in Tokyo, Japan, and its
suburbs were recruited as paid participants. They were aged from 3 to 4
months (n � 23), 6 –7 months (n � 24), 10 –11 months (n � 28), 13–14
months (n � 28), and 25–28 months (n � 24). They were chosen based
on the criteria of normal hearing and full-term birth with no history of
serious diseases. Age groups were determined from the previous behav-
ioral literature on phonemic acquisition: one group before 6 months,
which is a native-vowel acquisition boundary, and two groups after 6
months, when various types of phonological learning occur. We also
recruited a 1-year-old group (13–14 months) and 2-year-old group
(25–28 months). Handedness of the infants, if applicable, was assessed by
the Edinburgh Handedness Inventory; two participants who appeared to
be left-handed were excluded. Among the infants considered, 70 partic-
ipants were excluded from the final data set because of insufficient trials
attributable to motion artifacts (49) and excessive fussiness (6), loose
probe placement (11), parental interference (2), and experimenter error
(2). The final data set included infants aged from 3 to 4 months (n � 15;
9 girls and 6 boys), 6 –7 months (n � 14; 7 girls and 7 boys), 10 –11
months (n � 11; 5 girls and 6 boys), 13–15 months (n � 9; 6 girls and 3
boys), and 25–28 months (n � 8; 5 girls and 3 boys). Parents gave in-
formed consent in compliance with a protocol approved by the ethic
committee of Keio University (no. 04001) and Research Institute, Na-
tional Rehabilitation Center for Persons with Disabilities (NRCD).

Stimuli. The stimuli used were four pseudowords from the /mama/-/
mama:/ continuum in which the final vowel varied in duration from 151
to 250 ms in steps of 33 ms (stimulus A, 151 ms; B, 184 ms; C, 217 ms; D,
250 ms). The choice of durational spacing was based on our pilot study
using 33, 66, and 99 ms steps, among which the latter two evoked rela-
tively large responses even under phonemically noncontrastive condi-
tions and posed a risk of masking responses to phonemic distinctiveness
by saturation. Using PARCOR (partial autocorrelation), an analysis–
synthesis procedure (Markel and Gray, 1976), these stimuli were resyn-
thesized from the data including pitch and formant information ana-
lyzed from a natural spoken word (unaccented pattern) to have a stable
pitch contour and formant structure in the second vowel (Fig. 1). The
length of the first syllable was 110 ms and the intervocalic /m/ was 90 ms.

The stimulus context in our study is limited to two to three morae.
However, the sensitivities to BC, which may have been judged from the
relative difference against the preceding syllable duration (Fujisaki et al.,
1985), are considered to show the perceptual ability of quantity acquired
through linguistic experience of Japanese moraic rhythm.

Three sessions were prepared using two adjacent stimuli pairs from the
four. In session AB, stimulus A was repeated every 1.25 s for 20 s as a
baseline habituation block; furthermore, stimuli A and B were presented
in a pseudorandom order with equal probabilities every 1.25 s for an-
other 20 s period as a target block, which would elicit a graded dishabitu-
ation response according to the degree of linguistic distinctiveness be-
tween the paired stimuli (Dehaene-Lambertz, 1997; Näätänen et al.
1997). These two blocks were alternated and sequentially repeated for a
minimum of five times. The same procedures were performed for ses-
sions BC and CD.

Experimental design. A previous experiment (Minagawa-Kawai et al.,
2005) observed that the phonemic boundary of long and short vowels for
the native Japanese speakers lay between stimuli B and C. Consequently,
compared with those of other sessions, the speakers’ cortical responses to
stimulus C (dishabituation stimulus) after listening to repetitions of B
(habituation) were greater in the left temporal area. In contrast, non-
native listeners did not display such phoneme-specific responses, be-
cause for them long and short vowel contrasts did not possess phonolog-
ical (linguistic) value (Minagawa-Kawai et al., 2005). The following
experiment was designed for the infants for whom short experimental
periods are preferred. Two sessions were conducted for each subject: (1)
one was the across-category condition (session BC) in which the stimuli
differed linguistically, and (2) and the other within-category condition
(either session AB or CD) in which the differences were not linguistic but
evoked small comparable responses (Minagawa-Kawai et al., 2002). The
number of AB and CD sessions, as well as the order of the two conditions,
was counterbalanced within each age group. However, because the brain
index is sometimes more sensitive than the behavioral measures (de
Haan and Nelson, 1997), we cannot be sure whether significant NIRS
responses in each condition mean that the infant is able to discriminate
the stimuli behaviorally.

NIRS recording. The changes in hemoglobin (Hb) concentrations and
their oxygenation levels in the bilateral temporal areas were recorded
using NIRS systems (ETG-100 or ETG-7000; Hitachi, Tokyo, Japan),
which emit continuous near-infrared lasers with fixed wavelengths of
�780 and 830 nm. The laser beams were modulated at different frequen-
cies and detected using lock-in amplifiers. These devices can measure
localized cortical responses of channels that are present in the optical
path of the brain between the nearest pairs of emission and detection
probes; these probes were separated by 3 cm on the scalp surface (Fukui
et al., 2003).

Recently, some critical issues in practical use of NIRS in baby studies
have been raised (Aslin and Mehler, 2005), which include choice of probe
spacing and wavelengths, and possible systemic effects on NIRS data. The
separation of 30 mm between the source and the detector (SD) was
adopted in our infant study as in the previous adult study (Minagawa-
Kawai et al., 2005) because of the following considerations. First, judging
from the results of the light propagation prediction in neonatal head
model using SD of 30 mm (Fukui et al., 2003), the infrared light pene-
trates approximately down to 24 mm in depth with the sensitivity of
0.1%, which goes deeper than into the adult brain (Villringer et al., 1997),
presumably because of less myelinated, less reflective white matter
(Fukui et al., 2003). Although this depth might be an overestimation for
the age of our infants (3 months and older), the light irradiated from one
temporal side would never reach the contralateral hemisphere, because
their head diameters were 120 mm or larger. Our results thus reflect the
auditory evoked responses strictly in the ipsilateral hemisphere to each
recording side, which is essential to the validity of our lateralization
assessment. Second, the DPF (differential pathlength factor) in adults is
reported to be larger than that of infants (5.73 vs 4.69 – 4.77 at 832 nm for
our subjects) (Duncan et al. 1996), suggesting that measured brain vol-
ume in our study was possibly smaller in infants than in adults, which
would at least partially counter the effect of the thinner skull and scalp,
and smaller brain size of infants than adults. The relative head size dif-

Figure 1. Spectrograms and pitch contours of the stimuli /mama/ and /mama:/ differing in
final vowel durations.
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ference to SD across the age groups still cannot explain the transient
appearance and disappearance of the difference between the across- and
within-category responses before 1 year of age (see Results). The choice
of the laser wavelengths of 780 and 830 nm was based on the similarity in
Hb absorbance of the wavelengths across the isoabsorbance (�800 nm)
of oxy- and deoxy-Hb, which should minimize the difference in the
regions traveled by the two measuring wavelengths.

Because NIRS only measures Hb in capillaries, venules, and arterioles
(Yamamoto and Kato, 2002) �1 mm in diameter (Liu et al. 1995), unlike
functional magnetic resonance imaging, NIRS is less affected by systemic
circulatory changes. Hemodynamics as measured from the scalp surface,
however, does include not only the specific cerebral responses to the
stimuli (presumably neural component) but also other unrelated brain
activities and systemic vascular effects (Katura et al., 2006) in and outside
the brain. The latter components are most likely less localized and less
time-locked to the stimuli than the former, as shown in Figure 3. In the
current study, global Hb changes across recording channels that were not
closely related to the stimulus cycle were labeled as artifact, and the block
including the artifact was removed from averaging, although the major-
ity of artifacts were motion related. The arrangement of the bilateral
channels in symmetric positions should have also helped reduce any
systemic effects entering the functional lateralization analysis.

One of two methods was used for positioning the NIRS probes: (1) five
emission and four detection probes arranged in a 3 � 3 square lattice (12
channels on either side) (Fig. 2 A) and (2) two emission and two detec-
tion probes in a 2 � 2 square lattice (four channels on either side) (Fig.
2 B) were fitted on each lateral side of the head. Because we decided to
analyze only specific channels in the auditory area (one channel per side),
after the completion of more than one-half of the study, we switched to
using the 2 � 2 lattice to reduce the number of experimental failures
attributable to the resistance of the infant to the fitting of too many
probes. The international 10 –20 system was referred to when attaching
these probes (i.e., the line connecting T3, F7, F8, and T4 was horizontal to
the lowest lines of the NIRS probes). Furthermore, in the case of the 3 �
3 configuration, the middle probe (posterior probe for the 2 � 2 config-
uration) in the lowest line corresponded to T3 on the left and T4 on the
right (Fig. 2). In previous NIRS studies conducted on adults, we deter-
mined that the channels close to the lateral end of the border between the
transverse temporal gyrus and the planum temporale, as projected on a
parasagittal magnetic resonance imaging, were the “center” of the audi-
tory area (Furuya and Mori, 2003; Minagawa-Kawai et al., 2005). These
channels corresponded to either one of the channels 1, 2, 3, or 4 on the
left temporal area and their symmetric positions on the right (Fig. 2 A).
Based on these previous results, as well as the data from the three-
dimensional probabilistic anatomical cranio-cerebral correlation (in ac-
cordance with the international 10 –20 system) (Okamoto et al., 2004),

we presumed that channels 1, 2, 3, 4, and their
symmetric positions on the right approxi-
mately covered the auditory area.

Experimental procedures. After positioning
the probes, participants passively listened to the
stimuli presented via a loudspeaker (�70 dB
sound pressure level) in a sound-attenuated
room. The order of the two sessions was coun-
terbalanced for all the infants. The infants were
seated on their parents’ lap while listening to
the stimuli. During the experiment, the exper-
imenter entertained them with silent toys to
reduce their body movements.

We used two systems for measuring NIRS:
ETG-100 in NRCD and ETG-7000 in Keio Uni-
versity. Although they are almost identical in
terms of the ranges of the optical power (1.5–
2.0 mW) and wavelengths (ETG-100, 780 � 15,
830 � 15 nm; ETG-7000 Probe 1 and 2, 781 �
1, 827 � 1 nm) of the infrared lasers used, the
data obtained from the two machines in respec-
tive institutions were examined for any biases.
Of the final dataset, 51% were from ETG-100,
and this ratio was approximately constant in all

of the age groups (3– 4 months, 47%; 6 –7 months, 50%; 10 –11 months,
55%; 13–14 months, 56%; 25–28 months, 50%). The data of total Hb
changes were analyzed using ANOVA with factors of the machine types
and stimulus conditions in each age group and in each of the recording
sides (left or right temporal area), but the results showed no significant
main effects or interactions in any group [main effect of machine type:
p � 0.05 for each result; 3– 4 months of age, left (L), F(1,26) � 0.001; right
(R), F(1,26) � 0.001; 6 –7 months of age, L, F(1,24) � 0.56; R, F(1,24) � 0.08;
10 –11 months of age, L, F(1,18) � 1.70; R, F(1,18) � 2.49; 13–14 months of
age, L, F(1,14) � 0.93; R, F(1,14) � 2.56; 25–26 months of age, L, F(1,12) �
1.32; R, F(1,12) � 1.79], indicating that there was no effect on the data
attributable to the differences in the experimental environment. A simi-
lar analysis on the factor of probe settings revealed no significant effect
either [main effect of probe type: p � 0.05 for each result; 3– 4 months of
age, L, F(1,26) � 0.03; R, F(1,26) � 0.18; 6 –7 months of age, L, F(1,24) �
1.49; R, F(1,24) � 0.15; 10 –11 months of age, L, F(1,18) � 2.60; R, F(1,18) �
3.61; 13–14 months of age, L, F(1,14) � 0.93; R, F(1,14) � 2.56; 25–28
months of age, L, F(1,12) � 1.32; R, F(1,12) � 1.79]. Therefore, the rest of
the data analysis was conducted on the pooled data from the two
machines.

Data analysis. The concentrations of oxygenated (oxy-), deoxygenated
(deoxy-) Hb, and the total Hb were calculated from the absorbance
changes of 780 and 830 nm laser beams sampled at 10 Hz. After discard-
ing the blocks with artifacts, the Hb concentrations of the remaining
blocks were averaged synchronously to the onset of the target blocks and
smoothed with a 1 s moving average. The response peaks of the averaged
target blocks were evaluated against the 10 s baseline period just before
the target block in each channel. NIRS with two infrared wavelengths
gives estimation of oxy-, deoxy-, and total Hb concentrations in the
tissue, among which total Hb was chosen as the indicator for the local
cerebral activation in this study. The reasoning for the choice was that it
reflects local cerebral blood volume and is more correlated to a regional
cerebral blood flow (CBF) as measured in positron emission tomography
than the other parameters (Villringer et al. 1997). Total Hb is also signif-
icantly correlated to blood oxygenation level-dependent (BOLD) signals
as well as oxy-Hb (Strangman et al., 2002), although BOLD and oxy-Hb
exhibit more nonlinearity to sustained stimulation than CBF or total Hb
(Sadato and Toyada, 2006). However, suitability of total Hb as a param-
eter may depend on various factors such as the cortex studied, age, task
demand, and individual vascular responsiveness, because these factors
influence hemodynamics of deoxy-Hb (Meek et al., 1998; Sakatani et al.,
1999; Hoshi et al., 2000; Zaramella et al., 2001). Total Hb as a functional
index had given consistent results in previous studies for assessing the
lateralization of language function (Watanabe et al., 1998; Furuya and
Mori, 2003; Sato et al., 2003) and is regarded to be suitable for our study.

Figure 2. Location of the NIRS probes and channels. Five emission and four detection probes arranged in a 3 � 3 square lattice
(A) and two emission and two detection probes in a 2 � 2 square lattice (B) were fitted on each lateral side of the head.
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The changes in deoxy-Hb observed in the
present study were too small relative to the
noise level to be used as a reliable indicator of
evoked responses, as shown for representative
participants in Figure 3. Total Hb, in contrast,
should provide, in many cases, a better signal-
to-noise ratio than oxy- or deoxy-Hb because
the calculation of total Hb is additive of the
absorbance measurements at two wavelengths
rather than subtractive as with oxy- and deoxy-
Hb. To choose one of the auditory channels for
the statistical analysis, we first averaged the ab-
solute total Hb change across the stimulus con-
ditions and then selected one of the channels
that exhibited the maximum value on each
side. To determine the significance of the re-
sponse in different conditions, different sides
and age groups, the response peaks during the
target block were compared with 0 (the average
of the 10 s pretarget baseline). A response was
deemed significant with t test at p � 0.05 (un-
corrected for multiple comparisons). To com-
pare the Hb changes between the across- and
within-category conditions, a paired t test was
conducted for each age group. We applied the
Holm corrections to consider the effect of mul-
tiple comparisons.

Results
Automatic change-detection responses to
the contrast stimuli against the baseline stimuli with or without
phonemic differences were recorded in the infants in five differ-
ent age groups. Although there were variations in their ampli-
tudes, younger infants exhibited hemodynamic responses to the
target stimuli in almost every one of the 12 recording sites on
either temporal side (Fig. 3A). This is in contrast to the response
pattern of the adults (Minagawa-Kawai et al., 2002), in which the
evoked responses were found in limited channels in the auditory
area (Fig. 3C). Furthermore, infants of 25–28 months exhibited
evoked responses in rather limited areas, similar to the adults
(Fig. 3B). The following analyses used the results from one chan-
nel of the maximum response in the auditory area on each side.

The dishabituation stimuli, regardless of across or within cat-
egories, elicited significant responses in all of the age groups [zero
test, 3– 4 months of age: df � 14; across category (AC), L, t � 7.13;
R, t � 7.23; within category (WC), L, t � 5.76; R, t � 4.79; 6 –7
months of age: df � 13; AC, L, t � 4.57; R, t � 7.65; WC, L, t �
5.75; R, t � 5.17; 10 –11 months of age: df � 10; AC, L, t � 3.12;
R, t � 3.55; WC, L, t � 2.19; R, t � 2.21; 13–14 months of age:
df � 8; AC, L, t � 4.36; R, t � 5.1; WC, L, t � 3.84; R, t � 4.18;
25–28 months of age: df � 7; AC, L, t � 6.01; R, t � 3.45; WC, L,
t � 6.07; R, t � 1.95]. The 3- to 4-month-old infants exhibited
almost the same response amplitudes to the across- and within-
category phonemic changes, revealing sensitivity to the physical
difference but no specificity to the phonemic durational contrast
(t � 0.66; p � 0.5) (Fig. 4). However, the 6- to 7-month-old
infants exhibited significantly larger responses to the across-
category change than to the within-category change (t � 2.93;
p � 0.05). In the 10- to 11-month-old infants, no significant
differences were observed again in the response amplitudes be-
tween the two conditions (t � 0.05; p � 0.10), whereas both of the
older groups aged from 13 to 14 months and 25 to 28 months
showed phoneme-specific responses (i.e., significantly larger re-
sponses to the across-category stimulus than to the within cate-
gory stimulus) (t � 2.9, p � 0.05; t � 3.44, p � 0.05).

A laterality index was calculated using the formula (L – R)/
(L � R), where L and R are the maximal total Hb changes in the
left and right auditory channels, respectively. The developmental
change in the laterality index (Fig. 5) shows neither leftward nor
rightward lateralization in any condition for the three age groups
from 3 to 11 months. However, the two groups older than 12
months exhibited a significant left lateralization only for the
across-category condition (Mann–Whitney U test: 13–14
months, p � 0.046; 25–28 months, p � 0.036). Furthermore, the
zero test showed that only the across-category conditions in these
groups had a laterality index that was significantly greater than
zero (13–14 months, p � 0.003; 25–28 months, p � 0.0003).

Figure 3. Time course of NIRS responses for eight channels around the temporal areas (left and right) in subjects of different
age groups: 3-month-old infant (A), 25-month-old infant (B), and adult data adapted from Minagawa-Kawai et al. (2002) (C). The
younger infant showed bilateral and broad activations compared with the adult’s pattern with left dominance.

Figure 4. Averaged values of the total Hb changes in the left auditory area (L) in response to
the across- and within-phonemic changes of the stimuli. *p � 0.05 for the difference between
the responses in the across- and within-sessions.
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Discussion
Using phonemic stimulus pairs that differ equally in physical
properties but not in linguistic information, this study examined
infants’ developmental changes and their neural responses to
stimulus changes. If the phoneme-specific cerebral response is
defined as a stronger response to a phonemic difference than to a
nonphonemic difference with the same amount of physical dis-
tance, the youngest group that exhibited a phoneme-specific re-
sponse to the long/short vowel contrast was the 6- to 7-month-
old group. However, at this age, the cerebral response was not left
dominant, and its phoneme specificity disappeared at 10 –11
months. The phonemic response did not become consistently left
lateralized until after 12 months, similar to native adults
(Minagawa-Kawai et al., 2002; Jacquemot et al. 2003).

As previous NIRS studies have successfully detected cortical
activities related to the phonemic or prosodic changes in adults
and infants (Sato et al., 1999; Minagawa-Kawai et al., 2002;
Furuya and Mori, 2003; Pena et al., 2003; Homae et al., 2006), the
present study captured a developmental process in which the
neural activations of Japanese infants changed from a nonspecific
to a language-specific pattern by assessing the differential cere-
bral activation and its lateralization in the temporal area.

Phoneme-specific responses
It is shown that the neural responses of the infants to the non-
native phonemic contrast that exists at 6 –7 months disappear at
11–12 months for vowels (Cheour et al., 1998) and consonants
(Rivera-Gaxiola et al., 2005). This agrees well with the behavioral
acquisition of native vowels and consonants within the first year
of life (Kuhl et al., 1992). Our results reveal a similar tendency:
infants of approximately the same age begin to exhibit higher
sensitivity toward the native contrast. However, in detail, there
are some aspects that differ from those mentioned in previous
studies (i.e., we observe larger responses to the across-category
contrast even in the 6- to 7-month-olds, whereas our youngest
infant’s data did not exhibit the phoneme-specific responses).
This is consistent with the behavioral data of Japanese quantity
acquisition (Bertoncini et al., 1995; Hayashi 2003) but different
from the ERP responses to consonantal differences at the same
age (Dehaene-Lambertz and Baillet, 1998). The most plausible
reason for the difference is the phonemes we targeted; this is
because the Japanese long/short vowel contrast (not realized by

spectral variation but solely by durational differences) is the most
difficult one for even the Japanese children to grasp (Amano,
1986). Because vowel durations are prolonged or shortened de-
pending on the word context, finding a phonemically distinctive
durational difference, which is sometimes only a slight difference,
may be difficult.

The temporal disappearance of phoneme-specific responses
in the group of 10- to 11-month-olds is slightly counterintuitive.
However, speech perception studies have reported similar devel-
opmental changes (Pickens et al., 1994; Stager and Werker, 1997;
Hayashi et al., 2001), although the stimulus contexts were differ-
ent. Hayashi et al. (2001) identified a developmental stage at 7–10
months when the preference for infant-directed speech decreases
temporarily. The corresponding transient insensitivity to the
phonemic length contrast observed in the current study may be a
neural correlate of one step in the perceptual reorganization, be-
cause the phoneme-specific response reappears, this time, with a
leftward dominance at 13–14 months. The infants at 6 –7 months
might differentiate between the long/short contrast using rela-
tively extensive areas in the bilateral temporal lobes (Fig. 3).
However, this may not be through means of a linguistic network,
because it had no left dominance, but by means of a network
associated with regulations of general temporal information (Ka-
noh et al., 2004; van Zuijen et al., 2004). It is possible that infants
reorganize their brain strategy to process the contrast accurately
and efficiently, based on additional language input. After the re-
organization process, postulated to occur at 10 –11 months, they
reestablish their linguistic network with a renewed phoneme-
specific subprocessor. The exact age and the progression of the
transition, however, may not be uniform across infants, and the
perceptual ability or related brain index may even become unsta-
ble during the period, which may have contributed to the high SD
(Fig. 4) of the total Hb response. As the strategy of infants
progresses from general acoustic processing to language specific
processing, the neural recruitments shift from bilateral to more
unilateral, and are then limited to the Wernicke’s area, as ob-
served in the Japanese adults (Minagawa-Kawai et al., 2002;
Jacquemot et al., 2003).

Left-dominant responses
Neural responses to the phonemes of a native language have been
revealed to be left dominant by electrophysiological measures
(Näätänen et al., 1997; Breier et al., 1999) as well as hemodynamic
measures (Tervaniemi et al., 2000; Furuya and Mori, 2003; Zevin
and McCandliss, 2005). It has been debated whether physical or
linguistic properties of the same stimuli contribute more to the
functional lateralization of the brain (Gandour et al., 2004;
Shtyrov et al., 2005). According to the physical factor hypothesis,
slow acoustic transitions, such as pitch change, are preferentially
processed in the right hemisphere; rapidly changing sounds, like
consonants, in the left (Tallal et al., 1993; Fitch et al., 1997).
However, sufficient evidence now exists suggesting that lan-
guage-specific factors are at least as influential on the hemi-
spheric specialization (Best and Avery, 1999; Gandour et al.,
2002, 2004). Tonal languages such as Thai and Chinese employ
patterns of pitch changes as one of the lexical determinant factors.
The lexical pitch changes predominantly activate the left hemi-
sphere only in native Chinese speakers (Gandour et al., 2004).
This finding is also supported by neuronal evidence on second
language learning. The left-dominant responses to listening sen-
tences or words are only observed for native listeners in contrast
to the bilateral or inconsistent activations for non-native listeners
(Bottini et al., 1994; Perani et al., 1996; Dehaene et al., 1997;

Figure 5. Laterality index in different age groups. Left dominance is observed in the older
age groups. *p � 0.05. Boxes, The quartiles; bars in the box, the medians; hinges, the ranges.
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Gandour et al., 2004). The leftward lateralization observed in our
study also adds another piece of evidence to the linguistic hypoth-
esis. In this study, it was revealed that the left-dominant lan-
guage-specific neural circuits were developed as a result of the
language experience, despite the fact that our stimuli lacked rap-
idly changing spectral cues, which would presumably have elic-
ited no left-dominant responses in another hypothesis. The stim-
uli used in the present study are the same ones that did not elicit
left-dominant responses in non-native listeners (Minagawa-
Kawai et al., 2005).

The age at which leftward lateralization for language process-
ing occurs is a controversial question. Studies by Dehaene-
Lambertz and Baillet (1998) and Dehaene-Lambertz (2000) re-
ported a larger response in the left hemisphere to the difference
between /ba/ and /da/ in 3- to 4-month-old infants, whereas oth-
ers obtained different results, either with right dominance (No-
vak et al., 1989; Simos et al., 1997) or with no asymmetry (Molfese
and Hess, 1978; Simos and Molfese, 1997) for infants and chil-
dren. In contrast, in the present study, a significant leftward lat-
eralization of phoneme-specific responses was observed only in
infants �1 year of age. Although the discrepancy between the
results of the current study and the ERP studies may be accounted
for by the differences in the stimuli, the phonemic type, and their
presentation, it is also likely to be attributable to the difference of
the stimulus form (syllable vs word). Almost all of the previous
ERP studies with infants used isolated syllables differing in con-
sonants or vowels (e.g., /ba/ vs /da/) in contrast to the use of word
form stimuli in our study. Because linguistic forms of stimuli
crucially influence the lateralization of brain responses (Shtyrov
et al., 2005), the neural responses to isolated syllables might be
influenced more by the physical features of the stimuli than by
their linguistic features.

Recent behavioral findings and theories have shown that var-
ious developmental processes are involved in phonemic acquisi-
tion before they are used for word recognition (Werker and Cur-
tin, 2005). Maye et al. (2002), for instance, reported that 6- to
8-month-olds are very sensitive to the statistical probabilities of
acoustic inputs, whereas infants after 9 months no longer are
(Kuhl et al., 2003; Singh et al., 2004). In contrast, infants �9
months of age are influenced by other cues including social cues
(Kuhl et al., 2003). These results suggest that qualitatively differ-
ent phonemic perceptual abilities exist in early and later infancy
of the first year. Our findings confirm this view and provide
neurophysiological evidence for it: the left-dominant responses
observed in 1-year-olds may include an initial process that con-
nects to higher cognitive networks. However, these established
frameworks of phonemic acquisition are mostly based on behav-
ioral studies of segmental discrimination, and currently we have
only limited information on quantity discrimination by Japanese
infants. Thus, diverse developmental models may still be conceiv-
able and the behavioral development of quantity acquisition at
different ages is the crucial topic yet to be studied further.

Our current study, together with the existing evidence, sug-
gests that, although the developmental timing when certain
acoustic properties of phonemes become discriminable at the
lower auditory level may depend on the acoustic salience (e.g.,
segmental vs quantity), there is a point when those acoustic prop-
erties become phonemically represented and integrated into the
phonological framework (e.g., syllable structure, phonotactics)
of one’s language. This point is a necessary and common gateway
through which acquisition of every phoneme passes sooner or
later, and the transition to the functional leftward asymmetry

observed here should be a plausible correlate of the neural mod-
ulation associated with this crucial process.
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