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Abstract

& The present study using near-infrared spectroscopy exam-
ined the neuronal correlates of Japanese long/short vowel
contrast discrimination and its relationship with behavioral
performance by comparing native Japanese (L1) subjects and
Korean subjects learning Japanese as a second language (L2).
Phoneme-specific responses were predominantly observed in
the left auditory area only in the L1 subjects, although the
behavioral scores of the L2 subjects indicated categorical
perception (CP) that was indistinguishable from that of the L1

subjects. These inconsistent relationships were more evident
in the correlation coefficients between the brain recording
and behavior. However, slower reaction times and non-
specific brain responses in the L2 listeners suggest differences
in their cortical processes from those of the L1 subjects.
These findings suggest that the CP of L2 phonemes as deter-
mined by behavioral scores alone does not always predict a
language-specific neural processing as employed by the L1
listeners. &

INTRODUCTION

Languages differ in the constitution of their phoneme
inventories and in the distinctiveness of those pho-
nemes. Such phonemic repertories are acquired through
the linguistic experience of the first language (L1) that
modifies the innate perceptual ability to optimally adapt
to the phonological system in L1 ( Jusczyk, 1997; Strange,
1995; Kuhl, Williams, Lacerda, Stevens, & Lindblom,
1992; Aslin & Pisoni, 1980). Cross-linguistic behavioral
experiments such as identification and discrimination
tests have shown that, as a consequence of the linguis-
tic experience, an adult’s perception of the L1 phonemic
contrast is both categorical and efficient, whereas that
of certain contrasts in nonnative languages (L2) turns out
to be inaccurate and difficult (e.g., English /r/ and /l/ by
Japanese listeners; Yamada & Tohkura, 1992; Miyawaki
et al., 1975). Furthermore, brain imaging studies have
demonstrated neurophysiological evidence for language-
specific phoneme perception (Rivera-Gaxiola, Csibra,
Johnson, & Karmiloff-Smith, 2000; Sharma & Dorman,
2000; Simos et al., 1998; Dehaene-Lambertz, 1997;
Näätänen et al., 1997). Some of these studies using
magneto-encephalography (MEG) and near-infrared
spectroscopy (NIRS) showed that the large responses
that are derived from phonemic differences and not
acoustic physical ones in L1 are observed in the left
auditory area (Minagawa-Kawai, Mori, Furuya, Hayashi,

& Sato, 2002; Rivera-Gaxiola et al., 2000; Dehaene-
Lambertz, 1997; Näätänen et al., 1997).

Phonemic contrast of English /r/ and /l/ is frequently
referred to as an example of difficult phonemes for
Japanese adults to distinguish. There have been extensive
behavioral studies that examined possible factors influ-
encing the identification of /r/–/l/, such as positions of
the phonemes within a word, age of learning L2, du-
ration of learning experience, and methods of training
(Takagi, 2002; Bradlow & Pisoni, 1997; Lively, Logan, &
Posoni, 1993; Yamada & Tohkura, 1992; Logan, Lively, &
Pisoni, 1991). Training with only a restricted word or
synthetic /r/–/l/ continuum in limited word positions did
not result in learners’ perceptual improvement because
the acquired ability of identification/discrimination, if
any, did not generalize to the perception of phonemes
in various word or speaker contexts (Lively et al., 1993;
Logan et al., 1991; Strange & Dittomann, 1984). Instead,
it was found that the more effective stimuli for inducing
generalization were naturally spoken tokens of /r/–/l/
occurring in various word positions pronounced by
multiple talkers (Lively et al., 1993; Yamada & Tohkura,
1992). However, most of the training studies failed
to demonstrate learners’ perceptual improvement to
the level of natives even after the intensive training
(Takagi, 2002).

Neurophysiological studies on the training processes
revealed neural plasticity associated with L2 phoneme
learning by way of short but intensive training sessions
(Callan et al., 2003; McClelland, Fiez, & McCandliss,
2002; Menning, Imaizumi, Zwitserlood, & Pantev, 2002;
Tremblay & Kraus, 2002; Imaizumi, Itoh, Tamekawa,
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Deguchi, & Mori, 1998). Because what most of those
studies revealed, however, were neurophysiology based
on the training of a phonemic contrast in a certain
limited word and speaker context, it could have been
that the neural changes found in these training studies
might be different from those acquired in natural lin-
guistic context. One way to reveal neurophysiologic
correlates to the naturally acquired novel L2 phonemes
is to examine bilinguals (or high-proficiency L2 learners).
Several imaging studies explored neuronal basis of bilin-
gualism (Chee, Soon, Lee, & Pallier, 2004; Dehaene et al.,
1997; Kim, Relkin, Lee, & Hirsch, 1997; Perani, Dehaene,
et al., 1996). Brain activity during listening stories in L1
and L2 was different between low-proficiency and high-
proficiency bilinguals but not between early- and late-
acquired bilinguals (Perani, Paulesu, et al., 1998; Perani,
Dehaene, et al., 1996), suggesting that the age of
learning alone does not influence the neuronal activity
related to listening to L2. Although their studies were
not specific about the abilities of L2 phoneme identifi-
cation, their results do not relate well to the difficulties
of distinguishing L2 phonemes for adults without pre-
adolescent L2 exposure (Takagi, 2002) in contrast to the
ease for children (Kuhl, Tsao, & Liu, 2003; Cheour,
Shestakova, Alku, Ceponiene, & Näätänen, 2002). In
fact, neuroimaging studies on phonemic processing in
L2 learners (or late bilinguals) have been limited (Chee
et al., 2004), and more analytical work is lacking on the
correlation of the neurophysiological evidence with the
behavioral results of the L1 and L2 phonemic contrast.
Until now, such correlations have been assumed rather
than fully elucidated (cf. Winkler et al., 1999). Does the
similar behavioral performance on L2 phonemes by L2
listeners to those by L1 listeners in fact denote the use of
a neuronal circuit similar to that for L1 listeners? The
present study directly addresses this question by exam-
ining the neural substrates for processing the Japanese
phonemic contrast as L1 and L2 and its relationship with
the behavioral performance.

Japanese is referred to as a ‘‘mora-timed language’’ in
which the duration of each mora (a subsyllabic unit) is
kept roughly constant; thus, the duration of geminate
vowels and consonants is psychologically perceived for
about twice as long as that of single ones. Because these
types of long/short phonemes (e.g., kado [corner] and
kadoo [flower arrangement]) that occur in any syllable
position can be distinguished solely by their durational
difference, many learners of Japanese whose native
language does not possess a similar contrast find it very
difficult to distinguish this contrast (Minagawa-Kawai,
Maekawa, & Kiritani, 2002; Toda, 1994). Cerebral repre-
sentations of this type of opposition for L1 listeners were
reported in Japanese (Minagawa-Kawai, Mori, Furuya,
et al., 2002) and in Thai (Gandour et al., 2002). The pres-
ent study measured hemodynamic responses to this
Japanese long/short vowel contrast in fluent L2 speakers
(Koreans) without specific phonetic training and L1

speakers with NIRS using a contrastive paradigm (Furuya
& Mori, 2003). To assess whether the Korean (L2) and
also Japanese (L1) subjects exhibit similar neural re-
sponses specific to the phonemic difference in Japanese
language, three contrastive conditions were prepared,
comprising AB (a short vowel pair of Stimulus A and
Stimulus B), BC (a short and long vowel pair of Stimulus
B and Stimulus C), and CD (a long vowel pair of Stim-
ulus C and Stimulus D). Although each stimulus pair
differs equally in length, only the BC condition has a
phonologically distinctive difference in Japanese linguis-
tic system, and thus, the L1 group is expected to show
large neural response to the B and C contrast. In con-
trast, the comparisons of AB and CD are control con-
ditions where no language-specific responses would be
observed. Finally, the relationship between the hemo-
dynamic and behavioral results was then analyzed in
each group.

RESULTS

Behavioral Results

The stimulus word used in both the behavioral and NIRS
experiments was the pseudoword ‘‘mama’’ whose final
vowel ranges from /mama/ (short vowel) to /mama:/
(long vowel). The subjects in the identification test of
long/short vowels judged if the final vowel of the
stimulus is a long or short phoneme. The results of
the test showed that the averaged values of the pho-
neme boundary (PB) was 192 msec (SD = 7.5, n = 8) for
the Korean group and 198 msec (SD = 6.9, n = 8) for
the Japanese group (Figure 1). The PB for both groups
was located between the Stimuli B and C, where the

Figure 1. Identification rates of /mama/–/mama:/ continuum.

Averaged responses of the L1 group (solid line), the L2 group (gray
line), and the low-proficiency (L-P) L2 learners from the previous

data (dotted line) are indicated. Durations of the second vowel of

the Stimuli A through D are indicated in the graph. The phoneme

boundary lies between Stimuli B and C. Error bars indicate one
standard error of the mean.
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slopes of the identification curve were the steepest.
There was no significant difference in either the PB or
the slope value between the Japanese and the Korean
subjects (PB: p = .072, t = 1.64; slope: p = .152, t = 1.11).
In the discrimination test, the two stimuli whose final
vowel differed by 11 msec in length were presented
sequentially in each trial. The subjects were asked to
judge which of the two words had a longer final vowel.
Discrimination functions (Figure 2) in both groups had
the highest discrimination ratio in the across-category
trial (BC) and poorer within-category discrimination (AB
and CD).

The results of the behavioral identification and dis-
crimination tests indicate that the L2 learners had ac-
quired categorical percepts of Japanese long/short
vowels that were indistinguishable from those of the
L1 subjects. This result is also evident when the present
subjects were compared with the low-proficiency learn-
ers (data analyzed from Minagwa-Kawai, 2000) who had
never been exposed to Japanese before 16 years old
(average learning period; 1.7 years, SD = 1.2) nor had
ever stayed for more than 1 week in a Japanese-speaking
environment. Their identification curve does not show
as steep a change in the BC segment (Figure 1). There is
a significant difference in the slope of the present high-
proficiency L2 learners ( p = .008, t = 2.36).

NIRS Results

Automatic change-detection responses were recorded
in the L1 and L2 subjects by presenting them with base-
line stimuli and deviant stimuli under three conditions,
namely, Sessions AB, BC, and CD. All these conditions
presented the baseline and deviant stimuli differing by
the same length; however, only the stimulus pair un-
der the BC condition had a phonemic length difference

of the long/short vowels (across-category condition).
Among the 12 recording sites on either side, the largest
hemodynamic changes to the target block containing
the deviant stimuli were most frequently observed in the
auditory area (Figure 3), whereas the temporal and
amplitude patterns of the recorded responses in the
posterior frontal and inferior parietal areas (Figure 3)
were smaller for all the subjects and varied considerably
in both groups. The auditory channel on each side that
presented maximal peak responses in the total hemo-
globin (Hb) was chosen for statistical analysis. The
averaged coordinates for the channels chosen were
y = �11.0 (SE = 2.9) and z = 11.5 (2.2) on the left
side and y = �9.7 (1.9) and z = 8.9 (5.6) mm on the
right side for the Japanese group (only y and z coor-
dinates are measured on parasagittal projection because
the precise recording depths or x are not exactly
known). Those for the Korean group were y = �14.0
(SE = 1.6) and z = 9.9 (2.7) on the left side and
y = �12.0 (1.7) and z = 11.7 (2.4) mm on the right
side with no statistical difference from those of the L1
group ( p > .3). These areas are more superior and
posterior to the lateral border between Heschl’s gyrus

Figure 2. Average discrimination rate of /mama/–/mama:/ continuum.

Both the L1 group (solid line) and the L2 group (gray line) show

higher discrimination rates in the stimulus pair near the phoneme
boundary.

Figure 3. Locations of the NIRS probes and recording channels.

NIRS probe positions (small white circles) and the centers of the

measurement channels (white circles) are superimposed onto the

parasagittal MR brain images. The lateral posterior borders of the
Heschl’s gyri are labeled ‘‘A.’’ The channels with the maximal

responses are shown with gray circles. Positive is towards the anterior

and towards the vertex in the scales.

Figure 4. Time course of NIRS response in an L1 subject. The

average total Hb changes in response to the phonemic contrast (BC)

recorded at the left and right channels. A marked increase in Hb

was observed 20 sec after the deviant stimulus was presented in the
target block (vertical dotted line) in the left auditory channel.
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and planum temporale (PT) in the superior temporal
gyrus (STG), corresponding to BA 22 (part of Wernicke’s
area). The hemodynamic responses in those channels
were observed to peak at 5–14 sec after the target
stimulus onset (Figure 4). There was no significant
difference in the peak latency for the L1 and L2 groups
(L1: 9.7 sec, SD = 3.1; L2: 9.9 sec, SD = 2.3; p = .45,
t = 0.139). Figure 5 shows the averaged peak responses
of the total Hb to the target stimuli under the three
conditions. For the Japanese subjects (L1), the across-
category BC condition induced prominent responses
compared with those in the within-category conditions,
however, no such difference was observed for the
Korean subjects (L2). A three-way analysis of variance,
conducted with Conditions (AB, BC, and CD), Groups
(L1 and L2), and Sides (left and right) as factors,
revealed a significant Condition � Language interaction
[F(2,84) = 7.28, p = .0012]. A post hoc test (Fisher’s
PLSD) indicated that this interaction was due to the
BC condition in the Japanese group. That is, the hemo-
dynamic change in the BC condition was significantly
larger than that in the other conditions for the L1
group (BC vs. AB: p = .0014; BC vs. CD: p = .0044),
whereas no significant differences were found among
the three conditions for the L2 group. It should be
noted that the lack of significant brain responses for
the L2 listeners was not due to a measurement failure
or artifacts, because the same L2 listeners showed
significant brain responses to the Japanese (L2) phone-
mic contrast /a–e/, which is also a distinctive contrast in
their native language (Minagawa-Kawai, Mori, Sato, &
Koizumi, 2004).

The lateralization observed for this BC condition in
the L1 group showed a significantly larger response
in the left hemisphere than in the right (t = 2.65,
p = .016). The laterality index calculated from the
formula (L � R)/(L + R), where L and R represent the
peak total Hb changes in the left and right auditory
channels, respectively, was 0.31 for the BC condition in
the L1 group. The same indices for the AB and CD
conditions were �0.33 and 0.04, and those for the AB,
BC, and CD conditions in the L2 group were 0.03, 0.17,

and �0.27, respectively. The only index that significantly
differed from zero was that for the BC condition in the
L1 group ( p = .01, zero test).

The correlation between the behavioral test and the
NIRS measurements was analyzed (Figure 6). The seg-
mental slopes of the identification function reflect the
sensitivity to the durational judgment. The representa-
tive data of one Japanese subject (Figure 6A and C)
shows that the slope values of identification correlated
to the peak hemodynamic changes under the three
conditions of AB, BC, and CD (r = .88, p < .05).
Conversely, the data of a Korean subject show no such
correlation (r = �.73, p > .05) (Figure 6B and D),
although this subject showed a typical categorical per-
ception (CP) for the Japanese long/short vowel contrast,
judging from the identification function. A similar tend-
ency is also observed in the correlation between the
discrimination ratios and the peak hemodynamic
changes (Figure 6C and D). Correlation coefficients
between the slope values in the identification functions
and the hemodynamic changes, calculated from all the
pooled data, were .51 ( p < .001) for the L1 group and
�.28 ( p > .05) for the L2 group. The values for the
discrimination scores were 0.57 ( p < .001) for the L1
group and 0.07 ( p > .05) for the L2 group.

DISCUSSION

Comparison of the hemodynamic responses to the long/
short Japanese vowel contrast between L1 subjects
and high-proficiency L2 listeners revealed differential
patterns of activation. The L1 subjects showed larger
responses in the left auditory area only for the across-
category condition, even though each condition con-
tained two stimuli differing by the same length. This
suggests that the linguistic cerebral representation of
the Japanese durational contrast is encoded in the
left auditory area, which presumably corresponds to
Wernicke’s area (Figure 3). In contrast, the L2 group
does not have such specific neural representations
as the L1 group, because this group exhibits neither

Figure 5. Averaged peak
responses to durational

contrasts. The total Hb

changes for the L1 (A) and L2

(B) groups are indicated
according to the three stimulus

conditions (AB, BC, and CD).

The responses in the left
hemisphere (L, filled bars) and

the right hemisphere (R,

striped bars) are shown

separately. Error bars indicate
one standard error of the

mean.
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category-specific nor left-dominant responses, but only
small, nondifferential responses. The behavioral results
of the identification and discrimination tests indicated
that the L2 learners had acquired categorical percepts
of Japanese long/short vowels that are indistinguishable
from those of the L1 subjects. However, the correlation
coefficients between the brain recording and behavior
revealed inconsistency between the L1 and L2 groups.
The identification slopes for the L1 group were well
correlated with the peak amplitude of hemodynamic
changes, whereas those for the L2 group were not. A
reason for this discrepancy may lie in the response time
for the behavioral test. Because the averaged latency to
identify phonemic types was longer for the L2 group
(586 msec) than for the L1 Japanese group (482 msec), it
is likely that the L1 listeners could identify long/short
vowels more promptly ( p = .039, t = 2.11) with the use
of linguistic neural representations encoded in the left
auditory area. This was indicated by the cortical hemo-
dynamic response exclusive to the across-category stim-
uli. The L2 listeners’ longer latency suggests that their
cortical processes for it were different and less efficient
than that of the L1 subjects, due to the apparent lack of
native-like phoneme representations in the Wernicke’s
area. These results indicate that the behavioral scores of
the L2 listeners, indistinguishable from those of the L1
listeners, did not predict language-specific cerebral pro-
cessing, which is recruited by the L1 listeners.

Although the hemodynamic responses to the contras-
tive stimuli were observed similarly as previous studies
with fMRI and PET (Schall, Johnston, Todd, Ward, &
Michie, 2003; Tervaniemi, Medvedev, et al., 2000), they

could result from any difference in the stimuli, such as
duration and intensity in ERP and MEG studies (Todd &
Michie, 2000; Tervaniemi, Lehtokoski, et al., 1999). The
similar levels of responses in all conditions, except
under the BC in L1 subjects in the left, are most likely
due to the physical durational contrast of the same
amount (33 msec) across conditions, as well as its
concomitant changes in the average level. On the other
hand, the timing differences of the stimulus onsets
and offsets, rather than duration, should not have
contributed to the results because hemodynamic mea-
surements cannot resolve timings of less than 1 sec
( Watanabe, Yamashita, Maki, Ito, & Koizumi, 1996).
The increased left responses only under the BC condi-
tion as observed in the L1 subjects are attributable to
experience- or language-dependent neural memory
traces for phonemes of the native language (Näätänen
et al., 1997), because the largest responses were evoked
specifically by the contrast which had a phonemic
difference and only in the L1 group. The larger and
more leftward responses in the L2 subjects to one of
their native phonemic contrasts (Minagawa-Kawai, Mori,
Sato, et al., 2004) are consistent with this view, and
together highlight the lack of phoneme-specific brain
responses to the L2 contrast in this group. The peak ac-
tivations found in our study were slightly superior
and posterior to the lateral boundary between Heschl’s
gyrus and the PT in the STG, from which Jacquemot,
Pallier, LeBihan, Dehaene, and Dupoux (2003) also
observed strong activations associated with the pro-
cessing of phonological grammar. The present results
would also support the view that the PT relates to the

Figure 6. Correlation of

behavioral tests and brain

responses. Individual data of

the L1 (A,C) and L2 (B,D)
subjects are shown.

Identification rate of /mama/–

/mama:/ continuum and
durations of the second vowel

in the Stimuli A–D (dotted

line) are indicated (A,B). The

slopes of identification
function between two stimuli

for each condition and

discrimination ratios (right

axis) were plotted onto the
total Hb responses in the left

auditory area (left axis) (C,D).
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language- or experience-dependent phonological pro-
cessing, in addition to the general acoustic processing
( Jacquemot et al., 2003; Scott & Johnsrude, 2003).

Listening to stories in L1 is shown to consistently
activate the left temporal lobe (Perani, Paulesu, et al.,
1998; Dehaene et al., 1997; Perani, Dehaene, et al., 1996;
Bottini et al., 1994). A cross-language study using
PET (Perani, Paulesu, et al., 1998) showed that high-
proficiency bilinguals did not differ in their cortical
activation between L1 and L2 listening, regardless of
their age at the time of L2 acquisition. However, differ-
ences were reported in the cortical activities of the low-
proficiency L2 learners while listening to L1 and L2
stories (Perani, Dehaene, et al., 1996; Dehaene et al.,
1997). In those subjects, variable activations from com-
plete right-lateralization to weak left-lateralization were
demonstrated during L2 story listening (Dehaene et al.,
1997). This inconsistent lateralization pattern may be
similar to that observed in our study for the L2 learners
in their responses to the across-category stimuli. How-
ever, because listening to a story involves phonological,
semantic, and syntactic processing plus prosodic fea-
ture decoding, the observed variable brain activations
(Perani, Paulesu, et al., 1998; Dehaene et al., 1997;
Perani, Dehaene, et al., 1996; Bottini et al., 1994) could
have resulted from the variance in any or all of those
linguistic processing levels. Although the activation at
the individual levels for L1 processing has already been
studied with functional brain mapping (e.g., Friederici,
Ruschemeyer, Hahne, & Fiebach, 2003; Bookheimer,
2002), similar analytical work has been sparse for the
L2. The present work revealed the brain activation re-
lated to a specific level of linguistic perception (i.e., L2
phonemes), which turned out to be different from that
for L1. This in turn explained, at least partially, the
variable brain activity regarding L2 story listening and
further showed a discrepancy between brain activation
and behavior. These results suggest that the neuronal
substrates for L2 processing could be even more com-
plicated and interesting by considering respective lin-
guistic levels than shown previously.

The identification and discrimination tests, known as
the CP paradigm (Strange, 1995), have been employed
by cross-language behavioral researches to empirically
verify the perceptual discontinuities of CP by eval-
uating the slope of the identification function, the
phonemic boundary, and the discrimination peak. The
conceptual definition of CP was that discrimination
of certain speech sounds would be limited by classi-
fication (identification); thus, two different stimuli
could be discriminated solely to the extent that they
are classified differently (Liberman, Harris, Hoffman, &
Griffith, 1957). This translates to the discrimination
rate profile of pairs of sounds differing by a constant
physical amount that peaks around the phonemic
boundary of CP, as was observed in the present behav-
ioral results. Although it is now widely accepted that CP

is not specific to human speech perception (Dooling,
Okanoya, & Brown, 1989; Kuhl & Miller, 1975; Locke
& Kellar, 1973), the identification and discrimination
tests and some variations of these tests (Beddor &
Gottfried, 1998) are still used as the basic methods for
examining whether L2 learners acquire L2 phonemes.
This is partly because CP is rarely observed in the
perception of untrained L2 phonemes. However, the
neuronal correlates of behavioral results given from
these measures have not been thoroughly examined
as yet. The present study revealed that the behavioral
identification and discrimination scores that are identi-
cal to the natives do not always indicate an involvement
of language-specific cerebral processes as employed by
the native listeners.

In the current experiment, the CP of the L2 contrast
was achieved even though L2 listeners recruited a neu-
ral circuit different from that of the L1 listeners. This
is partly due to the artificial experimental situation
wherein L2 listeners were required to identify phonemes
in an isolated word. However, such a circuit, which
requires longer latency, may not be efficient enough in
processing L2 phonemes that are contained in continu-
ous running speech in actual conversation. This may
explain a fact well known to Japanese instructors, that
is, distinguishing and producing Japanese long/short
phonemic contrasts is challenging even for the high-
proficiency learners (Minagawa-Kawai, Maekawa, et al.,
2002; Toda, 1994; Han, 1992).

The current study revealed the differential relation-
ships between the behavioral scores and cerebral repre-
sentations of a Japanese vowel contrast for L1 listeners
and proficient late L2 learners. The behavioral scores
and the corresponding NIRS responses showed a clear
correlation only in the L1 group. Along with the longer
latency in identifying phonemes for the L2 group, a
cerebral processing strategy that was probably different
from that of the L1 group was proposed. The findings
suggest that a language-specific neural processing as
employed by the native listeners is only predictable
when L2 listeners are assessed by neurophysiological
measures in addition to the observations of the CP eval-
uated by the conventional behavioral tests.

METHODS

Subjects

Eight Korean subjects who had been learning Japanese
(3 men and 5 women, 27–40 years, mean age: 32 years,
SD = 4.3) and eight native speakers of standard Japa-
nese (3 men and 5 women, 28–39 years, mean age:
31 years, SD = 4.3), who grew up in the Tokyo area,
participated in the NIRS recording after giving their
written informed consent. Some of the subjects were
the same as those reported in the previous study
(Minagawa-Kawai, Mori, Sato, et al., 2004; Minagawa-
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Kawai, Mori, Furuya, et al., 2002). All the subjects had
normal hearing and were right-handed according to the
Edinburgh inventory (Oldfield, 1971). Although four
more subjects participated in a pilot experiment with
different stimuli, they were not included in the present
subjects because cerebral activations could not be stead-
ily measured from some channels.

The present Korean subjects were judged as high-
proficiency, late-acquisition, second-language learners
(bilinguals), according to the criteria employed by
Perani, Paulesu, et al. (1998), Kim et al (1997), and
Perani, Dehaene, et al. (1996) in terms of language ex-
posure, education, and residence in an L2 environment.
They started learning Japanese after 24.6 years (SD =
3.2) on average and were highly proficient in Japanese
with an average learning period of 7.6 years (SD = 4.1).
They had been living in Japan for more than 3 years
(average: 5.4 years, SD = 2.5) during which time they
used Japanese in their daily communication. Five of
the subjects were graduate students of the University
of Tokyo and the others were employees of Japanese
companies at the time of the experiment.

Procedures

The changes in Hb concentration and its oxygenation
level in the bilateral temporal areas and infero-posterior
frontal and lower parietal lobes were measured with a
24-channel NIRS system (ETG-100, Hitachi Medical,
Japan). The NIRS system emits continuous near-infrared
lasers whose wavelengths are approximately 780 and
830 nm, modulated at different frequencies and de-
tected with the sharp frequency filters of lock-in ampli-
fiers ( Watanabe et al., 1996). It can assess localized
cortical responses with 24 channels closely arranged
two-dimensionally and recorded simultaneously. The
temporal resolution of the NIRS system is 1–2 sec
(Watanabe et al., 1996) after a hemodynamic latency of
approximately 2 sec (Malonek & Grinvald, 1996). The
recording channels exist in the brain’s optical path, be-
tween the nearest pairs of emission and detection
probes, which were separated by 3 cm on the scalp sur-
face. This separation enables us to measure hemody-
namic changes in the brain 2.5–3 cm deep from the head
surface, which corresponds to the gray matter on the
outer surface of the brain (Fukui, Ajichi, & Okada, 2003).
Five emission and four detection probes arranged in
a 3 � 3 square lattice were fitted on each lateral side
of the head. This resulted in a total of 12 recording
channels on either side. After the optical measurement,
the positions of the optical probes were recorded with
a three-dimensional digitizer (Polhemus, Colchester,
Vermont). The 3-D coordinates were superimposed
onto T1-weighted MR brain images for each subject to
identify the centers of recording sites (Figure 3). T1-
weighted anatomical images were acquired in 80 con-
tiguous axial slices with thickness of 2.0 mm using a

1.5-T scanner (Excelart, Toshiba Medical, Japan) (repeti-
tion time/echo time [TR/TE] 15/3.4 msec, flip angle [FA]
208, matrix 256 � 192, field-of-view [FOV] 22 � 22 cm).
The channels close to the lateral end of the border
between the transverse temporal gyrus and the PT,
as projected onto a parasagittal MRI, were presumed
to be the ‘‘center’’ of the auditory area. This proce-
dure selected the recording channels whose centers
were within a 1.5-cm radius of the abovementioned
border; thus, the channels should include the signals
in the auditory cortex due to the spread of the laser in
the brain tissue (Yamashita, Maki, & Koizumi, 1996).
The averaged coordinates of the center of the auditory
area as defined above were x = �63.2 (SE = 1.4),
y = �7.2 (2.5), and z = 5.0 (1.5) mm in the left side
and x = 62.0 (1.3), y =�5.8 (3.8), and z = 3.9 (1.6) mm
in the right side (Figure 3), where positive y is to
the anterior, and z is superior (coordinate system of
Talairach and Tournoux). There were no statistical
significant differences between the two groups.

Stimuli

Pseudoword stimuli consisting of two ‘‘ma’’ syllables
were synthesized to obtain a low–high pitch pattern
(a Japanese unaccented pattern) with a stable pitch
contour and steady formant structure in the final
vowel by a PARCOR (partial autocorrelation) analysis–
resynthesis procedure (Markel & Gray, 1976) with
Onsei-Rokubunken (Imagawa & Kiritani, 1989; Datel,
Japan: www.datel.co.jp/onsei/). The original speech
source for the analysis–synthesis was recorded by a fe-
male Japanese speaker. The long/short target vowel was
set at the final position, where nonnative speakers find
it most difficult to identify phonemic length (Minagawa-
Kawai, Maekawa, et al., 2002). The first syllable was
110 msec and intervocalic /m/ was 90 msec. The acous-
tical parameters including pitch and duration were deter-
mined from the results of a word production experiment
performed beforehand with seven native standard Jap-
anese speakers. The averaged segment durations of
/mama/ and /mama:/ words were as follows: the first
syllable /ma/ = 113 msec, the second consonant /m/ =
92 msec, the final short vowel /a/ = 129 msec, and the
final long vowel /a:/ = 313 msec. The duration of
the final syllable is set to more than twice of that of
the first syllable, because the word-final syllable are
1.5–2.5 times longer in duration than the nonfinal ones
universally in any languages (Hoequist, 1983; Klatt,
1976), including Japanese (Minagawa-Kawai, Kagomiya,
& Maekawa, 2003), particularly in an isolated word con-
text. Four stimuli (A–D) differing in the final vowel du-
ration in 33-msec steps were selected from the /mama/
to /mama:/ continuum. The durations of the final vow-
els were 151 msec (A), 184 msec (B), 217 msec (C), and
250 msec (D). Because a pilot behavioral experiment
showed that the phonemic boundary of long and short
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vowels was located between Stimuli B and C, the across-
category condition included the B and C stimuli, and
the two within-category conditions included A and B,
and C and D stimulus pairs. In Session AB (a within-
category condition), Stimulus A was repeated for 20 sec
as a baseline block. Then, Stimuli A and B were presented
in a pseudorandom order with equal probabilities of
another 20-sec period as a target block with an SOA of
1.25 sec. The baseline and target blocks were alternated
and repeated at least five times. Similar procedures
were carried out for Sessions BC (an across-category
condition) and CD (a within-category condition). These
three sessions and the two extra sessions for the other
experiments were assigned to each subject in a random
order. The subject seated in a chair was instructed to
listen to the stimuli delivered through insert earphones
(EarTone 3A) at a comfortable level (�70 dB SPL).

Behavioral Test

The subjects participated in identification and discrimi-
nation tests of Japanese long/short vowel categories
after the NIRS recording. The stimuli used in the iden-
tification test were the same pseudowords A–D as that
in the NIRS recording and the three extra stimuli whose
second vowels were 173, 206, and 228 msec in duration.
The subjects were instructed to listen to these stimuli
repeated 16 times each (Jamieson & Morosan, 1986;
Fujisaki, Nakamura, & Imoto, 1985) in random order
played back by a PC through a pair of headphones. They
were asked to decide whether the second vowel was a
long vowel or not. In the discrimination test, the two
stimuli, whose final vowel duration differed by 11 msec,
were presented sequentially in each trial (interstimulus
interval = 500 msec), and the subjects were asked to
judge which of the two words had a longer final vowel.
The durations of the final vowels for the pseudoword
pair used were 151 msec (A) versus 162 msec, 184 msec
(B) versus 195 msec, 206 msec versus 217 msec (C), and
239 msec versus 250 msec (D). These were repeated
14 times in random order (Fujisaki et al., 1985; Jamieson,
& Morosan, 1986), and the stimulus order within each
pair was balanced to avoid a positional effect. The re-
sponse time was measured in both tests. The PB be-
tween the long and short vowels was defined as the
vowel length, where the fitted identification curve
crossed 50% of the responses ‘‘long.’’ The curve was
fitted by the least square method.

Data Processing

The concentrations of oxygenated, deoxygenated, and
total Hb were calculated from the absorbance changes
of 780 and 830 nm laser beams sampled at 10 Hz. After
discarding the blocks with artifacts, the Hb concentra-
tions of the remaining blocks were averaged five or six
times synchronously to the target blocks and smoothed

with a 5-sec moving average. The response peaks of
the averaged target blocks were measured against the
10-sec pre-stimulus period.
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