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Near-infrared spectroscopy was used to measure hemodynamic
responses in Korean subjects learning Japanese as a second-lan-
guage to Japanese phonemic contrasts that are either phonologi-
cally distinctive or non-distinctive in their ¢rst-language. These
results were compared with those of Japanese native listeners
reported previously. Unlike the results observed in the Japanese
subjects, the Korean subjects did not show category-speci¢c neur-
al responses to a durational contrast that is non-distinctive in

their ¢rst-language.The /a-e/ contrast elicited the larger response
in the left auditory area, consistent with the results of the Japa-
nese. These phoneme-dependent responses imply that the
neuronal networks subserving the ¢rst and second-languages are
either shared or exclusive according to themutual relationship be-
tween the phonemic properties of the ¢rst and second-langua-
ges. NeuroReport 15:899^903 �c 2004 Lippincott Williams &
Wilkins.
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INTRODUCTION
Since perception of phoneme contrasts is heavily shaped by
linguistic experience with the first-language (L1) phonology
[1], second-language (L2) learners as adults have difficulty
in perceptually differentiating certain phonemic contrasts in
L2 (e.g. English /r-l/ by Japanese) [2]. Neuronal correlates
of phonemic perception have been examined by quite a few
studies [3–7], most of which reveal cerebral representations
of L1 phonemes in the left temporal area. Some of these studies
[3,4] verified neurophysiological evidence of L1-specific
phonemic perception, comparing neural responses to L1
phonemes and non-native ones which had not been learned
at all. However, neural substrates for phoneme processing of
L2 learners are only starting to be explored [8] and few studies
have tested highly-proficient L2 learners.
Japanese has phonemic contrasts that differ only in

duration and appear in any syllable position. In a few
languages, such duration-based contrasts are phonologi-
cally distinctive, i.e. two segments are distinctive if they
provide a minimal morphemic contrast in the same
environment as in right and light for /r-l/ contrast in the
English phonological system [9]. Accordingly, many lear-
ners of Japanese as adults find it difficult to discriminate
Japanese long/short vowels and consonants [10,11]. The
present study measured the cerebral hemodynamic re-
sponses to this form of durational contrast for Korean
subjects in order to address the question whether non-native
speakers with a highly-proficient language command of
Japanese would process non-native phonemes similarly to

distinctive ones in their native language. For this purpose,
cerebral responses to stimulus pairs of /a/ and /e/ contrast
which is distinctive in Korean language were also measured
as a control experiment.

MATERIALS AND METHODS
Subjects: Seven right-handed native speakers of Korean
with normal hearing, aged between 27 and 40 years (mean
(7s.d.) 327 4.3; three males, four females) served as
subjects. Written informed consent was obtained before
the experiment. All the Korean subjects had stayed in Japan
for more than three years during which time they used
Japanese in their daily activities. They started learning
Japanese at the age of Z 20 years. The average Japanese
learning experience was 7.67 4.1 years.

Procedures: Changes in the hemoglobin concentration and
its oxygenation level in the bilateral temporal areas were
recorded using a 24-channel near-infrared spectroscopy
(NIRS) system (ETG-100, Hitachi Medical Co., Japan). The
instrument emits continuous near-infrared lasers whose
wavelengths were B780 nm and 830nm. The laser beams
were modulated at different frequencies and detected with
lock-in amplifiers [12]. The sites of recording reside in the
optical paths in the brain between the nearest pairs of
incident and detection probes separated by 3 cm on the
scalp surface. Five incident and four detection probes
arranged in a 3 � 3 square lattice were fitted on each lateral
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side of the head. After the optical measurements, the
positions of the optical probes were recorded with a 3D
digitizer (Polhemus, Vermont, USA). The centers of record-
ing sites were confirmed by superimposing the 3D
coordinates onto T1-weighted MR brain images for each
subject (Fig. 1). The channels nearest to the lateral end of the
border between the transverse temporal gyrus and the
planum temporale in a parasagittal projection were pre-
sumed to be in the auditory area. The recording channels
whose centers were within the 1.5 cm radius of the above-
mentioned border were selected. These channels should
include the signals in the auditory cortex due to the spread
of laser in the brain tissue [13]. Averaged x, y, z coordinates
for the center of the auditory area were �617 2.3,
�9.47 3.1 and 5.27 1.7mm on the left side and
62.87 2.0, �8.87 4.4 and 5.07 1.7mm on the right side
(Fig. 1), where positive x is to the right, y is to the anterior,
and z superior (coordinate system of Talairach and
Tournoux).

Stimuli: The stimuli consisted of four instances of /
mama/ or /mama:/ whose final vowel were 151ms (A),
184ms (B), 217ms (C) and 250ms (D). These pseudo words
were synthesized to have a Japanese unaccented pattern
with a steady formant structure in the final vowel, using a
PARCOR procedure by Rokubunken [14]. Since a pilot
behavioral experiment with Japanese listeners showed that
the phonemic boundary (PB) of long and short vowels
resided between stimuli B and C, three sessions including
across- and within-category conditions were performed
using the adjacent two stimuli among the stimuli A–D. In
session AB (a within-category condition), stimulus A was
repeated for 20 s as a baseline block and then stimuli A and
B were presented in a pseudo-random order with equal
probabilities for another 20 s as a target block with SOA of
1.25 s. These two blocks were alternated and repeated at
least five times. Similar procedures were carried out for
session BC (an across-category condition) and session CD
(a within-category condition). As a control, Japanese

analysis-synthesized words /itta/ and /itte/ [15] were
presented in a similar paradigm as above, with /itta/ used
both in baseline and target blocks and /itte/ appearing only
in target blocks 50% of the time. A pilot behavioral
experiment of identification confirmed that Koreans were
able to identify /itta/ and /itte/ with an accuracy of 99.1%.

The four sessions (AB, BC, CD and /a-e/) were presented
in random order to each subject. The subjects were instructed
to listen to the stimuli delivered through insert earphones
(Ear Tone 3A) at a comfortable level (B70dB SPL).

Behavioral test: After the NIRS recording, the subjects
participated in an identification test of Japanese long/short
categories. The stimuli used in this test were the stimuli
A–D and three stimuli whose second vowels were 173ms,
206ms and 228ms in duration. The subjects were instructed
to listen to the stimuli repeated 16 times each in a random
order played back from a PC through headphone, and to
identify whether the second vowel was phonologically long
or not. Inter-stimulus interval (ISI) was initially 2 s and
adjusted as each subject needed during practice: this
adjusted ISI was referred to as a requested time for
judgment (RTJ). The practice session presented some of
/mama/ or /mama:/ stimuli that native Japanese judged
long or short at 100% of accuracy. More than 70% of correct
responses were required until RTJ for each subject was
determined. The PB between 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 fit
by the least square method weighted by the Müller Urban
process [16].

Data processing: The concentrations of oxygenated (oxy-),
deoxygenated (deoxy-) hemoglobin (Hb) and total Hb were
calculated from the absorbance changes of 780 and 830 nm
laser beams sampled at 10Hz. After discarding the blocks
with artifacts, the Hb concentrations of the remaining blocks
were averaged 5 or 6 times synchronously to the target
blocks, and smoothed over a 5 s moving average window.
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Fig.1. Locations of theNIRSprobes and the channels.NIRSprobepositions (blackdots) and the centers of themeasurementchannels (white circles) are
superimposed onto the parasagittal MR brain images. The lateral posterior borders of the Heschl gyri are labeled A. The channels with the maximal
responses are shownwith gray circles. Positive is towards the anterior and the vertex in the scales.
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The response peaks of the averaged target blocks were
measured, and the z-scores of these peaks were calculated
against the 10 s baseline period just before the target block.
A response with a peak z score4 1.96 (po 0.05, uncorrected
for multiple comparison) was considered a significant
response.

RESULTS
NIRS results: The largest hemodynamic changes to the
target stimuli were frequently found in the auditory area. In
contrast, the responses observed in parietal and frontal area
were small and varied in their temporal and amplitude
pattern in all the subjects although limited parts (inferior
part) of the frontal and parietal lobes were sampled (Fig. 1).
One of the auditory channels that demonstrated the
maximal peak responses on each side was selected for
statistical analysis. Averaged coordinates for the channels
chosen were y¼�137 2.8 and z¼ 9.27 2.8mm on the left
side and y¼�137 4.1 and z¼ 11.77 2.7mm on the right
side (only y and z coordinates are measured on parasagittal
projection because the precise recording depths/or x, are
not known). The hemodynamic responses peaked 6–14 s
after the target stimulus onset.
Figure 2a shows the averaged total Hb response peaks to

the target stimuli for the three conditions of long/short

vowels. Two-way analysis of variance with condition (AB,
BC and CD) and side (left and right) as factors revealed no
significant main effects or interaction (F(2,36)¼ 1.38,
p¼ 0.27; F(2,36)¼ 1.19, p¼ 0.32). There were at most two or
three out of seven subjects showing significant peak
hemodynamic responses for any of the three conditions
(Fig. 3a), with no consistent hemispheric differences. Under
the condition of distinctive phonemic contrast with /itta/ -
/itte/ (/a-e/) stimuli, the averaged total Hb responses to
the target stimuli were larger (Fig. 2b) than those for the
long/short vowels. The peak hemodynamic responses were
significant for all subjects, with five subjects in the left and
the two remaining in the right or both sides of the auditory
area (Fig. 3b).
To compare the response magnitude in the two different

across-category conditions, two-way repeated measures
ANOVA was performed with phonemic condition (/a-e/
vs BC in long/short vowels) and side (left and right) as
factors. A significant main effect was observed for the
phonemic condition (F(1,24)¼ 5.08, po 0.05) with post-hoc
Fisher’s PLSD test, indicating that the /a-e/ phonemic
contrast elicited the larger responses than the long/short
vowel contrast (t¼2.16, p¼0.02). The leftward laterality was
only significant for the /a-e/ contrast, and the laterality
index calculated from (L�R)/(L + R), where L and R are
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maximal total Hb responses on the left and right side
respectively was 0.32 (zero-test, p¼ 0.026) for the /a-e/ and
0.084 (zero-test, p4 0.05) for the long/short vowel contrast.

Behavioral results: The behavioral test revealed that the
averaged PB value was 1917 8ms (n¼ 7; Fig. 4), which fell
between the stimuli B and C. Here the slope of identification
curve was steepest which is suggestive of categorical
perception. The averaged RTJ was 3.47 0.37 s (n¼ 7).

DISCUSSION
Language-specific phoneme representations were revealed
by the mismatch negativity (MMN) which reflected a
phonological difference between frequent and infrequent
stimuli [3,4]. As hemodynamic measurements with PET and
NIRS can capture such change detection responses [17], the
present study was also able to measure neural responses in
L2 learners. The native Korean speakers who had become
fluent in Japanese after puberty, showed differential cortical
activities in response to the two kinds of Japanese phonemic
contrasts. For the durational contrast, neither phoneme-
specific nor left-dominant responses were observed,
although behavioral tests showed categorical perception
indistinguishable from that of native Japanese speakers [18].
In contrast, the across-category stimuli of /a/ and /e/
contrast elicited a larger response in the left auditory area
than in the right, which is suggestive of linguistic perception.
Furthermore, a pilot behavioral test showed that Korean
subjects almost perfectly identified /a/ and /e/ contrast.
The observed differences in the cortical responses to the

two types of contrasts could be accounted for by the
distinctiveness of the respective contrasts in the subjects’
native language. The /a/ and /e/ contrast is distinctive in
the Korean phonology and shares a relatively similar
phonetic space to that of the Japanese contrast [19].
Significant cortical responses to this contrast were observed
in all subjects, although the experimental stimuli were
apparently in a L2 context. These neural responses were
consistent with the Japanese results that also demonstrated
a leftward laterality [17]. On the other hand, the long/short
durational contrast, which current phonological system in

Korean lacks, i.e. non-distinctive contrast, did not evoke the
phoneme-specific responses as the /a/ vs /e/ contrast did
for the same subjects. This was in clear contrast to the native
Japanese results where the across-category, but not within-
category, durational contrast elicited a larger response in the
left hemisphere [18], indicative of linguistic processing. A
question remains why the Koreans showed different neural
response patterns to the long/short vowels even though
their identification results were similar to those of the native
listeners. The differences in response time between L1 and
L2 speakers in the behavioral test may shed light on this
question: RTJ was longer for the Korean group (RTJ¼ 3.4 s)
than for the Japanese group (RTJ¼ 2.2 s, reanalysis of the
data in [18]). The RTJ difference may reflect a different
strategy from that of the L1 group for identifying phonemes
which may result from the lack of phonemic representations
in L2 Korean learners as revealed from the current NIRS
results. These suggest that late L2 learners, who seem to
have acquired L2 phonemes behaviorally, as shown by their
identification scores, may still employ different neural
process in dealing with L2 phonemes. However, this
assumption should be further tested by detailed behavioral
data. It has been a controversial issue whether individual
bilinguals employ different neural substrates for L1 and L2
use. Some researchers have suggested that different net-
works are employed for L1 and L2 processing [20–22],
others have reported the same neuronal substrates subser-
ving L1 and L2 [23,24]. Although the discrepancy may be
partly due to the differences in their task and/or L2
proficiency of the subjects [25], the present study proposes
the following regarding the neuronal networks for L2
phonemic processing. Whether the same or different
cerebral networks are recruited for L1 and L2 phonemes
depends on the distinctiveness of the contrast and the
position of the target phoneme in the L1 and L2 phonetic
spaces. When a target phonemic contrast of L2 is also
distinctive in L1 and fills the same or similar positions as in
the L1 phonetic space, the same cerebral substrates for the
L1 phonemes may be used in processing L2 phonemes. This
was most likely the case with the present control stimuli
(/a/ and /e/). However, when a contrast is not shared by
the L1 and L2 phonetic space, cerebral networks that are not
necessarily specific to phonemic discrimination could be
employed, as was observed for Koreans listening to the
long/short phonemic contrast.

CONCLUSION
The current work provides crucial evidence in under-
standing the neural processes of L1 and L2 phonemes. The
hemodynamic responses of the Koreans to the two types of
L2 phonemic contrasts were different according to the
phonological properties of the contrasts in L1, i.e., the
distinctiveness and phonetic status in L1. These findings
imply that the neuronal networks subserving L1 and L2 are
either shared or different according to the mutual relation-
ship between the phonemic properties in L1 and L2.
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