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Linguistic experience alters an individual’s perception of speech. We

here provide evidence of the effects of language experience at the

neural level from two magnetoencephalography (MEG) studies that

compare adult American and Japanese listeners’ phonetic processing.

The experimental stimuli were American English /ra/ and /la/ syllables,

phonemic in English but not in Japanese. In Experiment 1, the control

stimuli were /ba/ and /wa/ syllables, phonemic in both languages; in

Experiment 2, they were non-speech replicas of /ra/ and /la/. The

behavioral and neuromagnetic results showed that Japanese listeners

were less sensitive to the phonemic /r–l/ difference than American

listeners. Furthermore, processing non-native speech sounds recruited

significantly greater brain resources in both hemispheres and required

a significantly longer period of brain activation in two regions, the

superior temporal area and the inferior parietal area. The control

stimuli showed no significant differences except that the duration effect

in the superior temporal cortex also applied to the non-speech replicas.

We argue that early exposure to a particular language produces a

bneural commitmentQ to the acoustic properties of that language and

that this neural commitment interferes with foreign language process-

ing, making it less efficient.

D 2005 Elsevier Inc. All rights reserved.

Keywords: Magnetoencephalography;NativeLanguageNeuralCommitment

Theory; Speech perception
Speech perception is altered by an individual’s language

experience. Adults have substantial difficulty categorizing and

discriminating many non-native speech contrasts (Strange, 1995).

This phenomenon extends to early bilinguals as well as listeners

with extensive experience in the second language (Guion et al.,

2000; Pallier et al., 1997). Studies further indicate that listeners of
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different languages respond to distinct acoustic aspects of the same

speech stimulus (Fox et al., 1995; Iverson et al., 2003; Jongman

and Moore, 2000). When listening to the American English /r–l/

phonemes, for example, multi-dimensional scaling analyses

suggest that American listeners attend to the third formant (Fig.

1a), which reliably distinguishes /r/ from /l/, whereas Japanese

listeners respond more strongly to the second formant, one critical

for related Japanese phonemes but not helpful in distinguishing /r/

from /l/ (Iverson et al., 2003).

The effects of language experience on speech perception are

presumed to be due to neural coding of the acoustic components

that are critical to native-language processing (Kuhl, 2000; Werker

and Tees, 1999), a process that begins as early as 6 months of age

(Kuhl et al., 1992). Neurophysiological studies provide corrobo-

rating data that show the existence of language-specific bmemory

tracesQ in adult listeners (Dehaene-Lambertz, 1997; Dehaene-

Lambertz et al., 2000; Näätänen et al., 1997; Rivera-Gaxiola et

al., 2000; Sharma and Dorman, 2000; Winkler et al., 1999) and

their emergence in young infants (Cheour et al., 1998; Rivera-

Gaxiola et al., 2005). These studies used the mismatch negativity

(MMN) and/or its magnetic counterpart, mismatch field (MMF),

obtained using magnetoencephalography (MEG), to examine the

discrimination of two speech sounds (Näätänen, 2001). Discrim-

inative neural responses can be elicited irrespective of the listener’s

attention by the presentation of an infrequent stimulus (deviant) in

the midst of a repetitive stimulus (standard). The MMN/MMF has

been proven to be a reliable neurophysiological marker of speech

discrimination and changes with learning (Kraus et al., 1996;

Menning et al., 2002; Tremblay et al., 1997; see Näätänen, 1992,

2001 for reviews). The first goal of the present study, therefore,

was to use MEG to examine neural activation for the detection of

speech-sound differences. We hypothesized that the MMF would

be reduced for non-native differences, reflecting listeners’

decreased sensitivity to the acoustic cues important for non-native

contrasts.

Our second goal was to go beyond the examination of speech-

sound difference detection. We were interested in cross-language



Fig. 1. (a) Spectrograms of the endpoint syllables of the /ra–la/ and /ba–wa/ series. The /ra–la/ syllables were 400 ms long and varied in the third formant

(F3) transition in 10 steps; the starting frequencies of F3 varied from 1325 Hz to 3649 Hz and were spaced equally on the mel scale (Stevens et al., 1937).

The /ba–wa/ syllables were 100 ms long and varied in the duration of the first and second formant transitions in 8 steps, from 16 to 48 ms with a step size

of 4 ms. (b) Behavioral results of Experiment 1.
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comparisons of brain activation for the individual speech stimuli.

We have previously shown that, early in development, infants learn

the prototypical patterns of phonemes in their language (Kuhl et

al., 1992). Accordingly, we argue that brain activation to stimuli

that are prototypical native-language examples for one population

and non-prototypical exemplars for another population should

show substantial differences in brain activation (Kuhl, 2004). More

specifically, we hypothesized that processing native-language

prototypes would show bneural efficiency,Q defined as brain

activation that was more focal, rather than highly distributed, and

of shorter, rather than more sustained, duration. To test this

hypothesis, we employed MEG to examine the properties of

localized neural activities for the individual stimuli used in the

experiments (Hämäläinen et al., 1993; Hari et al., 2000). This

allowed us to assess the recruitment of brain regions, as well as the

time course of activation, involved in processing individual speech

sounds.

Neural efficiency in neurophysiological and brain imaging

studies has been used to describe several desirable properties of the

brain in connection with intelligence, expertise, and the effects of

priming, practice, and learning (Ertl and Schafer, 1969; Haslinger

et al., 2004; Jaušovec and Jaušovec, 2001; Landau et al., 2004; see
Deary and Caryl, 1997; Näätänen, 1973; Neubauer et al., 2004;

Poldrack, 2000 for reviews). Neural efficiency in terms of

activation is generally contained in two quantifiable properties:

speed (the time it takes for a particular response to occur), and

space, or the degree of activation (the spatiotemporal extent of

brain resources used up by the construct). The faster the response is

(presumably involving higher neural conduction speed and

connectivity), the more efficient the neural system. Similarly, the

smaller the extent of activation is (presumably involving less

computational demand), the more efficient the system. In studies of

speech perception and phonetic learning, recent fMRI data show

that listening to non-prototype sounds activates greater auditory

areas when compared to the over-learned prototypes (Guenther et

al., 2004). Moreover, native-language listeners or faster learners of

second language phonemes have more focal fMRI patterns of

activation than non-native listeners or slower learners (Callan et al.,

2004; Dehaene et al., 1997; Golestani and Zatorre, 2004). In view

of these findings, we specifically tie the concept of neural efficiency

to our bNative–Language–Neural–CommitmentQ (NLNC) hypo-

thesis (Kuhl, 2004). Our MEG study differed from the previous

fMRI studies by employing a passive listening condition and

adding the activity duration measure. Thus, we were able to
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examine neural efficiency in automatic processing of speech in

both spatial and temporal domains.

Three sets of sounds were used in tests of Japanese and

American listeners: /r/ and /l/, phonemic only in English; /b/ and

/w/, phonemic in both Japanese and English, and non-speech

analogs of /r/ and /l/, sounds that mimic the acoustic properties of

speech without being perceived as speech. Previous behavioral and

MEG research show robust differences in /r–l/ perception between

the two populations (Bradlow et al., 1999; Goto, 1971; Guion et

al., 2000; Iverson et al., 2003; Miyawaki et al., 1975; Phillips et al.,

1995; Zhang et al., 2001). The use of both speech and non-speech

control stimuli in our study allows assessment of auditory and

phonetic processing in speech perception. The use of two controls

also rules out possible confounding effects caused by potential

inherent between-group differences. We predicted that brain and

behavioral measures would show significant population differences

for the /r–l/ contrast but not for the control stimuli.

Experiment 1

Methods

All experiments complied with the principles of research

involving human subjects as stipulated by the University of

Washington.

Subjects

Two groups of normal-hearing right-handed adults were

tested, including ten Japanese (mean age = 22 F 1, 3 females

and 7 males) and ten Americans (mean age = 27 F 3, 4 females

and 6 males). Subjects were volunteers under informed consent.

They were recruited after screening for hearing, handedness, and

language background. The American subjects were monolingual

English speakers. The Japanese subjects had received 8 years of

English as a second language education in the middle school

through college, which involved very limited exposure to spoken

English.

Stimuli

The stimuli were two computer-synthesized series of sounds,

/ra–la/ and /ba–wa/, adopted from previous behavioral studies (see

Iverson and Kuhl, 1996; Miller and Liberman, 1979 for detailed

description). Each contrast was created on a carefully controlled

acoustic continuum (Fig. 1a). For each stimulus in the series, all

acoustic factors were identical with the exception of the critical

acoustic parameter distinguishing the phonemes.

Behavioral experiment procedure

The behavioral experiments started with a short practice phase

immediately followed by the test phase. The practice phase

familiarized listeners with the synthesized stimuli and testing

procedure. The identification task required subjects to identify each

stimulus in the series when randomly presented in isolation. The

testing session presented 40 trials for each stimulus in random

order. The discrimination task required subjects to judge whether

pairs of presented stimuli were the same or different. The stimulus

pairs had equal physical differences. The inter-stimulus interval

was 250 ms. Stimulus presentation was randomized, and both

directions of presentation order were tested, each for 20 trials. An

equal number of control trials were used, in which the same sound

was presented twice, to assess false positives.
MEG experiment procedure

Two experiments were conducted using the oddball paradigm

(Näätänen, 2001), in which stimuli (two endpoints from either the

/r–l/ or /b–w/ continuum) were delivered to the right ear through an

echo-attenuated plastic tube system terminating in a non-magnetic

foam earplug. The sound output intensity was at 80 dB sound

pressure level (SPL). In each experiment, stimulus presentation

consisted of two consecutive blocks with the standard and the

deviant reversed in the second block; the block sequences were

counter-balanced among subjects. The deviant and standard

presentation ratio was 15:85, and the inter-stimulus interval was

randomized between 800 ms and 1200 ms. Subjects read self-

chosen books under the instruction to ignore the stimuli during the

recording session.

MEG recording

MEG data were recorded using whole-scalp planar-type 122-

channel sensor system (Neuromag Ltd., Finland) in a four-layered

magnetically shielded room. The MEG signals were bandpass-

filtered from 0.03 to 100 Hz and sampled at 497 Hz. Entire epochs

with magnetic amplitude bigger than 3000 fT/cm or EOG (electro-

oculogram) bigger than 150 AV in any channel were rejected to

exclude data with blinking/movement artifacts or other noise

contamination. At least 100 epochs were averaged for the deviant.

MEG analysis

Epochs immediately preceding the deviant were averaged for

the standard, resulting in a number of averages comparable with

the deviant. The averaged data were digitally low-pass filtered at

40 Hz, and then the DC-offset during a prestimulus baseline of 100

ms was removed. The MMF calculation used standard and deviant

responses to the identical stimulus from two consecutive presenta-

tion blocks in order to eliminate effects due to the inherent acoustic

differences in different standard and deviant stimuli within a block.

The waveform amplitude used in the statistics was defined as the

vector sum of amplitudes at two orthogonal channels in the same

sensor location. To confirm the validity of the MMF peak amplitude

values, we calculated the baseline noise.We also calculated the noise

level of the system when no subject was being tested for a

comparison.

MMF analysis

In the MMF waveform obtained by subtracting the response to

the standard sound from the one to the deviant sound, the

maximum peak amplitude was searched for, in each subject, in

the latency range between the N1m peak latency and 500 ms

among 9 channel locations (18 channels) covering the left or right

auditory region; therefore, the channel that showed a maximum

peak amplitude was different depending on the subject. The

obtained amplitude and latency were defined as the MMF peak

amplitude and latency.

ECD analysis

We assumed a single moving equivalent current dipole (ECD)

in a spherical head model to estimate the source of neuromagnetic

activities under a small region of selected channels. A total of 70

configurations of local channel selection were used (see Fig. 2 for

examples). The number of channels in each configuration ranges as

follows: 14 channels (11 configurations), 16 channels (33

configurations), 18 channels (25 configurations), and 20 channels

(1 configuration). Our MEG system houses 122 planar gradio-



Fig. 2. Sample ECD analysis. (a) Waveform data from one MEG channel of an individual American subject’s response to the standard /ra/ sound. (b) Field

contour map with a dipolar pattern for the response at 112 ms (red curves indicating the magnetic flux coming out of the head, blue curves indicating the

magnetic flux going into the head, and the green arrow schematically indicating the current source location, magnitude, and current direction). 18 channels over

the left temporal lobe (solid line) were used for source estimation in this analysis. (c) 3-D location of the ECD activity (red dot at the crossing point of two

yellow hair lines) in the auditory cortex, together with the current direction (red line from red dot), in axial, coronal, and saggital sections. (d) Two examples of

channel selection configuration (left temporal and left frontal) out of 70 used in estimating ECDs.
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meters with a short baseline (16.5 mm). To try to make use of the

advantages of this short baseline, we used a single ECD model to

localize the activity presumably scattered in more than one brain

region. In particular, we performed the following procedures.

1. Localize a single ECD as a function of time (spatiotemporal

ECD) using each of 70 channel configurations. The ECDs

are obtained every 2 ms for 680 ms from 20 ms after the

stimulus onset.

2. Select the ECDs that satisfy the following criteria: (a)

goodness-of-fit z80%, (b) 95%-confidence-volume

V 4188.8 mm3 (corresponding to the volume of 20-mm

diameter sphere), (c) location is further than 30 mm from the

sphere center approximating the brain and is directly

beneath the channel whose amplitude is closer than the

baseline noise to the maximum vector-sum amplitude in the

channel configuration for obtaining the ECD. Since our

MEG system was the planar-type sensor system with a very

low ambient noise level, the selected ECDs in our analysis

were found directly beneath the channel with the maximum

magnetic amplitude in most cases.

3. Make an ECD cluster by grouping ECDs obtained in 2 above,

so that the distance between any pair of ECDs at the same

sampling point within each new spatial ECD cluster is less

than or equal to 20 mm (within a sphere of 20-mm diameter).

These ECD clusters are called bspatial ECD clusters.Q
4. Make a new ECD cluster, from spatial ECD clusters or

from single ECDs, by grouping temporally contiguous

ECDs, so that the distance between any pair of ECDs of

adjacent temporal sampling points within each new ECD

cluster is less than or equal to 10 mm (within a sphere of
10-mm diameter), and so that the distance between any

pair of ECDs, irrespective of their latencies, within each

new ECD cluster, is less than or equal to 20 mm (within a

sphere of 20-mm diameter). These ECD clusters are called

bspatiotemporal ECD clusters.Q
5. From these spatiotemporal ECD clusters obtained in 4 above,

select only the ECD clusters with the activity continuing at

least 5 sampling points, approximately 10 ms given our

sampling frequency at 497 Hz.

6. Hereafter, the spatiotemporal ECD clusters are simply

referred to as bECD clusters.Q The activity duration of an

ECD cluster is an OR-sum of each element ECD of this

ECD cluster. In this calculation, the active sampling point

duplicated by more than one single ECD within a single

ECD cluster is counted as a single active sampling point.

7. The scatter of ECD activities within a region of interest (ROI)

is measured by the number of ECD clusters in the region.

8. The duration of ECD activities within an ROI is measured by

a simple sum of the duration of each ECD cluster in the

region.

9. The definitions of spatiotemporal ECD clusters shown in 7

and 8 above ensure that the activity within 20-mm distance

is counted as a single spatiotemporal activity.

10. The anatomical locations of the ECD clusters are identified

based on each subject’s MR images. The superior temporal

cortex (ST) is defined as the region below the lateral sulcus

(inclusive) and above the superior temporal sulcus (not

inclusive) within the temporal cortex. The middle temporal

cortex (MT) is defined as the region below the superior

temporal sulcus (inclusive) and above the inferior temporal

sulcus (not inclusive) within the temporal cortex. The
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inferior parietal region (IP) is defined as the region posterior

to the post-central sulcus (not inclusive), below the intra-

parietal sulcus (inclusive), and above the line connecting the

point where the lateral sulcus starts ascending and the

anterior end point of the lateral occipital sulcus. The inferior

frontal cortex is defined as the region below the inferior

frontal sulcus (inclusive), anterior to the inferior precentral

sulcus (inclusive), and posterior to the lateral orbital sulcus

(not inclusive).

Current source density analysis

To confirm the ECD analysis results, we performed two

current density analyses, namely, MNE (minimum norm

estimation obtaining a solution that has a minimum L2-norm,

Hämäläinen and Ilmoniemi, 1984, 1994) and MCE (minimum

current estimation obtaining a solution that has a minimum L1-

norm, Uutela et al., 1999). Instead of point-like sources, MNE

and MCE algorithms search for the best estimate of a distributed

primary current and select the solution with the smallest norm

from all current distribution to explain the measured magnetic

field. The MNE/MCE solutions require no a priori assumptions

about the nature of the source current distribution and are

considered to be more appropriate when the activity distribution

is poorly known (Hämäläinen et al., 1993; Hari et al., 2000).

MNE analysis

Specifically, we used the following procedure for MNE, an

implementation of the minimum L2-norm estimate:

1. A sphere model with 75-mm radius is used throughout all

subjects.

2. The electric current locations about 20 mm apart from each

other are assumed.

3. The singular value whose magnitude is at least one twentieth of

the maximum singular value is employed.

4. We define that the current location is active when it satisfies the

following criteria: (a) The current strength is greater than Q =

Qna + 2.326 * Qns, where Qna is an average current strength

during baseline and Qns is its standard deviation (one-tailed

analysis). Although the essential problem of what patches in the

model should be counted as being active is not solved by this

definition, the probability that the activity is derived from noise

is less than 1% in this statistical definition. (b) The activity

satisfying (a) continues at least 5 sampling points, which is

approximately 10 ms.

5. We identify two anatomical regions in this analysis based on the

same criteria as those used in a single ECD model analysis,

auditory cortex (ST + MT) and inferior parietal region (IP).

MCE analysis

For MCE analysis (Neuromag MCE Version 1.3, an imple-

mentation of the minimum L1-norm estimate), we used the

following procedure:

1. A realistic head model (standard brain in Boundary Element

Model (BEM)) is used as the source space throughout all

subjects.

2. Individual subjects’ BEMs and their head origin parameters are

used for the conductor model in the forward calculations.

3. Electric current locations about 10 mm apart from each other

are assumed.
4. Thirty singular values are employed for regularization.

5. The estimate is calculated separately for each time point. The

activity within a latency range from 20 to 700 ms is integrated

and averaged across the subjects.

Statistical analysis

We performed two-tailed Student’s t tests on behavioral

measures. To statistically examine the differences in degrees of

brain activation between two subject groups, we performed a

repeated measures ANOVA (two subject groups [Am and Jp]� two

stimuli [either /ba/ and /wa/ or /la/ and /ra/] � two hemispheres �
two stimulus roles [deviant and standard]), in each experiment

(either /ba–wa/ or /ra–la/), on the following quantities: for MMF

waveform analysis, we used the MMF peak amplitude and latency;

for single ECDmodel analysis, we used the number of ECD clusters

in the pre-determined regions of interest (ROIs) and the sum of

active duration of ECD clusters in the ROIs; for MNE, we used the

number of active locations in the ROIs normalized by the total

number of current locations in the corresponding ROIs, the

weighted number of active locations in the ROI (the weight was

the current strength) normalized by the total number of current

locations in the ROIs, and the sum of active duration of all active

current locations in the ROIs normalized by the total number of

current locations in the ROIs. Although the validity of our statistical

definitions for duration and scatter of brain activities in the MNE

analysis is unknown and remains to be tested against actual data, we

take the stand that the current strength in MNE solutions often

reflects the extent of the active area (personal communications with

Uutela). Therefore, we included the current-weighted number of

active locations in our statistical calculation of the MNE results. For

MCE, no statistical calculation was done because we restricted the

number of active current locations. When necessary, we also

performed a repeated measures ANOVA separately in each subject

group.

Results

Behavioral results

Subjects listening to native-language contrasts (American

subjects listening to /r–l/ and /b–w/ and Japanese subjects listening

to /b–w/) showed typical identification and discrimination func-

tions as seen in classic studies of categorical perception (Fig. 1b)

(Liberman et al., 1957). Two-tailed Student’s t tests revealed a

number of between-group differences for the /r–l/ continuum

(Table 1). As expected, in the /r–l/ identification task, American

listeners were significantly better at labeling the stimuli except for

stimulus 6 at the phonetic boundary region and in the /r–l/

discrimination task, American listeners were significantly better at

cross-category discrimination (pair 5–7). Japanese listeners showed

higher sensitivity to within-category differences (pairs 7–9 and 9–

11). For the /b–w/ continuum, there were no significant between-

group differences in identification. However, in the /b–w/

discrimination task, the American listeners were also better at

cross-boundary discrimination (pair 4–6), perhaps because they

reflected American pronunciations of these sounds.

MEG noise results

Mean noise level (F standard deviation) in the shielded room,

averaged across all blocks in Experiment 1 (across all channels, all

subjects, all stimuli, and all stimulus roles), was 4.95 F 2.63 fT/cm

with no subject being tested (averaged across 100 epochs) and



Table 1

Summary statistics for behavioral identification and discrimination in Experiment 1 (Fig. 1b)

Note. *** stands for P b 0.001, **P b 0.01, *P b 0.05 (two-tailed t test). N.S. indicates no significant difference. Unless shaded, the American (Am) listeners

had better accuracy than the Japanese (Jp) listeners.
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5.87 F 2.97 fT/cm with a subject for equivalent number of

accepted epochs. There was no significant difference between

noise levels with American and Japanese subjects, between noise

levels of any combination from /ra/, /la/, /ba/, and /wa/, or between

noise levels during standard and deviant stimulations.

MMF results

The MMF peak amplitudes from all subjects, four stimuli, and

two hemispheres were significantly larger than the baseline noise

level [P b 0.001]. Repeated measure ANOVA showed significant

between-group differences in the mismatch responses for /r–l/ but

not for /b–w/ (Figs. 3a, b, c). As predicted, the /r–l/ MMF peak

amplitudes were significantly smaller in the Japanese listeners

[39.78 (Am) vs. 32.40 (Jp) fT/cm; F(1,18) = 14.54, P b 0.01].

There was also an interaction effect of hemisphere by group

[F(1,18) = 5.36, P b 0.05]: American subjects exhibited larger

MMF peak amplitudes in the left hemisphere that approach

significance [42.09 (LH) vs. 37.48 (RH) fT/cm; F(1,9) = 4.44,

P = 0.06] whereas Japanese subjects showed bilaterally equivalent

MMF peak amplitudes [31.82 (LH) vs. 32.99 (RH) fT/cm]. In

addition, Japanese listeners showed a significantly earlier MMF

response than American listeners [413.61 (Am) vs. 337.78 (Jp) ms;

F(1,18) = 4.79, P b 0.05]. There was no significant effect of

stimulus (/ra/ vs. /la/ or /ba/ vs. /wa/) in either subject group.

ECD results

Significant between-group differences were found for /r–l/ but

not for /b–w/. First, there were bilaterally more ECD clusters for

/r–l/ in the Japanese listeners than in the American listeners [14.4

(Am) vs. 21.2 (Jp) in averaged total number of clusters; F(1,18) =

4.74, P b 0.05], indicating greater spread of activation in the

processing of non-native speech stimuli (Figs. 3d, e, 4; also see

Movie 1 in Appendix, provided as supplementary information, for

ECD activities from two individual subjects). Second, we

examined four regions of interest (ROIs) to locate the foci of

between-group differences in terms of cumulative ECD duration.

Significant differences were found in two regions (Fig. 3f):

Japanese listeners had longer ECD durations for /r–l/ in ST

(superior temporal) [44.42 (Am) vs. 64.43 (Jp) ms; F(1,18) = 9.75,

P b 0.01] and IP (inferior parietal) [37.80 (Am) vs. 80.19 (Jp) ms;

F(1,18) = 9.42, P b 0.01].
MCE/MNE results

The MCE results are shown in Fig. 5. Bilateral activations of

the auditory cortex for /ra–la/ and for /ba–wa/ were consistently

found for both subject groups. For the experimental /ra–la/ stimuli,

the Japanese group appeared to show a larger area of activation

than the American group. The control /ba–wa/ stimuli showed a

similar tendency but to a lesser extent. These results were

consistent with the ECD cluster results. Interestingly, in the

MCE results, Japanese subjects seemed to show more anterior

activation than American subjects, which could be a reflection of

group difference in head shapes when mapping the activities onto

the standard brain.

The MNE statistics showed the following results. For /r–l/,

there were more active locations in Japanese than in American

subjects, which approached significance [90.9% (Am) vs. 95.0%

(Jp) in percentage of active locations; F(1, 18) = 4.27, P = 0.054].

On the other hand, there was no significant difference for /b–w/.

Analyses on current-weighted number of active locations also

showed consistent results. For /r–l/, there were significantly more

locations in Japanese than in American subjects [62.1% (Am) vs.

71.4% (Jp) in weighted percentage; F(1, 18) = 5.81, P b 0.05]

whereas there was no significant difference for /b–w/. Consistent

with ECD analysis, there were no significant effects of hemispheric

laterality or stimulus (/ra/ vs. /la/ or /ba/ vs. /wa/). Unlike the ECD

results, however, the active duration as defined in our MNE

analysis did not show any significant difference either for /r–l/ or

for /b–w/ between Japanese and American subjects.

Discussion

The behavioral results obtained in Experiment 1 are consistent

with earlier studies (Iverson et al., 2003; Miller and Liberman,

1979; Miyawaki et al., 1975; Zhang et al., 2001), showing that

categorical perception of speech sounds is influenced by language

experience. As expected, Japanese speakers had difficulty catego-

rizing the /r–l/ sounds. However, strict categorical perception

cannot fully explain the data. Japanese listeners’ difficulty with /r–

l/ was double-fold. Japanese listeners were less accurate at

detecting the cross-category difference when compared to Amer-

icans. Meanwhile, they were more accurate at detecting within-

category acoustic differences when compared to Americans. Better



Fig. 3. MEG results of Experiment 1 (*P b 0.05; **P b 0.01). (a) MEG waveform. Group averages are shown from one recording site of the left hemisphere

(LH) and one recording site of the right hemisphere (RH) (thick line = deviant, thin line = standard) for /la/ and /ba/ syllables respectively. Each recording site

has two channels in the planar MEG system. The double N1m responses to stimulus onset and F3 transition onset of /r–l/ are marked in the Japanese listeners’

waveform. Group averages are obtained as follows. First, the center of the subject’s sphere approximating his/her own brain is moved to the origin of the device

coordinate system. Second, x, y, and z axes of the subject’s head coordinate system are made in parallel with x, y, and z axes of the device coordinate system,

respectively. Third, the subject’s head is rotated by 158 upward around x axis connecting from the left preauricular point to the right one. By this procedure,

each subject’s head position is moved to the same standardized position. Fourth, accordingly, the MEG waveforms are recalculated using MNE estimates

employing the singular values up to the magnitude of one twentieth of the maximum singular value. Fifth, these virtual waveforms are averaged across all

subjects in a channel-wise fashion. (b) Vector sum amplitude waveforms of the selected channels in panel (a). The dark horizontal bars underneath the

waveforms indicate the time range(s) where the time-point-to-time-point differences between deviant and standard were significant [P b 0.01] compared to

baseline noise. (c) Mean maximum peak MMF amplitude and latency. Note that the maximum MMF peaks did not appear in the same channel at the same

latency across subjects. Thus, the values may appear larger than those reflected by the average waveform in panel (a). (d) Mean total number of active ECD

clusters in the whole brain as a function of time. (e) Mean total number of ECD clusters in the whole brain during the 20–700 ms time window. (f) Mean total

ECD duration in four brain regions. The data in panels (c, d, e, f) were collapsed over the two hemispheres and the two stimuli for simplicity. No statistically

significant effects for hemisphere or stimulus were found unless specified in the text.
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within-category discrimination for Japanese listeners is predicted

by a model in which linguistic experience results in acquired

similarity among the stimuli within a category, as shown in

experiments on infants and adults, and consistent with Kuhl’s

theorizing that exposure to a specific language in early infancy

alters perception to make category exemplars appear more similar

to the category prototype (Iverson and Kuhl, 1996; Iverson et al.,

2003; Kuhl, 1991; Kuhl et al., 1992; see Guenther and Gjaja, 1996

for a neural model of the effect).

The MMF results were consistent with previous studies

showing reduced neural sensitivity to non-native speech contrasts

(Dehaene-Lambertz, 1997; Dehaene-Lambertz et al., 2000; Näätä-

nen et al., 1997; Phillips et al., 1995; Rivera-Gaxiola et al., 2000;
Sharma and Dorman, 2000; Winkler et al., 1999; Zhang et al.,

2001; see Cheour et al., 1998 and Rivera-Gaxiola et al., 2005 for

infant data). These findings suggest that early language experience

may have reshaped the state of the neural system at a pre-attentive

level, altering perception in a way that assists native-language

processing (Näätänen, 2001). The fact that adult listeners show

mismatch responses to phonemic distinctions irrelevant to their

native language suggests that acquired language-specific represen-

tations do not completely bfilterQ out phonetically irrelevant

information. Koyama et al. (2000b, 2003) proposed that Japanese

listeners’ reduced sensitivity for /r–l/ could result from backward

masking of the foreign consonants by subsequent vowels.

However, the same research group also found similar acoustic



Fig. 4. ECD spatial distribution data. Composite category-specific ECD activities (yellow dots) from 10 American listeners (top in each panel) and 10 Japanese

listeners (bottom in each panel) are shown for each of the two experimental stimuli, /ra/ and /la/ (blue, left side), and each of the two control stimuli, /ba/ and

/wa/ (gray, right side). Left brain, right brain, and top-of-the-head view are shown in each row. The ECDs were initially calculated using each individual

subject’s head model based on their MR images. For illustration purpose, the ECD coordinates were linearly transformed, irrespective of the cortical regions, to

fit within the spherical head model of one individual subject’s brain from each subject group to represent their respective groups. As individuals vary in the

configuration of cortical structures, head size and shape, the shown ECDs were a very rough approximation of the actual activities. Note also that the lack of

ECD depth information in these plots may give a false interpretation of the exact brain regions of activation. For example, an active yellow dot on the Sylvian

fissure (auditory region) may be projected along the central sulcus of the top-view brain.
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backward masking effects in the American listeners and relatively

smaller MMFs in Americans compared with Japanese listeners

(personal communication with Koyama). It remains to be explored

whether the experience-dependent changes in perception are due to

changes in lower-level auditory analyzers, attentional changes, or

higher-order linguistic processes, like word learning. It is also

noteworthy that Koyama et al.’s /ra–la/ stimuli included acoustic

differences not only in F3 but also in F1 and F2. Given the fact that

native and non-native listeners perceptually weigh acoustic

dimensions differently (Fox et al., 1995; Iverson et al., 2003;

Jongman and Moore, 2000), there could have been confounding

contributions to the MMF response from F1 and F2 differences that

are not critical for the /r–l/ distinction.

A result not previously observed was the significantly earlier

MMF for Japanese listeners for /r–l/; this is noteworthy, given that

a smaller mismatch response is typically associated with a later

latency (Näätänen, 1992). We speculate that the MMF latency

difference may reflect Japanese listeners’ failure to process the

acoustic information differentiating /r/ and /l/ as an integrated

whole including the late-occurring F3 transition, which is critical

for the /r–l/ distinction. The temporal integration window of

successive auditory information is purported to be within the range

of 200 ms of the initial stimulus (Cowan, 1984; Inouchi et al.,

2003; Loveless and Hari, 1993; Näätänen, 1992; Winkler et al.,

1998; Yabe et al., 1998). Significant cross-linguistic differences

were found in processing speech sound duration information

(Minagawa-Kawai et al., 2004; Nenonen et al., 2003). The /r–l/
stimuli used in the present tests contained two acoustic sources

with well-defined onsets in the consonant, the 155 ms steady F3

portion (not critical to /r–l/ differentiation) and the 100 ms F3

transition (Fig. 1a) (critical to the /r–l/ distinction) (Iverson and

Kuhl, 1996; Iverson et al., 2003). The acoustic differences

following both onsets in the stimuli can contribute to the MMF.

The data indicate that Japanese listeners strongly reacted to both

onsets, resulting in a double N1m in both hemispheres (Fig. 3a).

American listeners, on the other hand, did not show clear second

N1m response in the left hemisphere. We interpret the MMF and

N1m differences as suggesting that the American responses reflect

phonetic processing of unitary /r/ and /l/ percepts whereas the

Japanese responses reflect acoustic processing of two distinct

physical changes in the stimulus. Essentially, we claim that, when

Americans listen to /r/ and /l/, their automatic processing strategies

cause them to bwaitQ for the late-occurring F3 transition informa-

tion that is critical to the /r–l/ distinction. This reasoning implies

that the neural processing window for speech is affected by

linguistic experience.

The ECD and MCE/MNE results suggest that non-native

speech processing is less efficient. The first discussion on the

relationship between processing efficiency and activation level can

probably be found in Näätänen (1973) where he describes learning

as an increased differentiation of the activation pattern, so that

when performance is highly efficient, only mechanisms absolutely

necessary for the occurrence of performance are activated (also see

Hebb, 1949 for discussion on efficiency of neuronal firing). In



Fig. 5. Minimum current estimates for each stimulus in Experiment 1. Samples between 20 and 700 ms were integrated and averaged for each subject group.
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particular, our ECD results here show evidence in the domain of

language that, when processing non-native speech, as opposed to

native, there is a significantly greater spread of activation and

longer duration of activation. The spatial distribution patterns are

also consistent with the MCE and MNE results. While previous

fMRI studies have suggested the lack of efficiency in processing

non-native or non-prototypical speech (Callan et al., 2003, 2004;

Golestani and Zatorre, 2004; Guenther et al., 2004; Wang et al.,

2003), the results could largely be a reflection of greater attention

required of the task to recognize the non-native/non-prototypical

speech. In our MEG study, the neuromagnetic experiments

preceded the behavioral tests. A passive listening condition was

used for MEG recordings with explicit instruction for subjects to

focus on reading. Although it is possible that Japanese listeners

might not be able to ignore the /r–l/ stimuli as easily as Americans,

our design allowed a minimization of the attentional influences on

the observed cross-linguistic differences. We argue that language

experience results in neural networks dedicated to the automatic

processing of native-language acoustic information and that this

gives native speakers an advantage in processing efficiency

(Guenther et al., 2004; Kuhl, 2004; Kuhl et al., 2001). In the

absence of neural networks dedicated to the properties of the
incoming sounds, brain activation is not as focal and requires a

longer processing time. Regional brain analyses suggest further

that the auditory cortex and the inferior parietal area may be

involved in comparing incoming acoustic information with the

neural networks shaped by experience to react to native or newly

acquired speech information (Hickok and Poeppel, 2000; Näätä-

nen, 2001; Scott and Johnsrude, 2003; Wang et al., 2003).

The reconstruction of the underlying sources from MEG/EEG

signals is known to be a severe inverse problem. Although the ECD

and MCE/MNE approaches have very different assumptions in

source modeling, we did not find contradictory results regarding the

spatial scatter of activation. Spatial ECD clustering techniques were

previously applied to modeling multiple sources (e.g., Hellstrand et

al., 1993; Lewine et al., 1999). Our parameter choice for ECD

clustering by a 20 mm diameter was in agreement with the

minimum requirement for a reasonably good separation of multiple

generator sources that could be temporally and spatially over-

lapping (Fujimaki et al., 2002; Hari et al., 1988, 2000; Imada et al.,

2001; Lqtkenhfner, 1998; Liu et al., 1998; Lqtkenhfner et al.,

1991). It has also been shown that, when activities are several

centimeters apart, the localization results using the ECD model and

MNE, MCE, or other kinds of current density models are largely
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consistent (Jensen and Vanni, 2002; Komssi et al., 2004; Singh et

al., 1994; Stenbacka et al., 2002). For our purpose of comparing the

scatter and duration of activation in two subject groups, the current

source density approach does not appear as sensitive as the single

ECD analysis. This is probably due to the distributed nature of the

current source density solutions and the inadequacy of mathemat-

ical definitions for scatter and duration of activation in our analysis.

In most of the distributed current source analyses such as MNE, the

locations for current activities are pre-determined under the

assumption that the activities are spread over all of these locations.

Thus, in a hypothetical no-noise condition with a point source

activity, the MNE results would be such that all pre-determined

source locations have non-zero current. Because there is no noise, it

would be hard to define which source locations are really active.

This holds true even when the real activity has a small or large area

rather than a single point. Therefore, one needs to define some

objective threshold to obtain the bactiveQ pre-determined locations,

and theoretically, this threshold should not be affected by the

existence of noise. When noise exists, there should be another

threshold on top of the noiseless threshold. Previous research

suggests that, when compared to the ECD analysis, noise tends to

be more easily confounded with the real sources in the current

density solutions (Stenbacka et al., 2002).

A number of MEG studies of speech perception on healthy

subjects or clinical patients have demonstrated the feasibility of

assessing the bdegree of engagementQ for a brain region in terms of

the cumulative number of ECD sources as an index for the duration

of activation (Breier et al., 2000; Maestú et al., 2002; Papanicolaou

et al., 2003; Pataraia et al., 2004; Simos et al., 2000). For instance,

Papanicolaou et al. (2003) applied the single moving ECD analysis

to the study of hemispheric laterality in syllable perception for time

windows in the range of 60–1400 ms. Our sequential ECD analysis

used a shorter window of 20–700 ms, and our clustering approach

is a further step towards a better evaluation of the extent of

activation. Although our method is computationally more inten-

sive, it has the advantages of separating the potentially different

source generators in the whole cortex and calculating the duration

of activation for each ECD cluster for ROI analyses. We were

cautious about avoiding redundancy of sampling time points within

an ECD cluster that might derive from the use of multiple selection

configurations including partially overlapping local channels in our

calculation.

Finally, the results of Experiment 1 did not suggest a

strong pattern of laterality. In the MMF amplitude results,

Americans showed a tendency toward left-hemisphere processing

for the /r–l/ stimuli, but this was not the case for the /b–w/

stimuli. Japanese listeners did not show laterality effects for either

contrast.

In summary, the results of Experiment 1 suggest that Japanese

and American listeners neurally process the same acoustic

information (American /r–l/ sounds) very differently. Japanese

listeners process the non-native sounds less efficiently, activating

larger areas of the brain for longer periods of time. Moreover, they

neurally react to each acoustic change in the stimuli in a left-to-

right fashion. In contrast, American listeners process the native-

language sounds more efficiently, showing focal activation of short

duration. In addition, they respond to the acoustic changes in

speech events in a more integrated and holistic fashion; neural

detection of change in the /r–l/ stimuli is delayed until the critical

acoustic information occurs. In both cases, we attribute the

population differences to linguistic experience.
This conclusion would be strengthened if both populations

responded identically to a non-speech contrast that closely

mimicked the /r–l/ sounds. In Experiment 2, American and Japanese

listeners were tested with non-speech analogs of the /r/ and /l/ stimuli

as well as the /r/–/l/ speech stimuli themselves.We hypothesized that

Japanese listeners would show positive correlations between speech

and non-speech measures, both on the behavioral and neural

measures, and that American listeners would not.

Experiment 2

Methods

The identical procedure, equipment, and analysis methods of

Experiment 1 were used. A subset of seven American listeners from

Experiment 1 (3 females, 4males) and a new group of eight Japanese

listeners (age 22 F 1, 3 females, 5 males) participated in the

experiment. The experimental stimuli were the /ra–la/ syllables of

Experiment 1. The control stimuli were non-speech analogs of the

/ra/ and /la/ syllables, created by replacing the fundamental

frequency and four formants with sinusoidal components at the

exact same frequencies (Fig. 6a). The subjects uniformly reported

that the sine wave replicas were not perceived as speech. Unlike in

Experiment 1, we simplified the behavioral identification task by

using stimuli separated by two steps on the continuum. For the non-

speech stimuli, subjects were asked to label each stimulus according

to whether it contained a noticeable rising tone or a falling tone.

In addition to the same statistics as those in Experiment 1,

simple pair-wise Pearson’s correlation analyses were performed for

the speech and non-speech data (behavioral measure and MEG

measure) using Bonferroni adjusted probabilities.

Results

Behavioral results

American listeners were significantly better at identifying all

the /r–l/ stimuli except for stimulus 5 (Fig. 6b and Table 2). In

Experiment 1, the exception was stimulus 6 instead of 5. This is

understandable given the context of omitting stimuli 2, 4, 6, 8, and

10 in the identification task, especially stimulus 6 at the phonetic

boundary. Moreover, the /r–l/ discrimination task again showed

that American listeners had better performance for the cross-

category stimulus pair (5–7) and that Japanese subjects showed

higher sensitivity to within-category discrimination (pair 9–11, not

to pair 7–9, though). By contrast, the two subject groups had nearly

identical performance for the non-speech continuum.

MMF results

The /r–l/ results replicated the findings of Experiment 1. There

was no significant effect of stimulus (/ra/ vs. /la/ or their

counterparts of acoustic analogs) in either subject group. Japanese

listeners had reduced MMF amplitude and earlier MMF latency for

/r–l/ (Figs. 7a, b, c). They also responded to the /r–l/ stimuli with a

clear double N1m in both hemispheres, whereas Americans did not.

No significant between-group differences in MMF amplitude and

latency were found for the non-speech control. In addition, no

significant laterality effects were found for /r–l/ in either population.

However, the non-speech stimuli showed RH (right hemisphere)

dominance in both subject groups [42.80 (LH) vs. 49.97 (RH) fT/

cm; F(1,6) = 4.81, P = 0.07 for Americans, and 46.33 (LH) vs.

57.58 (RH) fT/cm; F(1,7) = 10.56, P b 0.05 for Japanese].



Fig. 6. (a) Spectrograms of the endpoint syllables of the /ra–la/ and /ra–la/ sine wave analog series. (b) Behavioral results of Experiment 2.
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ECD results

As in Experiment 1, ECD cluster and duration measures showed

between-group differences for /r–l/ (Figs. 7d, e, f, 8). Japanese

subjects had more clusters in processing the /r–l/ sounds [13.75

(Am) vs. 23.09 (Jp); F(1,13) = 3.68, P = 0.08] with longer durations
Table 2

Summary statistics for behavioral identification and discrimination in Experiment

Note. *** stands for P b 0.001, **P b 0.01, *P b 0.05 (two-tailed t test). N.S. ind

had better accuracy than the Japanese (Jp) listeners.
in ST [48.46 (Am) vs. 116.98 ms (Jp); F(1,13) = 7.31, P b 0.05] and

IP [37.63 (Am) vs. 65.43 ms (Jp); F(1,13) = 4.19, P = 0.06]. The

reduced significance level here was likely due to the smaller sizes of

subject groups. For the non-speech control, the ECD clusters did not

show significant between-group differences. However, there were
2 (Fig. 6b)

icates no significant difference. Unless shaded, the American (Am) listeners
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differences in ECD duration: Japanese listeners had longer activity

in ST [87.30 (Am) vs. 160.12 (Jp) ms; F(1,13) = 4.93, P b 0.05], and

American listeners had longer activity in IF [31.51(Am) vs. 15.37

(Jp) ms; F(1,13) = 4.51, P = 0.05]. No significant effects of

hemisphere or stimulus were observed in either subject group.

Speech–non-speech correlations

Simple pair-wise Pearson’s correlation analyses showed the

following results. For behavioral discrimination, Japanese listen-

ers’ responses to speech stimuli exhibited the same pattern as their

responses to non-speech [r = 0.79, P b 0.0001]. The neural data

showed similar results; in Japanese listeners, MMF amplitude in

the right hemisphere was strongly correlated for speech and non-

speech [r = 0.71; P b 0.001]. In addition, and as predicted,

Japanese subjects also showed significant bilateral speech–non-

speech correlations in ECD clusters [r = 0.59, P b 0.01 for LH; r =

0.62 P b 0.01 for RH] as well as in ECD durations [in ST, r = 0.61,

P b 0.01; and in IP, r = 0.52, P b 0.05]. No significant correlations

were seen between speech and non-speech, either in the behavioral

or neural data, for the American listeners.

MCE/MNE results

The MCE results are shown in Fig. 9. As in Experiment 1,

bilateral activation of the auditory cortex for /ra–la/ and for the
Fig. 7. MEG results of Experiment 2 plotted in the same convention as Fig. 3.

underneath the waveforms indicating the time range(s) where significant difference

amplitude and latency. (d) Mean total number of active ECD clusters in the whol

whole brain during the 20–700 ms time window. (f) Mean total ECD duration in
acoustic analogs was consistently found for both American and

Japanese groups. The general patterns in the spread of activation

between the American and Japanese groups also appeared

consistent with those of Experiment 1 and the ECD results of

Experiment 2. Unlike Experiment 1, however, the MNE statistics

did not show any significant between-group differences in either

the number of active locations or the active duration. Nevertheless,

we still observed some consistency in the spatial distributions of

activities. For /r–l/, there were more current-weighted number of

active locations in the Japanese listeners than in Americans at a

marginally significant level [60.9% (Am) vs. 72.6% (Jp) in

weighted percentage; F(1, 13) = 4.22, P = 0.061]. On the other

hand, no significant difference was found for the tonal analog

stimuli in the weighted or non-weighted calculations. As in the

ECD analysis, no significant effects of hemisphere or stimulus

effects were observed in the MNE results.

Discussion

Experiment 2 essentially replicated the main results for /r–l/ in

Experiment 1. First, American and Japanese listeners show large

behavioral differences in the ability to categorize the /r–l/ stimuli.

Second, Japanese listeners showed earlier and reduced mismatch

responses to the /r–l/ stimuli. Third, Japanese listeners recruited
(a) MEG waveform. (b) Vector sum waveforms and dark horizontal bars

s between deviant and standard were found. (c) Mean maximum peak MMF

e brain as a function of time. (e) Mean total number of ECD clusters in the

four brain regions.



Fig. 8. ECD spatial distribution data plotted in the same convention as Fig. 4. Composite category-specific ECD activities (yellow dots) from 7 American

listeners (top in each panel) and 8 Japanese listeners (bottom in each panel) are shown for each of the two experimental stimuli, /ra/ and /la/ (blue, left side), and

each of the two control stimuli, /ra/ analog and /la/ analog (gray, right side). Left brain, right brain, and top-of-the-head view are shown in each row.
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bilaterally more brain resources with relatively longer activities in

ST and IP regions. The /r–l/ analogs did not show such differences.

The ECD and MCE/MNE results in Experiment 2 further indicate

that brain activities in both populations are bilaterally distributed

for the speech stimuli as well as the non-speech control. Both

populations also show overlapping brain regions activated for

speech and non-speech, consistent with earlier fMRI studies

(Binder et al., 2000; Joanisse and Gati, 2003).

The non-speech ECD duration results will be interesting to

explore in future studies as we found significantly longer ST

activity in Japanese listeners and significantly longer IF activity in

American listeners. Language experience may change the neural

responses for non-speech spectral patterns that mimic those found

in speech (Salmelin et al., 1999; Vihla et al., 2002). When listening

to such non-speech stimuli, listeners may demonstrate increased

sensitivities to the learned auditory patterns (Hsieh et al., 2001). In

a sense, non-speech that closely maps native speech may bfoolQ
neural networks dedicated to speech.

A noteworthy finding of Experiment 2 is that only Japanese

listeners showed significant correlations between speech and non-

speech. This was the case for behavioral discrimination, MMF,

ECD cluster, and duration measures. Thus, for Japanese listeners,

/r–l/ speech and their non-speech analogs appear to draw on very

similar auditory processing strategies except when they were asked

to label the stimuli. In contrast, American listeners use distinct

processing strategies for /r–l/ speech and /r–l/ non-speech analogs

and no correlations between speech and non-speech were observed.

General discussion

The two experiments in the present study demonstrate strong

effects of language experience on speech perception. In both
Experiments, Japanese listeners exhibit reduced sensitivity in

discriminating American English /r–l/ (Figs. 1b, 6b and Tables 1,

2 for behavioral data; Figs. 3a, b, c and 7a, b, c for MEG data).

However, the results go beyond demonstrating this well-known

difficulty. Our findings show that Japanese listeners not only have

difficulty discriminating cross-boundary /r–l/ stimuli but they also

show significantly better within-category discrimination for /r–l/,

which would make /r–l/ categorization very difficult. There is also

an asymmetry in within-category discrimination as the cross-

linguistic difference was observed only for /l/ but not for /r/.

Previous studies have also observed this phenomenon (e.g.,

Miyawaki et al., 1975) and demonstrated further that, while

American listeners focus attention on the critical F3 difference in

the /r–l/ stimuli, Japanese listeners essentially ignore F3 and attend

instead to F2 variations in the stimuli, ones that are irrelevant to the

/r–l/ distinction (Iverson et al., 2003). In contrast, neither the

linguistic control stimuli (the /b–w/ of Experiment 1) nor the

acoustic control stimuli (the /r–l/ analogs of Experiment 2) showed

the same patterns of subject-group differences.

What produces these cross-language processing differences?

We attribute these perceptual differences to early linguistic

experience (Kuhl, 2000, 2004; Werker and Tees, 1984), and more

specifically, to infants’ well-demonstrated sensitivities to the

statistical distributions of auditory speech patterns present in

language input (Jusczyk, 1997; Kuhl et al., 1997; Maye et al.,

2002; Saffran et al., 1996). We argue that early experience results

in a neural commitment to the frequently occurring patterns in

native-language speech (Kuhl, 2000, 2004). For instance, as early

as 6 months of age, infants raised in the United States and Sweden

in monolingual families already show that they are less sensitive to

within-category variations in native-language vowels when con-

trasted with comparable changes in foreign-language vowels (Kuhl



Fig. 9. Minimum current estimates for each stimulus in Experiment 2. Samples between 20 and 700 ms were integrated and averaged for each subject group.

Note that there was a smaller sample size in Experiment 2 for each group than in Experiment 1.
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et al., 1992). This effect, named the perceptual magnet effect, has

been demonstrated both in infants (Kuhl, 1991; Kuhl et al., 1992)

and adults (Guenther et al., 2004; Iverson and Kuhl, 1996; Iverson

et al., 2003) and confirms the effects of native-language experience

in warping the mental representations of acoustic space for

phonetic categories. Moreover, the results of our study are in line

with these behavioral data as well as the accumulated MMN/MMF

data (Dehaene-Lambertz, 1997; Dehaene-Lambertz et al., 2000;

Näätänen et al., 1997; Nenonen et al., 2003; Rivera-Gaxiola et al.,

2000; Sharma and Dorman, 2000; Winkler et al., 1999), showing

that the roots of cross-language speech processing differences

appear to lie in the sensory (pre-attentive) processing of acoustic

distinctions, with experience affecting not only the acoustic

dimensions that are attended to but also the temporal window

over which the phonetic information is processed.

What evidence in support of the early experience/neural commit-

ment hypothesis can be gleaned from the neural efficiency data?

First, the ECD cluster measures suggest that linguistic experience

alters the brain’s deployment of cortical resources during speech

processing. The same /r–l/ speech sounds produced more focal

cortical representations with shorter duration of activation in the

Americans when compared with the Japanese ((Figs. 3d, e, f, 4, 7d,
e, f, 8); also see Movie 1 in Appendix as supplementary

information). The spatial patterns of brain activities showing the

cross-language differences were also supported by MCE/MNE

results (Figs. 5 and 9). These effects were not seen with either

linguistic or acoustic control stimuli. Second, regional analyses

from ECD results suggest a neural circuitry that subserves both

speech and non-speech perception, consisting of the ST, MT, IP,

and IF cortex. Linguistic experience appears to impact ST and IP

significantly, where processing non-native speech information

involved longer durations of neural activation. The general brain

activation patterns are consistent with earlier imaging studies of

phonetic perception (Callan et al., 2003, 2004; Golestani and

Zatorre, 2004; Guenther et al., 2004; Wang et al., 2003) and of

language comprehension as well. In one, word recognition in a

second language elicited more diffuse and variable brain activation

than in the native language (Dehaene et al., 1997). In another,

cochlear-implant users, after language training, showed increased

brain activation in the auditory cortex compared to normal subjects

(Naito et al., 2000). Our results integrate these findings by

suggesting that the deployment of additional brain resources

associated with non-native language processing or newly acquired

language comprehension ability may have its roots in native-
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language learning at the phonetic level, which results in a neural

commitment to learned patterns in the absence of explicit attention

(Kuhl, 2000, 2004). We suppose that the attainment process of

neural commitment early in life may involve fundamental changes

in cortical synaptic connections and connectivity in neural path-

ways (Golestani et al., 2002; Kandel, 2001). It remains to be

explored how early language exposure, as characterized by the

prevalent use of motherese in the vital context of social interaction

(Kuhl et al., 1997, 2003), fine tunes the unsupervised self-

organizing neural system (de Boer and Kuhl, 2003; Guenther

and Gjaja, 1996; McCandliss et al., 2002; Munakata and Pfaffly,

2004), giving rise to the neural commitment to language-specific

auditory patterns.

A cautionary note is necessary regarding the interpretation of

bneural efficiency.Q An alternative account is simply that the

observed differences in brain activity may not be due to neural

efficiency, but they could reflect rather fundamentally different

types of neural processes used by native and non-native speakers.

Relatively speaking, the construct of efficiency has a strong

intuitive appeal in cognitive neuroscience—higher ability in any

domain of intelligence (linguistic, musical, logical–mathematical,

spatial, bodily kinesthetic, etc.) means more efficient use of the

underlying neural mechanisms (Deary and Caryl, 1997; Näätänen,

1973; Neubauer et al., 2004). However, this notion is not without

problems in characterizing the brain activation patterns in

association with certain traits of the subjects under study. For

instance, smaller activation does not necessarily mean greater

efficiency in cases involving deficiency of the neural system (e.g.,

Brunswick et al., 1999), emotional involvement (e.g., Sanfey et al.,

2003), attentional modulation (e.g., Shomstein and Yantis, 2004),

or overlearning (e.g., Grabner et al., 2003). We take the position

that either the brain as a whole, or particular task-related ROIs, can

be considered less efficient if more and longer brain activity is

involved in executing the SAME task. Generally, one can compare

efficiency across subjects rather than within a subject; if it is within

a subject, it would have to be measures at different times for the

SAME task—for example, before and after training or at different

ages in a longitudinal design to look at developmental changes.

Under these specifications, for example, interpreting hemispheric

laterality effects in terms of efficiency would be inappropriate

because the two hemispheres are parts of the same system that

could be engaged in different aspects of the task. What makes

bneural efficiencyQ difficult in some cases is that it does not

necessarily correspond to bbehavioral efficiencyQ in a linear sense.

Conflicting findings have been reported in a number of studies

using linguistic, cognitive, or motor tasks (see Landau et al., 2004;

Poldrack, 2000; Van Mier, 2000 for reviews). Changes in brain

activation may reflect not only prior learning experience but also

the time course of learning, subject characteristics, and the nature

of task. It appears that only more empirical facts will allow us to

examine the validity of the neural efficiency concept and to

develop and test specific ideas of how efficiency of a neural

network is related to its activation.

Despite the fact that our stimuli were presented only to the right

ear, our study did not show the clear left-hemisphere dominance

for speech perception that is documented in the literature (e.g.,

Breier et al., 1999; Dehaene-Lambertz et al., 2005; Frost et al.,

1999; Koyama et al., 2000a; Liégeois-Chauvel et al., 1999;

Näätänen et al., 1997). Bilateral activation patterns for speech

under a monaural condition have been reported previously

(Ackermann et al., 2001; Wong et al., 2002). A number of other
studies also support the idea that speech is processed bilaterally at

the phonetic level (Binder et al., 2000; Hickok and Poeppel, 2000;

Joanisse and Gati, 2003; Kasai et al., 2001; Mathiak et al., 2000;

Scott and Johnsrude, 2003). On the other hand, consistent with

many other studies (see Tervaniemi and Hugdahl, 2003 for a

review), we observed relatively stronger MMFs for the tonal

stimuli in the right hemisphere than in the left in both of our subject

groups. Among the major factors, such as subject attributes of

gender and handedness (e.g., Salmelin et al., 1999; Tzourio et al.,

1998), experimental task (e.g., Szymanski et al., 1999), and

stimulus properties (e.g., Kasai et al., 2001; Rinne et al., 1999;

Shtyrov et al., 2000b), the assessment of hemispheric laterality

may depend on the component of the brain responses and the time

window being examined (Hertrich et al., 2002; Papanicolaou et al.,

2003; Rinne et al., 2000; Sams et al., 1990; Shtyrov et al., 2000a).

Further research is necessary to determine what factors (see

Näätänen, 2001; Tervaniemi and Hugdahl, 2003; Tzourio-Mazoyer

et al., 2004; Vihla and Salmelin, 2003; Zatorre and Belin, 2001 for

discussions), including the attentional demands and the levels of

linguistic processing involved, contribute to left hemispheric

dominance for speech or the lack thereof.

Collectively, the behavioral and MEG measures in the present

study provide substantiating evidence for a neural commitment to

the native language that underlies the observed accuracy and

efficiency in native as opposed to non-native speech categoriza-

tion. Our results specifically indicate that this neural commitment

reflects the linguistic aspects of the sound patterns in a listener’s

primary language and thus may serve as a bneural markerQ of

language learning. We predict that, like the MMN/MMF, the ECD

cluster and duration measures should be sensitive to the effects of

second-language learning. In other words, neuromagnetic measures

taken before and after successful training on non-native phonetic

contrasts should show increases in efficiency. Furthermore, these

measures should be sensitive to learning during development; as

children learn the acoustic cues that reliably distinguish phonemic

categories in their language, neural efficiency should systemati-

cally increase.
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Näätänen, R., 1973. The inverted-U relationship between activation and

performance: a critical review. In: Kornblum, S. (Ed.), Attention and

Performance IV. Academic Press, New York, pp. 155–174.
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Näätänen, R., 2001. The perception of speech sounds by the human brain as

reflected by the mismatch negativity (MMN) and its magnetic

equivalent (MMNm). Psychophysiology 38, 1–21.
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Uutela, K., Hämäläinen, M., Somersalo, E., 1999. Visualization of

magnetoencephalographic data using minimum current estimates.

NeuroImage 10, 173–180.

VanMier, H., 2000. Human learning. In: Toga, A., Mazziotta, J. (Eds.), Brain

Mapping: The Systems. Academic Press, San Diego, pp. 605–620.

Vihla, M., Salmelin, R., 2003. Hemispheric balance in processing attended

and non-attended vowels and complex tones. Cogn. Brain Res. 16,

167–173.

Vihla, M., Kiviniemi, K., Salmelin, R., 2002. Auditory cortical activation in

Finnish and Swedish speaking Finns: a magnetoencephalographic

study. Neurosci. Lett. 322, 141–144.

Wang, Y., Sereno, J.A., Jongman, A., Hirsch, J., 2003. fMRI evidence for

cortical modification during learning of mandarin lexical tone. J. Cogn.

Neurosci. 15, 1019–1027.

Werker, J.F., Tees, R.C., 1984. Cross-language speech perception: evidence

for perceptual reorganization during the first year of life. Inf. Behav.

Dev. 7, 49–63.

Werker, J.F., Tees, R.C., 1999. Influences on infant speech processing:

toward a new synthesis. Annu. Rev. Psychol. 50, 509–535.

Winkler, I., Czigler, I., Jaramillo, M., Paavilainen, P., Näätänen, R., 1998.

Temporal constraints of auditory event synthesis: evidence from ERP.

NeuroReport 9, 495–499.

Winkler, I., Kujala, T., Tiitinen, H., Sivonen, P., Alku, P., Lehtokoski, A.,
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