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equivalent of the MMN when measured with magnetoencepha-

lography) for stimuli identified as members of different categories 

than for stimuli identified as members of the same category, even 

when the physical differences were larger for the within- than for 

the between-category contrast. Further, topographic analysis of 

the MMNm response revealed stronger activity on the left than 

the right for the native-language contrast, but a smaller difference 

between the two hemispheres for the non-native contrast.

Surprisingly, the MMN has rarely been measured in more 

experienced second language learners. One study that included 

both fluent and naïve L2 listeners suggested a surprising degree 

of plasticity: while naïve listeners produced a smaller MMN than 

native speakers and proficient adult learners, no difference was 

found between the fluent users of L2 and the native speakers 

(Winkler et al., 1999). The analyses in this study only consid-

ered a single fronto-central electrode (Fz), however, and thus 

were insensitive to possible differences in the topography of the 

response (Murray et al., 2008). In particular, if the native- and 

non-native speakers differ in the laterality of the MMN genera-

tors, this would not be observable by considering waveforms 

from the electrode at which it is typically analyzed (Maurer 

et al., 2003b).

The current study applies high-density EEG and topographic 

analysis of the MMN to native and familiar non-native speech 

sounds in order to examine the influence of early learning on 

different features of the MMN to L2 contrasts, using advanced 

topographic analysis techniques to explore differences in the lat-

erality of this response between native and non-native listeners. 

We also apply source localization, in order to compare our results 

to fMRI studies that have examined change detection responses in 

left temporal and parietal regions that appear specific to native-

language speech categories when compared to unfamiliar L2 sounds 

INTRODUCTION

Part of learning to speak and understand one’s native language 

(L1) is the development of expertise in perceiving and categorizing 

sounds from the “phonetic inventory” of that language. Very early 

in development, perceptual and attentional responses to speech are 

shaped by native language input, so that sounds that are  contrastive 

– i.e., that can distinguish two words from one another, such as the 

first sounds in “lock” and “rock” for infants in an English-speaking 

environment – elicit different responses than sounds that are not 

– the same sounds for infants in a Japanese-speaking environment 

(e.g., Kuhl et al., 2006). Loss of sensitivity to foreign language (L2) 

contrasts not present in one’s native phonetic inventory can ulti-

mately result in failures to achieve native-like speech perception and 

production even after many years of experience (see Werker and 

Tees, 2005 for a recent review). Here we examine electrophysiologi-

cal responses to contrasts in a familiar L2 in which participants have 

been immersed for a long time – and in which they are relatively 

proficient – using a mismatch negativity (MMN) paradigm.

Electro- and magnetoencephalographic measures of brain 

responses to speech have made extensive use of passive mismatch 

paradigms in which auditory stimuli are presented repeatedly, with 

one stimulus (the “standard”) having a much higher frequency 

of occurrence than another (the “deviant,” Winkler et al., 1990; 

Näätänen et al., 2001). The difference between responses to deviant 

and standard, typically a negative-going difference wave starting 

between 100 and 200 ms after stimulus onset – the MMN – is 

proposed to index auditory change detection (Escera et al., 2000). 

The MMN to speech is influenced by language experience, such 

that responses to unfamiliar speech contrasts are weaker and less 

left-lateralized than responses to native speech sounds. For example, 

Näätänen et al. (1997) presented participants with stimuli drawn 

from a synthetic vowel continuum and found a larger MMNm (the 
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(Jacquemot et al., 2003; Callan et al., 2004). Differences in the MMN 

between the two groups may provide insights into Japanese speak-

ers’ persistent difficulties in learning this contrast (Oyama, 1978; 

Bradlow et al., 1997).

MATERIALS AND METHODS

SUBJECTS

Twenty native Japanese speakers (12 female) and 20 native 

English speakers (seven female) participated in the study. Groups 

were matched for age (average 29.7 years for Japanese speak-

ers, 30.1 years for English speakers, −1 < t < 1). All participants 

were right-handed, as ascertained by self-report. Non-native 

speakers had spent a mean of 7.5 years (SD = 6.2) in English-

speaking countries before testing, and had a mean age of arrival 

(AOA) of 21 years (SD = 11.7). Scores for non-native speakers 

on a standard vocabulary test (Woodcock-Johnson III Reading 

Vocabulary subtest; Woodcock et al., 2001) reflect a mean age 

equivalence of 18.2 years, whereas English speakers were near ceil-

ing on the test (age equivalence of 49 years; Woodcock-Johnson 

Scores were not acquired for three native English-speaking par-

ticipants). This test involves providing spoken answers to written 

prompts for synonyms, antonyms, and analogies, and is used here 

to measure general language proficiency. Although they clearly 

differed from age-matched native English speakers, the Japanese 

speakers had vocabulary skills equivalent to young adult native 

English speakers.

STIMULI

Stimuli were edited natural speech produced by a native English 

speaker (Jason D. Zevin). One recording each of /ra/ and /la/ were 

selected to match for pitch and overall amplitude. Stimuli were 

then edited using Praat (Boersma, 1996/2001) software to match 

for duration (100 ms) and eliminate any remaining differences 

in amplitude (using the “Scale to Peak” function). Importantly, 

because the stimuli were naturally produced, they differed slightly 

in timbre and vowel quality (in particular the third formant, which 

was substantially lower for the /ra/ stimulus than for the /la/). 

Spectrograms and waveforms are presented in Figure 1.

 PROCEDURE

Subjects were seated in a sound-attenuated, electrically shielded 

booth. E-Prime software (Psychology Software Tools, Pittsburgh, 

PA, USA) was used for stimulus presentation in both the behavioral 

and MMN paradigms, and for data collection in the behavioral 

paradigm.

Behavioral testing

Subjects’ ability to discriminate stimuli used in the MMN paradigm 

was assessed in a discrimination task, run after the EEG experiment. 

Stimuli were presented over headphones (Sony ECM-CS10) in sets 

of four – three repeated stimuli followed by a fourth stimulus which 

was either the same or different from the first three. Subjects were 

instructed to respond by pressing the “1” key if all four stimuli were 

FIGURE 1 | Spectrograms and waveforms of stimuli.
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response to Deviants at the electrode position corresponding to Fz 

in the 10/20 system (Luu and Ferree, 2000). Because the /la/ and /

ra/ stimuli each served as both Standard and Deviant, we were able 

to compute an “identity” MMN (e.g., Pulvermüller and Shtyrov, 

2006). Further, rather than consider Fz alone, we conducted two 

sets of waveform analyses; the first focusing on fronto-central elec-

trodes at which maximal auditory evoked responses were observed 

and the second designed to look at differences in the laterality and 

timing of the response.

“Composite” Fz measures

We sought to reduce inter-subject differences in the topography 

of evoked responses to speech by considering waveforms from 

a “composite” electrode. The composite electrode was made by 

first finding the peak positive response during the P2 window 

(in the mean response all stimulus types, Standard and Deviant). 

This time window was selected because the P2 was the largest 

and most obviously “peaked” of the early obligatory responses, 

and had a highly consistent topography between participants. 

The mean of this electrode and its five nearest neighbors was 

then computed for each condition (Standard, Deviant) as well 

as the MMN. Figure 3 depicts the electrodes used in this analy-

sis. MMNs were identified as the peak negativity in the sub-

traction wave (Deviant – Standard) between 120 and 270 ms 

post-stimulus onset inverting at a spatial average of posterior 

electrodes. Analyses of the MMN were conducted by determin-

ing the latency and amplitude of these peaks. Both latency and 

amplitude of the MMN were compared between groups with a 

two-tailed t-test. Results did not differ from analyses conducted 

using a single electrode, so only results from the spatial average 

are reported below.

ANOVA on F3/F4 and mastoids

In order to test for group differences in laterality and latency of the 

MMN, we conducted an ANOVA on time-binned data from four 

canonical electrode sites (based on the 10/20 system) in a repeated-

measures test with five factors: Group (EL1 vs. JL1) × Standard-

type (/ra/ vs. /la/) × Hemisphere (right vs. left) × Site (anterior 

electrodes F3/F4 vs. posterior electrodes LM/RM) × Time (100–

300 ms in 20 ms bins). Such analyses typically include midline 

electrodes (e.g., Fz and Cz, Becker and Reinvang, 2007; Kirmse 

et al., 2008) but because our primary goal was to test for lateral-

ity differences, these were excluded. The particular frontal elec-

trodes (F3/4) were selected because previous studies have produced 

robust MMNs in these channels (Tiitinen et al., 1994; Kwon et al., 

2009; indeed, this is true in the current data as well), and the left 

and right mastoids (T9/10) selected because these typically show 

robust reversals (Yabe et al., 1997; Koelsch et al., 1999, see also 

Figures 5 and 6).

TOPOGRAPHIC ANALYSES

Isolating time periods of interest with TANOVA

A major methodological issue in topographic analysis is the selec-

tion of a time period over which to compute topographies, particu-

larly when comparing two groups. For the MMN, it is important 

to select a time window during which there is evidence for a mis-

match response in both groups. This was accomplished by running 

the same, the “2” key if the last stimulus was different, or the “3” 

key if they were unsure. Each stimulus was presented 20 times in 

each of the four cells generated by crossing stimulus order (/ra/ or 

/la/ as “standard”) and condition (“same” or “different”). Stimulus 

order was randomized for each subject. In addition, three sets of 

filler stimuli (used in other studies) were presented during the 

same session, intermixed with stimuli used in the current study. 

Behavioral data were not obtained for three native English speakers 

because of scheduling errors.

MMN paradigm

Stimuli were played over a single free-field speaker positioned 

approximately 1 m from the subjects, placed toward the center 

of the room, on the floor. During stimulus presentation, subjects 

watched a DVD of their choice (without sound, but with subti-

tles on) on a portable DVD player with (SONY DVP-FX810, 8′′ 
diagonal LCD screen) positioned approximately 80 cm from them 

to minimize eye movements. A total of 1080 stimuli were played 

with a stimulus onset asynchrony (SOA) of 600 ms in each of two 

blocks. Deviant stimuli had an overall probability of 1:6, achieved 

by arranging stimuli into triplets of either three repeated stand-

ards or two standards followed by a deviant. This arrangement was 

opaque to subjects because of the constant SOA and randomization 

of trials (resulting in each deviant being proceeded by 2, 5, 8, or 11 

standards), but allowed us to select a subset of the standard stimuli – 

with the same number (180) and the same distribution of preceding 

standards – for direct comparison with the deviants. Each stimulus 

as both Standard and Deviant, with block order counterbalanced 

across participants, so that half the participants heard a block with 

/ra/ as the Standard followed by a block with /ra/ as the Deviant, 

and the other half heard the blocks in the reverse order.

EEG recording and preprocessing

EEG was recorded using a 128-channel Hydrocel geodesic sensor 

net (EGI, Eugene, OR, USA) with a Cz reference. Data were sam-

pled at 500 Hz/channel with hardware filter settings 0.1–100 Hz. 

Impedance was kept below 50 kΩ (Ferree et al., 2001) by reapplica-

tion of KCl solution when necessary.

Using BESA software (MEGIS Software, Gräfelfing, Germany), 

channels with consistent artifacts were spline interpolated (no 

more than 10% of channels per subject) and eye blinks were cor-

rected (multiple source eye correction method; Berg and Scherg, 

1994). The interpolated, corrected data were then bandpass filtered 

(0.3–30 Hz), segmented (−150 to 750 ms) to obtain event-related 

potentials (ERPs), and further artifacts rejected (±100 µV), before 

averaging. Using Brain Vision Analyzer software (Brain Products, 

Munich, Germany), the data were re-referenced to the average and 

filtered at 1 Hz before computing global field power (GFP) for 

each subject.

WAVEFORM ANALYSIS OF THE MMN

Grand means were computed for each condition (Standard, 

Deviant) and their difference for each group (native, non-native). 

Because many more Standard stimuli were presented than Deviants, 

a subset of these was sampled so that they had a similar distribu-

tion in time over the course of the experiment. The MMN was 

computed by subtracting the response to Standard stimuli from the 
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had near perfect sensitivity, whereas only three of 20 native Japanese 

speakers in this range, W = 274, p < 0.001, although all of the JL1 

participants were well above chance.

MISMATCH NEGATIVITY

Waveform analyses using composite Fz

Figure 3 shows the grand mean waveforms at Fz (based on the 

mean of six electrodes, as described above) for native and non-

native English speakers. A strong MMN was observed for both 

groups, which was slightly larger for native English speakers, and 

had a slightly earlier peak for native Japanese speakers. However, 

neither peak amplitude nor peak latency differed reliably between 

the two groups (ts < 1, see Figure 4 for distributions); there were 

also no differences in GFP, t < 1.

 For Japanese subjects, correlations were examined between 

amplitude and latency of the MMN and AOA in the United States. 

No significant relationship was found in correlations of MMN 

latency or amplitude with AOA, length of residence, or percent-

age use. A significant correlation was found, however, between 

latency of the MMN and performance on the discrimination task 

(d′ measures, plotted in Figure 4), t(14) = 3.64, p < 0.005, such that 

longer MMN latencies were associated with greater selectivity in 

this task, even when two outlier participants with perfect d′ scores 

were excluded, t(12) = 2.275, p < 0.05.

separate TANOVAs (Strik et al., 1998) for “deviant” vs. “standard” 

in the two groups, and looking for periods of overlap between the 

two (following Maurer et al., 2003b). A TANOVA on raw maps 

detects all systematic amplitude differences between two maps 

based on a non-parametric randomization test (Holmes et al., 

1996) on the GFP of difference maps (Lehmann and Skrandies, 

1980; Lehmann et al., 1998). First, segments with significant dif-

ferences (p < 0.01) were identified, then segments were collapsed 

if they were separated from one another only by time frames for 

which p < 0.05.

Centroid analysis

Centroids were computed (Lehmann, 1990) for each time segment 

identified in the TANOVA for the MMN. This method is purely 

topographic in that it disregards overall differences in signal inten-

sity; centroid analysis treats the distribution of electrical activity 

at the scalp as a mass and attempts to find the “center of grav-

ity” for both positive and negative poles in a three-dimensional 

space scaled to be compatible with Talairach coordinates (Talairach 

and Tournoux, 1988). These measures were compared between 

groups using a repeated-measures multivariate ANOVA with the 

three coordinate axes (left–right, anterior–posterior, and superior–

inferior) as dependent measures and group (native vs. non-native) 

as the independent variable (Maurer et al., 2003a,b). Univariate tests 

were conducted in order to interpret interactions in the MANOVAs, 

and when a priori predictions about laterality were motivated by 

the existing literature.

SOURCE LOCALIZATION WITH LORETA

In order to identify potential cortical sources for the observed 

MMN, we conducted source localization with low resolution 

electromagnetic tomography software (LORETA; Pascual-

Marqui et al., 1994, available at: http://www.unizh.ch/keyinst/) 

on the normalized, averaged difference maps for each group inde-

pendently, based on the MMN time segment identified in the 

TANOVA. LORETA attempts to find gray matter sources based on 

a forward model of how brain activity can give rise to observed 

scalp potentials, and an additional smoothness constraint (to 

account for the fact that larger contiguous cortical activations are 

more likely to be observable at the scalp). These putative sources 

can then be mapped in Talairach space (Pascual-Marqui, 1999). 

In the current context, the goal of this analysis is to establish 

the potential sources of activation for scalp maps known to dif-

fer significantly between groups based on topographic analysis, 

rather than to establish a statistical difference between groups 

in source location.

RESULTS

BEHAVIORAL DATA

Whereas native English speakers were nearly perfect in discrimi-

nating the two sounds from one another, native Japanese speak-

ers were much less accurate in the same/different judgment task 

(“not sure” responses accounted for less than 1% of all responses 

for both groups and were treated as errors). Each participant’s d′ 
was computed (with a correction of 0.0001 for values of 0 and 1, 

yielding a maximum value of 7.44). The distribution of d′ scores 

shown in Figure 2 shows that all but three native English speakers 
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FIGURE 2 | d′ Analysis of behavioral discrimination results. Density plots 

(top) and the corresponding histograms of d′ scores for native English speakers 

(black lines and bars) and native Japanese speakers (red lines and bars).
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between the anterior and posterior sites on the right than the left, and 

Time, F(9,342) = 9.45, p < 0.001, which is difficult to interpret because 

it collapses negative frontal activity with positive activity observed at 

mastoids. These analyses were optimized to observe laterality differ-

ences by selecting electrode sites that cross the midline and are known 

to show the strongest MMN response (confirmed in our data, see 

Figures S1 and S2 in Supplementary Material for waveforms from 

a larger array of electrodes equivalent to the 10/20 system). These 

analyses consider only 4 of 128 electrodes from which data were col-

lected, however. It is possible that a more sophisticated topographic 

analysis that takes the full spatial extent of the data into account 

would reveal differences that are invisible to this approach.

Latency and laterality effects in analyses with F3/F4 and mastoids

A three-way interaction of Group × Site × Time was observed, 

F(9,342) = 2.42, p < 0.05 driven by two features of the data: (1) 

an overall earlier MMN for native Japanese speakers, and (2) the 

reversal in polarity between frontal and mastoid electrodes (see 

Figure 5). An interaction of Site with Time was also observed, 

F(9,342) = 8.05, p < 0.001, also driven by the reversal in polarity 

between different levels of Site.

Although we predicted differences in laterality between groups, 

there were no significant interactions involving Hemisphere and 

Group. The only significant interactions involving Hemisphere were 

with Site, F(1, 38) = 21.84, p < 0.001, driven by the larger difference 

5
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5

5

9

Native English Speakers

Native Japanese Speakers

FIGURE 3 | Mismatch negativity waveforms from Fz. Grand mean waves 

from fronto-central location Fz are shown on the left for the Standard (black) 

and Deviant (blue) conditions, as well as the difference between them 

(colored red) for native English and Japanese speakers. The MMN is clearly 

visible in the difference wave between 150 and 250 ms for both groups. 

A schematic diagram of the electrode array is shown on the right, with each 

electrode colored in grayscale to indicate the proportion of participants for 

whom it was used in the average. The electrode outlined in green is the 

nominal equivalent of Fz, according to measurements taken by Luu and 

Ferree (2000).
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earlier studies localizing the phonetic MMN, whereas the solution 

for native Japanese speakers is more right-lateralized (60, −39, 8) 

consistent with localization of non-phonetic MMN.

DISCUSSION

Behavioral and electrophysiological responses to speech contrasts 

were influenced by early language experience. Native Japanese 

speakers were well above chance in discriminating /la/ from /ra/, 

but were nonetheless much less accurate than native English speak-

ers, despite years of immersive exposure in an English-speaking 

environment, and relatively high proficiency with English overall. 

Interestingly, standard waveform analyses of the MMN did not 

reveal strong differences between groups, consistent with previous 

research suggesting that the MMN can be highly plastic (Winkler 

et al., 1999). This was true whether waveform analyses were con-

ducted on single electrodes, using averages of multiple electrodes, 

selected to reflect the peaks of obligatory waves. When topographic 

analyses were conducted using canonical electrode locations (F3/4, 

mastoids), significant group differences in the timing of the MMN 

were revealed in an interaction between time and group – with a 

larger response earlier for the JL1 participants. When a more thor-

ough topographic analyses topographic analysis was conducted, 

however, consideration of the full dense array of electrodes revealed 

small but consistent effects of language experience: MMN topog-

raphies suggested that the probable cortical sources for the English 

sounds /ra/ and /la/ were less left-lateralized for Japanese speakers 

than for native English speakers. This was confirmed using source 

analysis techniques.

Topographic analyses

To identify time periods for topographic analysis of the MMN, 

a TANOVA was computed comparing topographies to standards 

and deviants. As shown in Figure 7, two overlapping windows were 

found during which there was a significant difference between devi-

ant and standard stimuli for both groups, 130–264 ms, consistent 

with the MMN and 330–384 ms, consistent with a P3a compo-

nent. Although there were no significant effects in the MANOVA, 

a planned univariate test on the centroid locations in the left–right 

dimension revealed a difference in lateralization during the ear-

lier segment, F(1,38) = 5.288, p < 0.05. No group differences were 

significant for other dimensions, nor in a separate analysis of the 

later segment. No significant correlations were observed between 

laterality and biographical variables. Thus, the only significant dif-

ference between groups in the topographic analyses was a differ-

ence in the laterality of the MMN response. The centroid locations 

and topographies are consistent with bilateral, posterior genera-

tors for both groups, with a stronger response on the left than the 

right for native English speakers, and the opposite laterality for 

Japanese speakers. This was further investigated with source analy-

ses using LORETA.

Source localization

The LORETA solution for the MMN time window for both groups, 

shown in Figure 8 reflects bilateral activity of the posterior supe-

rior temporal gyri. Different maximal sources were identified for 

the two groups: For native English speakers the peak activity was in 

left posterior STG (−59, −32, 15 in Talairach space), consistent with 
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FIGURE 6 | Site × Hemisphere interaction. Voltages at anterior sites are more negative, and voltages at posterior sites are more positive in the right hemisphere. 

Time bins represent post-stimulus times between 100 and 300 ms.
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and Japanese participants is that the peak is somewhat earlier for the 

non-native listeners. This effect is clearly visible in the Fz waveforms 

(Figure 3, see also distribution in Figure 4) and is supported by 

a group by site by time interaction in the four-electrode ANOVA. 

Latency differences have been inconsistent in previous studies; for 

example, Zhang et al. (2005) reported latency differences consistent 

with those reported here (for naïve Japanese listeners tested on the 

same contrast) whereas other studies have not found obvious latency 

differences in the MMN (e.g., Winkler et al., 1999; although note that 

we did not find effects when only peak latency was analyzed, as in that 

study). The correlation between MMN latency and selectivity in the 

behavioral task suggests that this difference may have some functional 

significance, however: having a later peak MMN was associated with 

higher accuracy in the behavioral task.

LATERALITY OF THE MMN

The gross topography – fronto-central negativity and posterior/

temporal positivity – of the MMN was similar between native 

English and Japanese speakers. Subtle differences in laterality were 

observed, however, indicating a response with a positive pole on 

the left and a negative pole on the right for native English speakers 

and a more balanced, right-lateralized response for Japanese speak-

ers. While this pattern is clearly visible in depictions of the data 

that take the full array of electrodes into account (Figure 7), and 

was significant in centroid analyses that are sensitive to patterns of 

activity that are diffused over a wide area, it was not detectable by 

analyses that relied on standard landmark electrodes, suggesting 

an important role for more comprehensive topographic analyses in 

evaluating differences in the MMN between language groups.

Using LORETA, we confirmed that the most likely sources for 

both EL1 and JL1 participants were bilateral superior temporal and 

inferior parietal cortices, and that the stronger source was likely 

AMPLITUDE AND LATENCY OF THE MMN

There were no differences in the size of the MMN between groups in 

any of the analyses. This is in contrast with what is widely observed for 

differences between unfamiliar non-native speech contrasts and native 

contrasts, i.e., large differences in amplitude measured at the fronto-

central electrode Fz (Aaltonen and lang, 1997; Dehaene-Lambertz, 

1997; Näätänen et al., 1997; Tremblay et al., 1997; Szymanski et al., 

1999; Dehaene-Lambertz et al., 2000; Sharma and Dorman, 2000; 

Peltola et al., 2003; Shestakova et al., 2003; Peltola and Aaltonen, 

2005; Ylinen et al., 2006; Rinker et al., 2010), but consistent with 

what has been observed for L2 speakers that have been immersed in 

their non-native language for significant periods of time (Winkler 

et al., 1999). One striking difference between the MMN for English 
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FIGURE 7 | Topographic analyses of scalp EEG for the MMN. The left panel 

shows results from two TANOVAs (one each for native English speakers and 

native Japanese speakers) with dashed boxes indicating overlapping time 

periods during which a significant difference in topography between deviant and 

standard was observed for both groups. Topographies for the earliest time 

window (consistent with typical MMN) and the later time window (consistent 

with a P3) are also shown. In the right panel, results of the centroid analyses are 

plotted in two dimensions of Talairach space.

FIGURE 8 | Source analysis of the MMN. LORETA solutions for native 

English speakers and native Japanese speakers, thresholded to p < 0.0005.
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on the left for EL1 participants, but on the right for JL1 partici-

pants. Source localization of the MMN and MMNm has previ-

ously revealed evidence for left lateralization for native-language 

speech contrasts (Alho et al., 1998; Maurer et al., 2003b; but see 

Jaramillo et al., 2001), in contrast to the MMN for non-speech 

stimuli, which is typically right-lateralized (Paavilainen et al., 1991; 

Levänen et al., 1996). Laterality differences are particularly striking 

in studies that directly compare speech and non-speech stimuli 

(Rinne et al., 1999; Shtyrov et al., 2000, 2005; Takegata et al., 2004; 

Becker and Reinvang, 2007; see Tervaniemi and Hugdahl, 2003 

for review). Furthermore, studies that have directly contrasted the 

MMN elicited by native and unfamiliar non-native contrasts thus 

far suggest that the MMN for native contrasts is more left-lateralized 

(Näätänen et al., 1997; Shestakova et al., 2002; Zhang et al., 2005, 

Experiment 1, but see Experiment 2; Kirmse et al., 2008). Thus, 

the laterality differences observed between English and Japanese 

speakers in the current study may be interpreted as reflecting dif-

ferences in the degree to which the speech contrasts are treated as 

phonetic during pre-attentive processing, although this inference 

could be strengthened in future research by direct within-subjects 

comparisons including non-speech or native-language contrasts 

for the Japanese speakers.

MMN, METABOLIC MEASURES OF CHANGE DETECTION AND THE 

TEMPORAL–PARIETAL JUNCTION

One motivation for conducting source analysis is to facilitate 

comparison with results from metabolic imaging studies, and the 

sources identified in the current study are in fact similar to what 

has been observed in fMRI studies of phonemic change detection. 

A meta-analysis of fMRI and PET studies designed explicitly to 

observe passive responses similar to the MMN (Celsis et al., 1999; 

Tervaniemi et al., 2000; Jacquemot et al., 2003; Dehaene-Lambertz 

et al., 2005; Zevin and McCandliss, 2005; Joanisse et al., 2007) 

conducted by Zevin et al. (2010) revealed a consensus activation 

somewhat medial and superior (tal = −40, −33, 20) relative to the 

peak response identified in the current analyses of native English 

speakers. This difference is plausibly within the error that might 

be expected due to the inherently low spatial resolution of EEG 

data. A more serious difference between data from the two imaging 

modalities is that laterality is relative in MMN data (bilateral, but 
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FIGURE S1 | Event-related potentials from Native English speakers for the Standard, Deviant and MMN in the 10-20 system. Electrodes outlined in blue 

were used in laterality analyses reported in Figures 5 and 6.
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FIGURE S2 | Event-related potentials from Native Japanese speakers for the Standard, Deviant and MMN in the 10-20 system. Electrodes outlined in blue 

were used in laterality analyses reported in Figures 5 and 6.


