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A B S T R A C T

We examined discrimination of a second-language (L2) vowel duration contrast in English learners of Japanese
(JP) with different amounts of experience using the magnetoencephalography mismatch field (MMF)
component. Twelve L2 learners were tested before and after a second semester of college-level JP; half
attended a regular rate course and half an accelerated course with more hours per week. Results showed no
significant change in MMF for either the regular or accelerated learning group from beginning to end of the
course. We also compared these groups against nine L2 learners who had completed four semesters of college-
level JP. These 4-semester learners did not significantly differ from 2-semester learners, in that only a difference
in hemisphere activation (interacting with time) between the two groups approached significance. These
findings suggest that targeted training of L2 phonology may be necessary to allow for changes in processing of
L2 speech contrasts at an early, automatic level.

1. Introduction

Studies of second language (L2) learning have firmly established
that late (adult) L2 learners generally show poorer perception and
production of L2 phonological contrasts than early (child) L2 learners,
even after considerable experience and seemingly high proficiency
(Levy and Strange, 2008). Most studies focusing on adult L2 learners
have shown that increased L2 experience can result in improved L2
phonology, but rarely to a native-like level (Flege, 2003).

Strange (2011; Strange and Shafer, 2008) proposed the Automatic
Selective Perception (ASP) Model, to help explain the challenges in
obtaining native-like speech perception of L2 speech sounds that are
not closely matched to the first language (L1). In the ASP model, adult
L1 learners are characterized as having developed highly automatic
selective perception routines (SPRs) for detecting the most reliable
acoustic-phonetic cues for differentiating L1 phonemes in variable
phonetic and prosodic contexts. Automaticity of these SPRs accounts
for the relative ease with which L1 listeners recover phonemic identity
of L1 speech sounds.

Strange (2011) hypothesized that non-native listeners need to use
focused attention to identify the relevant L2 phonetic cues, even when

the stimuli and task are relatively simple. Without focused attention,
non-native listeners will fall back on L1 SPRs, which may not be
optimal for identifying L2 phonological categories. Support for the ASP
model comes from behavioral studies showing that L1 speech percep-
tion is highly robust under conditions of high cognitive load (increased
task difficulty and stimulus complexity) and non-optimal listening
conditions (e.g., background noise, Tabri et al., 2011; Bradlow and
Alexander, 2007); in contrast, non-native and L2 learners show
marked decrements in speech perception performance as cognitive
load is increased (Strange, 2011).

Neurophysiological measures of non-native speech processing sup-
port the claim that native language speech processing is fairly auto-
matic (e.g., Hisagi et al., 2010). In particular, change detection
measures, such as mismatch-negativity (MMN) and its magnetic
counterpart, mismatch field (MMF) serve as useful indices of proces-
sing that occurs when attention is directed away from a speech signal
(Näätänen et al., 2007). The MMF/MMN have major sources in
auditory cortex, and a large body of literature has demonstrated that
these measures can be used to examine speech processing in relation to
language experience (e.g., Näätänen, 1990; Alho et al., 1994; Alho
et al., 1998; Gomes et al., 1999; Winkler et al., 2003; Sussman, 2007).
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Specifically, MMF/MMN is larger to a speech contrast if that contrast is
phonological in listeners' native language (e.g., Dehaene-Lambertz
et al., 2000; Menning et al., 2002; Nenonen et al., 2003, 2005;
Shafer et al., 2004; Näätänen et al., 2007). In these studies of speech
processing, the MMF/MMN has generally been recorded in a passive
task, in which attention is directed away from the speech modality via a
muted video. Thus, presence of a significant MMF/MMN in this passive
paradigm has been interpreted to indicate automatic change detection.
However, a few studies have found absence of a significant MMN to
native language consonant contrasts (e.g., Shafer et al., 2004; Hisagi
et al., 2015). This finding suggests that automaticity of SPRs should be
considered a relative measure (more versus less) rather than absolute.
Irrespective of which definition is correct, MMF/MMN can serve to
evaluate how L2 learning affects processing of an L2 contrast when
attention is directed away from the speech contrast.

1.1. Training studies

An important question is what conditions facilitate learning of L2
contrasts in late learners of an L2? Traditional classroom learning may
be insufficient to induce learning of L2 phonological categories to a
near-native level. But some improvement in L2 perception seems to
occur, given that correlations are observed between years of experience
with an L2 and L2 speech perception (e.g., Werker and Tees, 1984;
Flege, 2009; Flege and MacKay, 2011). However, other studies suggest
little improvement in L2 speech perception as a result of classroom
immersion (Peltola et al., 2003, 2007). To our knowledge, the only
study that has asked whether traditional learning in a college classroom
leads to changes in L2 speech perception was undertaken by Hisagi
et al. (2014). In this study, 12 American-English (AE) learners of
Japanese who had had one-semester classroom experience were
compared to 12 naïve American-English listeners and 12 native
Japanese listeners from Hisagi et al. (2010). This study showed a
larger neural discriminative response (MMN) to a Japanese vowel
duration contrast compared to the naïve AE group, but of smaller
amplitude than found for a native Japanese group. This finding
suggested that as little as four hours of classroom experience per week
over a 16-week semester could lead to enhancement of L2 speech
perception.

Training studies that directly target speech perception have identi-
fied some factors that result in better L2 speech perception, such as
variability in the phonetic information representing a phoneme cate-
gory during training (e.g., Pisoni and Lively, 1995; Clopper and Pisoni,
2004; Hirata et al., 2007). The few studies that have examined whether
training leads to increased MMF/MMN amplitude have provided
mixed results (Menning et al., 2002; Peltola et al., 2005; Ylinen
et al., 2010). Menning et al. (2002) found increased MMF amplitude
and improved behavioral discrimination in German listeners after 10
training sessions of 1.5 h each, targeting discrimination of pairs of
words differing by one mora (e.g., anni vs. ani). The study by Zhang
et al. (2009) found that training of Japanese learners on the English /l/
versus /r/ contrast led to more robust MMF over the left hemisphere
after 12 training sessions over a 4-week period. Thus, targeted training
does seem to have a clear benefit for L2 speech perception learning.

Despite demonstrations of success with targeted training, it appears
that most students learning a second language in a classroom context
do not receive targeted training as used in experimental research. In
the classroom experience, students are presented with multiple levels
of language (e.g., lexical knowledge, sentence structure, language use,
written forms) and the phonetic characteristics of phonological forms
may not receive special attention. It is likely that phonetic training is
not included because it requires considerable time, and schools chose
to focus the most time on vocabulary and grammar. Nevertheless,
experience with the spoken language presented by a teacher who is a
native speaker of the L2 may allow for learning of L2 phonetics.

1.2. The present study

The goal of the current study was to examine whether intensive
focus on the core elements (vocabulary and grammar) in a university
L2 classroom setting would incidentally lead to more robust processing
of an L2 phonological contrasts, as indexed by the neural measure
MMF. Regular classroom teaching of an L2 at the college level often
consists of approximately four hours of classroom experience per week.
It is possible that the intensity of L2 learning may influence the
development of L2 SPRs. The question that will be addressed in this
paper is whether doubling the contact classroom hours for learning
Japanese (JP) by American English (AE) listeners to eight hours can
lead to evidence of more robust L2 speech processing. Increased
robustness is inferred by an increase in MMF in a passive paradigm
in which attention is directed away from the speech contrast.

The target group was American-English (AE) learners of Japanese
(JP) and the target L2 contrast was the JP temporally-cued contrast of
vowels tado vs. taado used in Hisagi et al. (2010, 2014). AE and JP
phonemic inventories differ greatly in the relevance of spectral
compared to temporal cues in differentiating categories. The AE vowel
system primarily uses spectrally-cued distinctions (formant frequency
values and formant trajectories), while temporal (duration) differences
in vocalic nuclei play only a secondary role for some AE vowel contrasts
(Bohn and Flege, 1990; Hisagi et al., 2008). In contrast, the Japanese
vowel system makes fairly gross spectral distinctions among vowels
(only five vowel categories), but also includes a primary cue difference
in duration that is phonemic for both consonants and vowels (e.g.,
[hato] ‘pigeon’ vs. [haato] ‘heart’).

A number of behavioral and ERP studies demonstrate the naïve AE
listeners show poorer perception/processing of JP vowel and conso-
nant duration (Hirata, 2004a, 2004b; Tajima et al., 2003; Hirata et al.,
2007; Tajima et al. 2008; Hirata and Kelly, 2010; Hisagi and Strange,
2011). In particular, naïve AE listeners showed smaller MMN to a
vowel duration difference in the Japanese nonsense-word forms “tado”
versus “taado” when attention was directed away from the auditory
stimulus (Hisagi et al., 2010). The current study uses MMF to examine
whether L2 classroom experiences leads to more robust processing of
this vowel duration difference.

The main comparison was between L2 learners in a regular, second-
semester classroom experience (JPII group) and those in an acceler-
ated-rate learning course that doubles classroom time and covers 30%
more material (MIT Very-Fast-Track; VFT group). Thus, the two
groups differ in both the amount of material covered and in the
number of hours per week learning the material. However, in terms of
time elapsed (number of months) for experience with the L2 material,
both groups are exposed to the material across a 9-month time span.

A second comparison was between second semester learners (both
VFT and JPII) and fourth semester learners (JPIV) to examine whether
the additional two semesters of experience (equivalent to 9 months)
resulted in differences in processing of L2 speech contrasts.

We hypothesized that greater L2 experience would result in more
robust processing of L2 vowel contrasts. Thus, we predicted an increase
in MMF amplitude and decrease in MMF latency with increasing
experience. We also hypothesized that greater intensity and amount of
experience (in the VFT program) would result in more robust L2
speech processing than observed for students matched for number of
hours in the regular-rate learning class and equal or greater robustness
than for students matched for proficiency from the regular-rate class, if
intensity of experience is important. Thus, we predicted greater MMF
amplitude and/or decreased latency for the VFT learners compared to
regular rate learners with two semesters of JP groups (JPII). In
addition, we expected MMF amplitude/latency for the VFT group to
be greater than or equal to that of the regular-rate learners with four
semesters of JP (JPIV) groups. We also hypothesized that the MMF
group differences would be found (or be greater) in the left hemisphere,
since several studies suggest that the effect of language experience is
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greater at left hemisphere sites (Shafer et al., 2004; Näätänen et al.,
2007; Zhang et al., 2009).

2. Results

Fig. 1 shows the MMF responses of all the magnetometers of
representative subjects from the three groups. All three groups showed
a negative deflection peaking between 200 and 300 ms, which is
consistent with the expected timing of the MMF. Fig. 2 shows MMF
signals for the VFT and JPII groups before and after JP course
administration (Course Time 1 vs. 2). Course effects were generally
not very pronounced, but there appeared to be weak MMF increases
after the course administration in the right hemisphere for both
groups, and decreases in the left hemisphere for JPII group. Fig. 3
shows comparison of MMF signals of the JPIV group versus the VFT
and JPII groups (separately for Course Time 1 and Course Time 2). The
JPIV group was measured only once at the end of a fourth semester JP
course. JPIV responses appear greater than VFT and JPII for both
hemispheres and for both course times.

Statistical results from mixed Analyses of Variance (ANOVAs) are
reported below. We also provided all non-significant results as
Supplemental tables.

2.1. VFT vs. JPII groups

A four-way (Group×Course×Time×Hemisphere×Interval) ANOVA
examined the MMF strength between 160 and 400 ms at both the right
and left temporal sites (see Fig. 1). The time-period between 160 and
400 ms was separated into six, 40 ms intervals. This analysis revealed a
main effect of Interval: [F (5, 50)=14.85, p < .001; partial eta-squared
=.598] and two-way interactions of Course Time× Interval: [F (5, 50)
=2.90, p=.044; partial eta-squared =.225] and Hemisphere× Interval:
[F (5, 50) =3.24, p=.044; partial eta-squared =.245]. We detected no
significant Group main effect, or significant interactions with the Group
factor (note that the Group×Course TimexHemispherexInterval inter-
action was [F (5, 50)=2.25, p=.109)]. Tukey's post-hoc tests followed
up the Course TimexInterval interaction, comparing course time for
each interval; these post-hoc tests showed that the MMF from Course
Time 1 was significantly larger than the MMF from Course Time 2 for
the interval 360–400 ms (p=.026). Examination of Fig. 2 illustrates
this pattern for both the VFT and JPII groups; the post-hoc tests
following up the Hemisphere x Interval interaction compared the two
hemispheres for each interval and revealed that the left hemisphere
MMF was larger than the right MMF for the interval 240–400 ms (p
< .02). Supplemental Fig. 1 shows the topography, illustrating the
difference between Course Time 1 and Course Time 2 in three different
time points, 250 ms, 350 ms, and 450 ms. There was no significant
activity after 400 ms.

It was important to understand whether an absence of a difference
between the JPII and VFT groups was due to the participants reaching
some ceiling of performance. Thus, we combined the VFT and JPII
groups into one group who had been exposed to JP across two
semesters. This new group was then compared the JPIV group, who
had four semesters of classroom experience. We predicted that four
semesters of JP would allow for more robust processing of the JP vowel
contrast and this would be seen as a larger MMF. We compared MMF
responses separately for the VFT/JPII groups versus JPIV for Course
Time 1 in one analysis and for the Course Time 2 in a second analysis
(since the JPIV group was only measured once at the end of the 4th JP
semester). Please see Supplemental table 1a for all the results.

2.2. JPIV vs. VFT/ JPII (for course time 1)

The 3-way (GroupxHemispherexInterval) ANOVA analyses re-
vealed a main effect of Interval [F (5, 95)=27.51, p < .001; Partial
eta-squared=.591], but there were no significant interactions. Fig. 3

shows that the VFT and JPII groups had greater MMF in the left than
the right hemisphere, while the JPIV group had nearly the same MMF
in both hemispheres. Please see Supplemental table 1b for all the
results.

2.3. JPIV vs. VFT/JPII (for course time 2)

A main effect of Interval [F (5, 95)=28.004, p < .001; Partial eta-
squared=.596] was found, but there were no significant interactions.
Specifically, the MMF was largest in the Interval 200–280 ms. Please
see Supplemental table 1c for all the results.

3. Discussion

The current study examined the nature of changes in L2 speech
perception relative to amount and intensity of experience. We had
predicted that experience with Japanese would lead to more robust
processing of phonological contrasts at an automatic level. Our findings
showed a significant effect of learning via an interaction of hemisphere
in comparing the second and fourth semester groups, but no increase
in robustness of neural discrimination following the second semester of
experience for either the regular program or the VFT learners. Indeed,
the MMF showed a decrease in MMF from the first to the second
semester for the 360–400 ms interval. These findings suggest that the
increased experience from the beginning to the end of a second
semester of Japanese did not have a discernable effect on the speech
discrimination process indexed by the MMF. Furthermore, the addi-
tional classroom experience (3rd and 4th semester) also showed little
effect, with only an interaction with hemisphere and interval revealing
a difference from the two-semester learners. This lack of a clear
difference in MMF was unexpected for the JPIV versus JPII groups,
since the JPIV group clearly had more experience with Japanese (four
semesters) compared to the JPII group (two semesters). We had
predicted that the VFT group after the second semester might show
greater MMF than the JPII group and that they might also show similar
MMF amplitude to the JPIV group because of the increased intensity of
JP experience. This pattern, however, was not found, with both groups
showing similar MMF. An additional prediction was that the MMF
would be larger over left than right sites, because of the linguistic
nature of the stimulus contrast. Our findings were consistent with this
hypothesis for the JPII and VFT groups; however, for the JPIV the
tendency was for the right hemisphere to show greater activation than

Fig. 1. Example MMF signals from representative subjects from the VFT, JPII, and JPIV
groups. Left: MMF signals from all magnetometers overlayed on the same axis for each
subject. MMF signals have consistent temporal signatures for all individuals, with a
maximum magnetic deflection at 240 ms. Right: Magnetic field topography at 240 ms.
Though variable across subjects, all topographies show signals originating bilaterally
from the temporal cortex.
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Fig. 2. MMF signals for the VFT and JPII groups before (Course Time 1) and after (Course Time 2) JP course administration. The shaded region indicates a significant Course
Time×Interval interaction [F (5, 50)=2.90, p=.022], with post-hoc tests revealing the MMF from Course Time 1 was significantly larger than the MMF from Course Time 2 for the
interval 360–400 ms (p=.026).

Fig. 3. Comparison of MMF signals of JPIV group versus VFT and JPII groups (separately for Course Time 1 and Course Time 2). JPIV group was measured only once at the end of a
fourth semester JP course. The shaded region indicates a significant main effect of Hemisphere [F (1, 19)=5.38, p=.032 for the 280–320 ms interval; and F (1, 19)=5.21, p=.034 for the
320–360 interval] with responses greater over the left than the right hemisphere. While JPIV responses were overall greater than VFT and JPII for both hemispheres and course times,
pairwise comparisons did not show any significant differences across groups.
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the left hemisphere. We followed up the interaction that approached
significance, but no pairwise comparisons reached significance. Thus,
these findings taken together indicate that we cannot make any general
claims about L2 learning of phonological patterns primarily affecting
the left hemisphere auditory regions.

In general, this pattern of findings suggests more time is necessary
to see changes in L2 phonological discrimination as measured at the
level of the MMF. Below we discuss these findings in relation to the
prior literature.

3.1. Changes in robustness of L2 speech perception

Our main goal was to examine whether increased experience with
an L2 could lead to increased robustness in phonological discrimina-
tion at a largely attention-independent level of processing, even when
the L2 was learned past puberty (e.g., Strange and Shafer, 2008). We
also predicted that the intensity of learning in the VFT program might
lead to a larger increase in MMF activation for the VFT group
compared to the standard classroom experience (i.e., JPII). We based
this prediction on the argument that adult learners of an L2 might need
increased intensity of experience to overcome L1 SPRs. Research on
other species suggest that intense training may be necessary to learn
new sensory routines in the case that there was a sensitive period or
critical period for learning this information (Knudsen, 2004).

We did not find a larger increase in MMF for the VFT group. In fact,
we observed a small decrease in MMF for both groups after the second-
semester training. It is possible that the decrease in MMF amplitude
was due to the latency of MMF shifting earlier for some, but not all
participants. This would lead to increased variability in MMF peak
latency and an apparent decrease in MMN peak amplitude in a fixed
time interval. Identifying a peak latency of MMF could help verify
whether this suggestion is possible. We chose to test intervals rather
than peak latencies because individual often do not show a clear peak,
and thus examining amplitude across successive time intervals is a
more objective method for determining when in time MMF was largest.

An alternative explanation for the decrease in MMF is that some
other process overlaps with those indexed by the MMF in such a way to
be seen as a decrease in MMF activation. Even though we attempted to
better control for attention than other studies that have used a passive
oddball design, it is possible that some attentional resources were
allocated to processing the speech sounds and that greater experience
with Japanese led to participants allocating more (or fewer) resources
to processing these stimuli. It will be necessary to compare processing
of these speech stimuli in an experiment in which attention is
manipulated to and away from the speech sounds, as we have done
using EEG (Hisagi et al., 2010) to understand whether this is a
plausible explanation.

We did not find a clear difference in MMF between the fourth
semester (JPIV) and the second-semester learners, although hemi-
spheric contribution was different. It is possible that an absence of a
clear difference between the second and fourth semester groups is
because this comparison was between groups, and there might be
individual differences in the participants that overshadowed learning
effects. The within-group comparison of the before- and after-second-
semester experience, however, controls for individual variability. These
findings, in conjunction with Hisagi et al. (2014) suggest that the L2
phonological learning trajectory may not be linear in shape. Listeners
may initially make gains (during the first semester), but then show a
plateau, or even a dip in learning (second semester), followed by an
additional gain at some later time. It will be important for future
studies to sample the same group of participants across a larger time
span (e.g., first semester through 8th semester) to map out the learning
trajectory for this type of phonological information.

The current study examined students who were enrolled in JP
courses that focused on teaching multiple levels of the L2 (phonology,
semantics, syntax, pragmatics, writing). Thus, classroom time was not

focused exclusively on teaching JP phonology. It is also the case that
classes often do not focus on training the phonetic realization of a L2
phonology. It is possible that the lack of increase in MMF can be
attributed to the absence of targeted phonetic/phonological training.
Several studies have shown that targeted training can increase the
MMN/MMF in naïve or L2 listeners (e.g., Menning et al., 2002; Zhang
et al., 2009). For example, Zhang et al. (2009) found that a targeted
phonetic training course with twelve sessions over four weeks resulted
in increased MMF in Japanese L2 learners of the English /l/ versus /r/
contrast. This training was carried out with Japanese listeners who had
nine years of classroom English in Japan, with little spoken English
experience. The students in the VFT and JPII programs may need such
targeted training to make equivalent rapid gains in L2 speech percep-
tion. Alternatively, it may be that the Japanese listeners in the Zhang
et al. (2009) study had so little experience with native-like spoken
English that the four weeks experience in the training course led to a
significant change at the level reflected by the MMF. Gains in
robustness of discrimination might slow down after this first spurt of
learning. Our previous EEG study with same paradigm (Hisagi et al.,
2014) suggested a strong effect of one-semester learning in the class-
room. In the Zhang study, even though the Japanese learners of
English made great gains, their perception of the /l/ versus /r/ contrast
was reported to still differ from that of native English listeners (Zhang
et al., 2009). A future study will need to directly contrast classroom
learning and targeted L2 phonological training across time to identify
the factors that allow for increased robustness in L2 discrimination.

An alternative explanation for the absence of an increase in the
MMF is that familiarity with the stimuli acquired during the first
session in some way attenuated any gains in discriminating this
contrast in the second session. In this case, increased automaticity
could be masked by some type of familiarity effect. However, we do not
know of any other studies that support this explanation. Even if this
were the correct explanation, the VFT group did not show greater MMF
activation compared to the JPII group (assuming familiarity would be
similar across groups). Thus, the conclusion that the greater intensity
of experience did not lead to more robust processing holds, at least for
the one-semester time span tested here. In addition, the fourth
semester group was tested just once, but their MMF activation was
not significantly different from the second-semester group, other than
the hemispheric difference.

Future studies will need to use different stimulus sets for the first
and second testing to determine whether familiarity with the stimuli
influenced the findings and to examine long-term benefits. In addition,
it will be important to examine whether the VFT group shows an effect
of experience after more time has elapsed. Specifically, it may take
more time to consolidate the learning. Finally, it will be important to
examine whether the intensity of more targeted experience in conjunc-
tion with more traditional methods of learning an L2 can induce an
over-learning effect for L2 phonemes. The findings of Zhang et al.
(2009) suggest that this is a real possibility.

3.2. Psychoacoustic salience effect

A second possible explanation for no difference between the JPII
and VFT groups is that the vowel duration contrast was sufficiently
psycho-acoustically salient to allow a robust MMF at the first testing
session. Burnham (1986) suggested that more psycho-acoustically
salient contrasts, such as a temporal voice cue, are generally learned
earlier in L1 development, are easier L2 contrasts to perceive, and are
easier to improve and maintain after L2 training. In contrast, less
psycho-acoustically salient contrasts, such as spectral place cues, are
learned later in development and are harder to learn in an L2, even
with targeted training. The /l/ versus /r/ distinction examined in the
Zhang et al. (2009) study is considered an extremely difficult contrast
for Japanese L2 learners of English; it is possible this greater difficulty
allowed for greater gains in learning compared to the vowel duration
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difference of the current study. Thus, a smaller gain, or no gain in
perception from before to after the second-semester course might have
occurred for both JPII and VFT groups.

Strange (2011) suggested that non-native listeners might need
focused attention for identifying relevant L2 phonetic cues even in
the case of a fairly easy contrast, such as the vowel duration contrast
used here. The finding that non-native listeners (Hisagi et al., 2010),
first semester learners (Hisagi et al., 2014) and the participants in this
study all show evidence of neural discrimination suggests that this
vowel contrast is fairly easy. However, the amplitude was smaller than
found for native listeners (Hisagi et al., 2010), even though MMN was
observed in non-native listeners to this vowel duration contrast in our
previous study. In addition, behavioral discrimination was worse for
non-native than native listeners (Hisagi et al., 2010). Thus, merely
presence versus absence of an MMF/MMN to a phonetic contrast
cannot be used to predict behavioral discrimination. Rather, the
amplitude of the MMF/MMN for an experimental versus a control
group must be compared. The data from Hisagi et al. (2010) supported
Strange's model because MMN amplitude was small for the non-native
group relative to the native control group.

In the current study the fourth semester students (JPIV) serve as a
control group, and pattern of findings indicate very little change from
the second to the fourth semester. As we suggested above, testing at
multiple time points during the learning process will be necessary to
understand the shape of the learning function. In addition, L2 speech
perception often suffers in noisy conditions (Shafer and Strange, 2008).
Thus, using less intense vowels (i.e., lowering the stimulus intensity) or
including background noise may serve as a better test of whether this
type of phonological contrast can become native-like.

3.3. Hemisphere effects

Our study showed a stronger effect of MMF over left hemisphere
than the right hemisphere, as we predicted. However, there was no
training effect (i.e., no improvement) at the left site as observed in the
studies by Peltola et al. (2003, 2007). In fact, the only hemisphere
affect that might be attributed to L2 experience was more bilateral
MMF activation for the fourth compared to the second semester
students at the onset of the second semester. The pairwise comparison
between each hemisphere between the Course Time 2, semester 2
students and the JPIV group did not reveal a significant difference,
although the ANOVA revealed a significant group by hemisphere by
interval interaction that approached significance. The follow-up com-
parisons did show that only the second semester students at this first
testing session showed greater left than right activation. Testing after
completing the second semester led to no difference in MMF amplitude
from the fourth semester group. So it seems that experience during the
second semester led to a more bilateral effect for all students. However,
this increased bilateral effect may be attributable to a reduced left
hemisphere response, rather than an increase in the right hemisphere.
This finding will need to be replicated to have confidence in it,
particularly since we were comparing two different groups, each with
small numbers.

3.4. Limitations

It is important to point out some limitations in this study, namely, a
relatively small sample size (N=6 for JPII, N=6 for VFT and N=9 for
JPIV) and the use of one stimulus contrast. Enrollment in VFT classes
was limited to up to ten students and for the JPII class up to 15 per
year. Participation in the current study was voluntary and not all
students were interested in participating. In two years, we succeeded in
recruiting six JPII and six VFT students who were tested before and
after the second semester course, but power was low for comparing
JPII to VFT. However, the comparison of all twelve participants before
and after the second semester experiences allows for greater con-

fidence. We also included the JPIV group as a control group to
determine whether the MMF activation was greater for an additional
two semesters of experience. It would be useful to also include an L1 JP
group and a naïve American-English group in a future study, as
additional control groups, since they represent the extreme cases (see
Hisagi et al. (2010)).

We chose to examine only one contrast type because we wanted to
limit the whole experiment time to 1.5 h so as not to discourage the
students from remaining in the study for the second testing session.
Future studies will be needed to examine other contrasts to determine
how the inherent difficulty of the contrast type affects learning. For
example, in another study we have examined consonant duration cues
(miʃi versus miʃʃi) and found that these are more difficult to discrimi-
nate for L2 learners and also show less robust MMN for native JP
listeners (Hisagi et al., 2015). It is possible that these contrast types
will allow for greater gains in learning. One final limitation is that we
did not have behavioral discrimination tasks using these vowel stimuli,
in part because we expected fairly good perception with attention, and
because of the time limitations mentioned above. Despite these
limitations, our findings suggest that a second semester of classroom
experience, without some targeted training, is insufficient to induce
robust L2 phoneme categories for the vowel duration contrasts of
interest.

Lastly, we conducted our study with MEG rather than EEG for two
reasons: a) The MEG system was offered for free at MIT at the time of
the study because the McGovern Institute at MIT provided free access
during the first 2 years of the lab operation, b) we made considerable
effort to recruit students (our sample size was extremely limited,
restricted to a few students attending Japanese L2 courses at MIT)
and MEG was much more convenient and appreciated by our subjects
because we did not have the prolonged EEG setup time required to
apply EEG sensors, gel, and other inconveniences. However, in a future
study it would be interesting to examine how the MEG findings
compare to EEG, since our original studies used EEG (Hisagi et al.,
2010, 2014).

4. Conclusion

This study revealed the changes in robustness (automaticity) of JP
L2 speech processing appear to need more than two semesters of
classroom experience and that the accelerated learning program does
not improve L2 speech perception for these vowel contrasts, even
though vocabulary and grammatical learning was accelerated. It will be
important to further test this claim with a larger group of participants,
considering that the current result was based on a small group of
participants. If this finding is replicated, specifically that little to no
gain in L2 speech processing (as measured by MMF) was observed over
the brief period for either the standard or accelerated learning
program, it indicates that learning of L2 speech patterns is not
facilitated by the current classroom curriculum. It will be important
to examine whether adding targeted training of L2 speech patterns to
teaching programs will allow for improved L2 speech perception over
this short time span (one or two semesters).

4.1. Methods

The MIT regular JP program consists of 4 h per week of classroom
time, over a semester (13 week) period. All classes are taught by native
speakers of Japanese. The VFT Program replaces the second semester
of a regular JP program and any student with one semester of Japanese
can register. The course is accelerated to cover material in semesters 2,
3 and 4, with students meeting 8 h per week. In all programs, students
can perform drills from internet access. English is kept to a minimum.
In the VFT program, successful students achieve Intermediate-Mid to
Intermediate-High language proficiency scores on the American
Council on the Teaching of Foreign Languages (ACTFL) proficiency
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scale. This is the equivalent proficiency-level found for most two-year
(four semesters) programs of Japanese. Oral Proficiency Interview
(OPI) tests of students following one semester of VFT indicates an
Intermediate-Mid level of proficiency, which is comparable to students
in two years of the regular track. Students in the regular track generally
do not obtain this level of proficiency until 3 or 4 semesters of JP.

Students in the VFT track initially take the first semester of
Japanese in the regular track; the VFT begins in the second semester.
The selection of the regular vs. VFT track is typically based on
individual time constraints. Most importantly, the VFT students are
not selected based on superior performance in the first semester class.

4.2. Subjects

Native speakers of AE who have been studying JP at the college
level in regular-rate courses (a second semester (JPII) group (1M5F,
mean 19y) and a fourth semester (JPIV) group) (6M3F, mean 22y),
and an accelerated-rate course (VFT group) (3M3F, mean 19y) were
recruited from MIT. Six students in the VFT and six in the JPII group
(matched for scores and aptitude) were tested at two time points,
beginning (Course Time 1: Before) and end (Course Time 2: After)
semester 2 classes. Nine regular class students (JPIV group) were
tested at the end of semester 4 (i.e., potential equivalent proficiency
level with the VFT group at Time 2). All subjects were between the age
of 18 and 29 years, with normal hearing (20 dB HL at 500−4000 Hz)
and all but one (who received a B grade) had received a grade of A in
the prior language class. All L2 subjects were from the foreign language
departments at MIT and were compensated for participation.

4.3. Experimental design

Overall materials and methods are the same as in Hisagi et al.
(2010), for greater detail see also Hisagi (2007)). The long vowel
nonsense word form /taado/ served as the standard (1190 standards:
85%) and the short vowel nonsense word /tado/ as the deviant
stimulus (210 deviants: 15%), which was the hardest contrast in the
previous study (Hisagi et al., 2010). There were 14 blocks and each
block had a different number of standards and deviants (average of 100
trials per block). Each block lasted about 1–2 min. We created four
natural tokens of each category from a female Japanese speaker of
Tokyo dialect. The average duration ratio of the long to short target
vowels (/aa/ in /taado/ vs. /a/ in /tado/) was 1.61, with durations of
individual tokens varying from 83 ms to 88 ms for /a/(mean: 86 ms)
and from 128 ms to 148 ms for /aa/(mean: 138 ms). The mean ratio of
long vs. short total word duration (from onset of /t/ to offset of /o/)
was 1.21. The mean for /tado/ was 206 ms (range: 202–214 ms) and
for /taado/ was 250 ms (range: 237–264 ms). Intensity was normal-
ized.

A visual attention task served to draw attention away from the
auditory stimuli. Visual stimuli consisted of four different sizes of
pentagon and hexagon shapes (orange with black background), and
participants were instructed to perform an oddball visual discrimina-
tion task. The visual stimuli were presented using Psychtoolbox (www.
psychtoolbox.org; Brainard, 1997).

An inter-stimulus interval (ISI) for the auditory stimuli was 800 ms.
The ISI for the shapes as described below was 780 ms and differed
from that of the auditory words in order to make sure that the
presentation of auditory and visual stimuli would not inadvertently
be in synchrony. Note that the shapes were delivered independently on
a laptop computer and served in a distractor task to pull attention away
from the auditory modality.

4.4. Magnetoencephalography (MEG) recordings

MEG data was recorded using an Elekta Triux system (306-channel
probe unit with 204 planar gradiometer sensors and 102 magnet-

ometer sensors) at a sampling rate of 1,000 Hz, filtered between .03
and 330 Hz. The location of the head was measured at the beginning of
each recording session by activating a set of 5 head position indicator
coils placed over the head. Prior to the MEG recording, a 3D digitizer
(Fastrak, Polhemus, Colchester, Vermont, USA) was used to register
the locations of 3 anatomical landmarks (right and left preauricular
points and the nasion) with respect to the 5 head position indicator
coils.

4.5. Extraction of MMF signals

Raw data was pre-processed with the Maxfilter software (Elekta,
Stockholm) to compensate for head movements and perform noise
reduction with spatiotemporal filters (Taulu et al., 2004; Taulu and
Simola, 2006). We used default parameters (harmonic expansion
origin in head frame=[0 0 40] mm; expansion limit for internal
multipole base=8; expansion limit for external multipole base=3; bad
channels automatically excluded from harmonic expansions=7 sd.
above average; temporal correlation limit=.98; buffer length=10 s).
Intuitively, the software first applied a spatial filter that separated the
signal data from spatial patterns emanating from distant noise sources
outside the sensor helmet. It then applied a temporal filter that
discarded components of the signal data with time series strongly
correlated with the ones from the noise data. The resulting filtered data
were subsequently analyzed with Brainstorm (Tadel et al., 2011). Blink
artifacts were removed by performing principal component analysis on
data contaminated with blinks (estimated with EOG recordings) and
projecting away from the first principal component. We then extracted
peri-stimulus data from −200 ms to +800 ms with respect to each
auditory stimulus.

Every trial was baseline-corrected to remove the mean (−200 to
0 ms) from each channel. Evoked response fields (ERFs) were com-
puted by averaging the trials separately for the standard /taado/ and
deviant /tado/ stimuli. Mismatch field (MMF) responses were then
computed for each subject by subtracting the standard ERFs from the
deviant ERFs (examples for individual subjects shown in Fig. 1).

Since we did not have subject-specific structural MR scans to
accurately localize signals on the auditory cortex, we proceeded by
analyzing the channel recordings with maximal MMF signals. Given the
variable MMF topographies, we selected separately for each subject
magnetometer sensors with the strongest MMF deflections between
220 and 260 ms post-stimulus. Selection was constrained to sensors in
proximity to temporal cortex and included sensors measuring both
incoming and outgoing magnetic fields with respect to the head. MMF
measurement signals were averaged across the selected sensors
separately for the right and left hemispheres, after accounting for the
differences in field direction by flipping the sign of the sensors
measuring incoming magnetic fields. Thus, for each subject and each
hemisphere we estimated an overall MMF effect by averaging the
contribution of sensors over the temporal cortex with the stronger
individual MMF deflections. Figs. 2 and 3 show the subject-averaged
MMF effect for different groups and course times.

4.6. ANOVA analysis

The extracted averaged MMF waveforms were subjected to a
repeated measures analysis of variance (ANOVA). We first compared
the VFT and JPII groups with a 4-way ANOVA that had a between-
subjects factor Group (VFT, JPII) and within-subjects factors Course
Time (Time 1: before course; Time 2: after course), Hemisphere (left,
right) and Interval (six 40-ms intervals: 160–200; 200–240; 240–280;
280–320; 320–360; 360–400 ms).

In follow-up analyses, we combined VFT and JPII into a common
group and compared it against the JPIV group. The comparison was
performed separately for Course Time 1 and then for Course Time 2
signals for the VFT and JPII groups. The 3-way ANOVA analysis used a
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between-subjects factor Group (with 2 levels: VFT & JPII vs. JPIV), and
within-subjects factors Hemisphere, and Interval.

We included Hemisphere as a factor because we predicted that
changes might be larger over left than right sites, given the linguistic
nature of the stimuli. We included Interval as a factor because
increased experience might lead to earlier MMF, in addition to
increased MMF power. Interval values were within the range 160–
400 ms, wide enough to capture the dynamics of the MMF signals. A
significance level of .05 was used for all tests.

Tukey’s Honestly Significantly Different (HSD) post-hoc tests were
used for post-hoc pairwise comparisons. The Greenhouse–Geisser
correction was applied to correct for violations of sphericity when
necessary. Significant effect size (Partial eta-squared) was also provided
where it was a significant p-value.
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