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using behavioral measures and the event-related potential (ERP) mismatch negativity

(MMN). Attention to the auditory input was manipulated either away from the auditory

input via a visual oddball task (Visual Attend), or to the input by asking the listeners to

count auditory deviants (Auditory Attend). Results showed a larger MMN when attention

was focused on the consonant contrast than away from it for both groups. The MMN was

larger for consonant duration increments than decrements. No difference in MMN between

the language groups was observed, but the Japanese listeners did show better behavioral

discrimination than the American English listeners. In addition, behavioral responses

showed a weak, but significant correlation with MMN amplitude. These findings suggest

that both acoustic–phonetic properties and phonological experience affects automaticity of

speech processing.

This article is part of a Special Issue entitled SI: Prediction and Attention.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Research indicates that native-language speech perception is

highly automatic. The Automatic Selective Perception (ASP)

model characterizes first-language (L1) speech processing in

adults as an implementation of automatic selective perceptual
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discriminate the same phonetic contrasts because they perceive
the speech in terms of automatic processes designed for the L1.
One focus of this model is to predict levels of difficulty in cross-
language speech perception as a function of stimulus and task
factors, as well as L1/L2 phonological and phonetic similarities
and differences. The ASP model is consistent with other models
of L2 acquisition (e.g. Flege, 1995, Best, 1995) in which perceptual
difficulties are hypothesized to partially contribute to production
difficulties of L2 learners. The ASP model differs from other
models in focusing on the role of cognitive factors (e.g., task
factors) in non-native and L2 speech perception.

The ASP model predicts that performance by non-native
listeners in a test of phonetic perception is dependent on the
degree of attention (i.e., cognitive effort) that can be used in
the task. Without focused attention, non-native listeners
often have difficulty recovering the phonetically-relevant
information needed to categorize speech stimuli appropri-
ately. Differences between L1 and L2 phonology in how
acoustic–phonetic parameters specify contrasts predict dif-
ferences in the amount of attention needed in processing.

Not all contrast types are necessarily perceptually equal.
Bohn and Flege (1990) suggested that inexperienced L2
listeners depend on vocalic duration differences to percep-
tually differentiate vowels that differ in both spectral struc-
ture (quality) and duration (quantity) when the spectral
differences involve a part of “vowel space” not occupied by
the native language. This suggestion is consistent with the
claim that contrasts of phonetic quantity (i.e., duration cues)
may be more psychoacoustically “robust” than contrasts of
phonetic quality (i.e., spectral cues) (Burnham, 1986).

In Japanese, segment length is a cue that differentiates
lexical meaning for both vowels and consonants. For exam-
ple, the pair of words [oto] “sound” and [otto] “husband” differ
only in the duration of the medial consonant ([t] vs. [tt]) and
the pairs [kado] “corner” and [kaado] “card” differ only in
vowel duration (such pairs are called “minimal pairs”).
Research has shown that perception of these vowel and
consonant duration contrasts by naïve or L2 listeners can
be quite good (ranging from 80% to 100% correct) under
certain stimulus and task conditions (Enomoto, 1992; Toda,
1994; Muroi, 1995; Hirata, 2004a, 2004b, Hirata, 1990; Tajima
et al., 2003; Hisagi and Strange, 2011); however, under more
difficult task conditions, performance drops for non-native/L2
listeners, whereas native JP listeners continue to show
performance at ceiling. For example, Hisagi and Strange
(2011) showed that vowel and consonant duration perception
dropped from 83% to 78% and 78% to 62%, respectively, when
the vowel and consonant stimulus types were mixed and/or
the words were imbedded in sentence contexts.

American English (AE) listeners might be expected to show
better perception of JP vowel-duration than consonant-
duration differences because AE uses vowel duration as a
secondary phonetic cue for categorizing vowels. For example,
the /a/ in “hot” differs from the /ʌ/ “hut” by duration, as well
as spectral information (/ʌ/ is shorter than /a/). In contrast,
consonants duration differences do not serve as secondary
cues for distinguishing lexical meaning; however, consonant
duration does serve as a word boundary cue (e.g., night train
/naɪttɹeɪn/ vs night rain /naɪtɹeɪn/). Thus, AE phonetic experi-
ence with consonant duration is of a different type than for
vowel duration, and consonant duration contrasts might be
more difficult than vowel duration contrasts for naïve AE
listeners (Werker et al., 1981; Werker and Tees, 1984; Polka,
1991). To date, however, most studies have shown similar
performance for non-native perception of vowel duration and
consonant duration differences (e.g., Hisagi and Strange,
2011), although, looking across studies, there appears to be
a tendency for better performance on vowel compared to
consonant contrasts (e.g., Enomoto, 1992; Tajima et al., 2003;
Hisagi and Strange, 2011). It is possible that the power was
insufficient to find significant differences or that with atten-
tion directed to the stimulus difference, participants were
able to perform similarly for the two stimulus types. Exam-
ination of speech processing at a stage preceding the beha-
vioral response by using a neurophysiological measure would
help clarify the relative difficulty in perceiving vowel and
consonant durations.

1.1. Mismatch Negativity (MMN) in Event Related
Potential (ERP) measures

The electrophysiological response, Mismatch Negativity
(MMN) has been useful in examining the timecourse of
discrimination underlying processing of speech contrasts
(Näätänen et al., 2007). The phonological status of a speech
contrast in a listener's L1 has been shown to affect the
amplitude and/or latency of MMN (e.g., Näätänen et al.,
1997; Kirmse et al., 2008; Nenonen et al., 2003, 2005; Ylinen
et al., 2010). MMN can be generated at an early pre-attentive
level (when attention is drawn away from the auditory
modality) and, thus, index attention-independent discrimi-
nation. Thus, smaller or absent MMN to a speech contrast in
non-native compared to native listeners has been used to
support the claim that L1 learning early in life leads to
enhancement of neural representations for L1 phonological
information. This enhancement allows for largely automatic,
pre-attentive processing of L1 phonological contrasts (e.g.,
Hisagi et al., 2010). Furthermore, a smaller and later MMN
indicates a more difficult discrimination relative to some
control contrast (e.g., native phonemic contrast) or control
group (e.g., native listeners). A number of studies have shown
smaller MMNs to non-native speech that contrasts in dura-
tion, using various language pairs (e.g., German versus
Finnish in Tervaniemi et al., 2006; Menning et al., 2002;
Nenonen et al., 2003, 2005; Ylinen et al., 2006). All of these
studies focused on vowel duration differences and used a
passive design, in which listeners were asked to focus
attention on a video movie.

If L1 speech perception is automatic, it should result in
little difference in the MMN index of speech discrimination. If
non-native or L2 perception is less automatic, then MMN to
the non-native contrast should be smaller when attention is
directed away compared to towards the contrast. For exam-
ple, Hisagi et al. (2014) observed a smaller MMN in naïve AE
compared to native JP listeners to a JP vowel duration
contrast when attention was directed to a visual task (and
thereby, away from the speech sounds). With attention
directed to the auditory modality, AE listeners exhibited a
robust MMN to this JP contrast that was comparable to that of
JP listeners (Hisagi et al., 2010). This finding was consistent



Table 1 – Visual-Attend Task: Behavioral data showing
the mean number correct, median number correct, and
the standard deviation for American (AE) and Japanese
(JP) groups.

JP AE JP AE
miʃi miʃi miʃʃi miʃʃi

A. Counting Visual targets (14¼perfect score)
Mean 12.50 11.00 10.83 10.08
Median 13.50 11.00 11.00 11.00
Std. deviation 2.11 2.59 2.82 3.34

B. Button-press Auditory targets (15¼perfect score)
Behavior
Mean 12.42 8.25 12.92 9.50
Median 12.00 8.50 13.00 10.00
Std. deviation 0.996 4.29 1.17 3.90

C. Button-press Auditory targets (Reaction Time)
Reaction Time (ms)
Mean 316.50 320.83 415.50 397.58
Median 325.50 296.00 397.50 365.50
Std. deviation 82.02 89.18 110.40 92.47

A. The results of Counting visual targets during ERP recording.
B. Button-press auditory targets after the ERP recording.
C. Button-press auditory targets Reaction Time.

Table 2 – Auditory-Attend Task: Behavioral data showed
the mean of the number correct, median, and standard
deviation.

JP AE JP AE
miʃi miʃi miʃʃi miʃʃi

A. Counting Auditory targets (14¼perfect score)
Mean 8.33 8.08 9.92 8.83
Median 8.50 8.00 9.50 8.50
Std. Deviation 2.84 3.15 1.98 1.99

b r a i n r e s e a r c h 1 6 2 6 ( 2 0 1 5 ) 2 1 8 – 2 3 1220
with the claim that, with attention, relevant cues for distin-
guishing the contrast can be extracted, even if these cues are
not typically used for native language processing. Without
attention to the speech, the listener will make use of highly
automatic native-language selective perceptual routines
(SPRs) that are not optimized for a non-native phonology.
Some native-language SPRs may allow for discrimination of
certain non-native phoneme contrasts, if there is similarity
between languages. But for other non-native contrasts, L1
SPRs may be highly inadequate.

1.2. The present study

The purpose of this study was to extend the previous
research, which focused on native versus non-native percep-
tion of a temporally cued vowel distinction (tado vs. taado) to
a temporally-cued consonant distinction (miʃi vs. miʃʃi). A
primary goal was to examine whether manipulation of
attention to and away from the auditory modality revealed
the same pattern of findings for JP consonant duration as for
JP vowel duration. The consonant duration differences may
be more difficult than vowel duration differences for AE
listeners because consonant duration does not serve as a
secondary cue at a phonemic level. It is possible that atten-
tion to the auditory modality will be insufficient to result in
robust MMN in non-native listeners. The same JP and AE
listeners reported in Hisagi et al. (2010) also participated in
these experiments with the consonant-duration contrast
reported here. We predicted that AE listeners would show
absent MMNs to the consonant contrast without attention,
but might show more robust MMNs with attention. In con-
trast, JP listeners would show no difference in MMN ampli-
tude with and without attention to the speech stimuli. An
alternative possibility is that both groups will show larger
MMN to the consonant contrast with attention, but that the
MMN will generally be larger for the JP than the AE listeners.
B. Button-press Auditory targets (15¼perfect score)
Behavior
Mean 13.17 9.75 13.83 8.08
Median 13.00 9.00 14.00 8.50
Std. Deviation 0.72 2.99 1.27 4.74

C. Button-press Auditory targets (Reaction Time)
Reaction Time (ms)
Mean 306.83 303.75 382.50 408.09
Median 289.00 314.50 378.50 437.00
Std. Deviation 85.78 91.65 71.61 118.93

The results of Counting auditory targets during ERP recording.
Button-press auditory targets after the ERP recording.
Button-press auditory targets Reaction time.
2. Results

2.1. Behavioral results

Tables 1 and 2 show behavioral results for the two conditions.
Credit for accurate counting in a block was awarded if the
participant's count of deviants was less than or equal to two
from the actual number of deviants in a block. The two
participant groups in the Visual Attend Task during the
electrophysiological study, did not differ in the number of
blocks with accurate counts of visual oddball targets.

For the behavioral discrimination task requiring a button
press to the auditory word forms (following the Visual Attend
Task electrophysiological session), the JP group showed a higher
mean number of correct responses than the AE group, detecting
approximately three more targets per block than the AE
participants. One-way ANOVAs showed significant differences
between the two groups ([miʃi] as standard: [F (1, 22)¼10.751,
p¼0.003]; [miʃʃi] as standard: [F (1, 22)¼8.4705, p¼0.008]).

There was no significant difference between groups for
reaction time (RT) in responding to the targets. However,
there was a significant difference in RT between the two
conditions ([F (1, 22)¼14.06, p¼0.001]) (see Table 1). Partici-
pants took longer to respond to the deviant decrement
condition ([miʃi] when [miʃʃi] served as the standard).

The two participant groups (AE and JP) in the Auditory
Attend Task performed similarly in counting the auditory
deviants during the electrophysiological session, with each
participant missing approximately four to five deviants in the
total count. One-way ANOVAs showed significant differences
in accuracy between the two groups ([deviant increment:



Fig. 1 – Visual and Auditory Attend Tasks (short vs. long). The ERP responses to the standard stimulus for the short (miʃi) and
long (miʃʃi) stimuli for each group and each task are displayed at Fz. AE¼American English and JP¼Japanese.
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[F (1, 22)¼14.828, po0.001]); deviant decrement: [F (1, 22)¼
16.495, po0.001]). There were no significance differences in
RT between groups, but there was a significant difference in
RT between the two conditions ([F (1, 22)¼15.636, po0.001]).
Specifically, the RT was longer in the deviant-decrement
compared to the deviant-increment condition.

2.2. Electrophysiological results

Fig. 1 displays the ERP response to the standard stimulus for
the short (miʃi) and long (miʃʃi) stimuli for each group and
each task at Fz. It can be seen that the P2 peak to the long
stimulus is of greater amplitude than to the short stimulus
for all groups and tasks. This difference in the P2 peak latency
is likely to be the result of the inherent acoustic phonetic
differences between the long and short stimuli. Thus, to
control for stimulus feature differences, the short deviant
stimulus miʃi was compared to the short standard stimulus
miʃi and the long deviant stimulus miʃʃi was compared to the
long standard stimulus miʃʃi, as has been done in many other
studies using the MMN measure (Näätänen et al., 2007). Fig. 2
displays the ERP response to the deviant stimulus for AE
versus JP for each stimuli and each task at Fz.
2.3. Early interval (220–440 ms)

Fig. 3 shows the amplitude of the subtraction wave (deviant
minus standard) for the Frontal-Inferior Model for the two tasks,
two groups and two stimulus conditions. The t-tests revealed
significant findings (at the pr0.01 level) only in the Auditory
Attend Task; significant negativity was found from 220 to 300ms
to the long deviant (miʃʃi) for the JP group and from 360–460ms
for the short deviant condition (miʃi) for the AE group in the
Auditory tasks. The AE group showed negativity that approached
significance for the long stimulus from 220 to 320ms and the JP
group showed negativity that approached significance for the
short condition (miʃi) from 360–400ms. For the Visual Attend
Task the negativity was significant using a higher p-value
(pr0.05) for the JP group to the miʃi condition from 400 to
440ms and to the miʃʃi condition from 260 to 300ms and from
380 to 420ms. The AE participants showed no significant
negativity or positivity in the Visual Attend Task (p40.13).
Table 3 provides the means and SDs for the peak amplitude in
the interval showing significance. No significant negativity (or
positivity) was found for the Anterior Model in this early interval.

An ANOVA was performed using the Frontal-Inferior Model
with Task, Group, Stimulus and Time (eleven 20-ms intervals



Fig. 2 – Visual and Auditory Attend Tasks (American English¼AE vs. Japanese¼JP). The ERP responses to the deviant stimulus
for AE and JP for each stimulus (miʃi vs. miʃʃi) and each task is displayed at Fz.
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between 220 and 440ms) as factors. There were main effects of
Task: [F (1, 22)¼5.24; p¼0.03] and Time: [F (10, 220)¼3.10;
p¼0.001]. In general, the difference wave was more negative in
the Auditory than the Visual Attend Task. A two-way interaction
of Stimulus�Time: [F (10, 220)¼3.45; po0.001] was found.
Tukey's pairwise comparisons showed that the response to the
long deviant was more negative than the response to the short
deviant from 260 to 280ms, 280 to 300ms, and 300 to 320ms
(po0.01). A three-way interaction of Task�Stimulus�Time:
[F (10, 220)¼3.04; p¼0.001] was also observed. To follow up this
interaction, two-way ANOVAs with Task and Time as factors
were carried out for the short and long deviants, separately. For
the short deviant (miʃi) a main effect of Time was found [F (10,
220)¼5.16; po0.001] and an interaction of Task�Time [F (10,
220)¼1.93; p¼0.042]; however, Tukey's post hoc tests did not
reveal significant differences in Task for any particular
time interval. Examination of the mean values in Fig. 4 (left)
indicates that that the Auditory and Visual tasks showed
the greatest difference in the later intervals (340–440ms). For
the long deviant, an interaction of Task�Time was also found
[F (10, 220)¼2.33; p¼0.012]. Tukey's post hoc tests did not show a
significant difference between Tasks for any particular time pair.
Fig. 4 (right) indicates there was greater difference in amplitude
between the tasks for the long deviant in earlier time intervals.
There were no significant differences between the two groups,
even though Fig. 1 (above) suggested that there might be.

We examined the individual patterns for each group and
condition to determine whether variability in the presence of
the negativity might have affected the result. For the Audi-
tory Attend Task, 11/12 and 10/12 AE listeners showed
negativity (�0.3 mV or more negative) between 220 and
440 ms that lasted for at least 60 ms to the short and long
deviants, respectively. For the JP group, 9/12 and 10/12
showed negativity to the long and short stimuli, respectively,
in the Auditory Attend Task. In contrast, for the Visual Attend
Task, only 5/12 AE listeners showed negativity for at least
60 ms for either the short or long deviant between 220 and
440 ms. For the JP listeners, 9/12 and 8/12 showed negativity
to the short and long stimuli, respectively, in the Visual
Attend Task in the target range from 220 to 440 ms.



Fig. 3 – Frontal-Inferior Model. The Grand Means for each Group (American English (AE) and Japanese (JP)) are compared for
each stimulus (short and long) in each task (Auditory Attend and Visual Attend). Error bars show the standard error of the
mean. The model consists of the average of midline and right frontal sites 3, 4, 5, 54, 55 and 58 and the inferior posterior sites
(sites 31, 35, 36, 39, 40, 44, multiplied by �1 and then averaged with frontal sites). The MMN peak is identified with arrows.

Table 3 – Means and SD (in parentheses) for the peak difference between the deviant and standard ERP.

Auditory attention Visual attention

Model AE short AE long JPshort JPlong AE short AE long JP short JP long

Time (ms) 360–440 320–340 380–400 220–360 280–300 380–400 400–420 380–400
Frontal vs.
inferior

�0.81
(0.59)n

�0.46
(0.61)1

�0.39
(0.45)n

�0.68
(0.65)n

0.1 (0.67) �0.19
(0.81)

�0.49
(0.59)n

0.49
(0.62)1

Time (ms) 640–700 600–700 620–700 600–800 660–680 580–600 740–760 780–800
Anterior �1.76

(1.93)n
�2.06
(2.56)1

�1.56
(1.76)n

�2.73
(2.43)n

�0.22
(1.41)

�0.98
(1.28)1

�0.32
(2.66)

�0.95
(3.37)

Time (ms) 660–700 560–720 560–720 540–740 660–680 600–620 680–700 760–780
PzVertex 1.26 (1.46)n 1.14 (0.77)n 1.2 (0.98)n 1.2 (1.17)n 0.92 (2.35) 0.06 (1.66) 0.1 (0.43) 0.15 (0.61)

Note: Frontal-Inferior model sites 3, 4, 5, 54, 55, 58, then invert (multiply be �1) sites 31, 35, 36, 39, 40 and 44. Anterior: 6, 10, 11, 14 PzVertex
model, 30, 42, 43, 55, 65
n po0.01.
1 p¼0.02–0.05.
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2.4. Late interval (440–800 ms)

Fig. 5 shows the amplitude of the subtraction wave (deviant
minus standard) for the Pz-Vertex Model for the two tasks,
two groups and two stimulus conditions. The t-tests revealed
significant findings (po0.01) only in the Auditory Attend Task
(see Table 3). The AE group showed significant positivity from
660 to 700 ms (from 640 to 800 ms, if pr0.02) for miʃi and
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Fig. 4 – The mean values of short (left) and long (right) deviant between the Auditory and Visual tasks. Eleven, 20-ms time
intervals were examined, with the first (1) representing 220–240 ms and the final (11) representing 420–440 ms. Vertical bars
denotes 95% confidence intervals.
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from 560 to 700 ms for miʃʃi. The JP group showed significant
positivity from 560 to 720 ms for miʃi and from 540 to 740 for
miʃʃi. Table 3 shows the means and SDs for the peak
amplitude in these significant intervals.

An ANOVA was performed using the Pz-Vertex Model with
Task, Group, Stimulus and Time (eight 20-ms intervals
between 540 and 700 ms) as factors. There were main effects
of Task [F (1, 22)¼20.67; po0.001] and Time: [F (7, 154)¼8.56;
po0.001]. The amplitude of the responses were more positive
in the Auditory than the Visual Attend Task. Two-way
interactions of Group�Time: [F (7, 154)¼3.84; po0.001] and
Task�Time: [F (7, 154)¼7.07; po0.001] were observed.
Tukey's post hoc tests did not reveal Group differences for
any time intervals, but Fig. 6 indicates greater positivity
for the AE than the JP group in the later intervals; The
Tukey's post-hoc tests following up the Task by Time inter-
action reveal that the Task difference was present for all time
pairs. Examination of Fig. 6 shows that the peak difference
was between 640 and 700 ms. A significant three-way inter-
action of Task�Stimulus�Time was also observed [F (7,
154)¼2.19; p¼0.037]. To follow-up this interaction, Two-way
ANOVAs were carried out on the short and long stimuli
separately.

For the short stimuli, (miʃi) a main effect of Time was
observed [F (7, 322)¼6.97; po0.001] as well as an interaction
of Task�Time [F (7, 322)¼5.93; p¼0.0020]. However, Tukey's
post-hoc tests did not show significant differences between
Task for any particular time pairs. For the Long stimuli (miʃʃi),
main effects of Task ([F (1, 46)¼13.68; po0.001]), and Time
([F (7, 322)¼3.05; p¼0.004]) were observed.

Fig. 6 shows the amplitude of the subtraction wave
(deviant minus standard) for the Anterior Model for the two
tasks, two groups and two stimulus conditions. The t-tests
revealed significant findings (po0.01) only in the Auditory
Attend Task (see Table 3); The AE group showed significant
negativity from 640 to 700 ms for the miʃi condition and from
600 to 620 ms for the miʃʃi condition; from 620 to 700 ms, the
negativity approaches significance (p¼0.02). The JP group
showed significant negativity from 620 to 700 ms to the miʃi
condition and from 600 to 800 ms for the miʃʃi condition.

An ANOVA was performed using the Anterior Model with
Task, Group, Stimulus and Time (10 20-ms intervals between
600 and 800 ms) as factors. The only significant finding was a
main effect of Task: [F (1, 22)¼10.538; p¼0.003]. In this case,
the responses to the deviant stimuli during the Auditory
Attend Task were more negative than those during the Visual
Attend Task.

2.5. Relationship between behavior and MMN

Correlation coefficients were calculated between the ampli-
tude in the peak interval for the MMN in each condition and
participants' behavioral accuracy measures. There was a
significant correlation between behavior and the MMN ampli-
tude from 400 to 420 ms in the Visual Attend Task for short
(Pearson's r¼�0.36, two-tailed, po0.05) and 260–280 ms and
360–380 ms in the Auditory Attend Task for long (260 ms:
r¼�0.40, two-tailed, po0.05; 360 ms: r¼�0.33, two-tailed,
po0.05). The long vowel showed two peaks of negativity, and
therefore, two time-intervals were tested.
3. Discussion and conclusion

The current study examined whether discrimination of a
consonant length contrast was influenced by attention in
native and non-native listeners. We had hypothesized that
native listeners would show little difference in amplitude of
the MMN response whether attending to the speech stimuli
or away from the stimuli because native-language speech
perception is proposed to be highly automatic. We expected
that non-native listeners, in this case American English,
would show an increase in MMN when attention was directed
to the stimuli because they lack automaticity. In fact, we saw
increased negativity in the MMN interval (220–440 ms, or



Fig. 5 – Pz-Vertex Model. The Grand Means for each Group (American English (AE) and Japanese (JP)) are compared for each
stimulus (short and long) in each task (Auditory Attend and Visual Attend). Error bars show the standard error of the mean.
The model consists of the average of the following posterior sites 30, 42, 43, 55, 65. P3b is identified with arrows.
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10–230 ms following the change) for both the American
English and Japanese listeners when attending to the speech
stimuli compared to away from them. The statistical tests
showed no differences in the MMN amplitude across groups.
Thus, the pattern of findings only partially matched with our
predictions. However, we did see a significant relationship
between the behavioral accuracy and the MMN amplitude for
two of the four Task/stimulus conditions, and since the
Japanese listeners showed better behavioral performance,
this finding indicates some, albeit weak, effect of language
experience. We also found an effect of stimulus (i.e., whether
the long or the short stimulus was the deviant). The MMN
was larger when the long stimulus was the deviant (deviant
increment) compared to when the short stimulus was the
deviant (deviant decrement). This finding matched with what
we found with vowel duration contrasts (Hisagi et al., 2010)
and was consistent with a number of other studies showing
asymmetries in the MMN to speech (e.g., Eulitz and Lahiri,
2004). We also observed significant positivity in late time
intervals (540–800 ms) in the Auditory Attend Task for the Pz-
Vertex model for both language groups. This pattern is
consistent with the P3b component, expected to target
stimuli, and shows that the participants could detect the
stimulus difference. In addition, the same late time range,
showed a significant anterior negativity in the Auditory
Attend Task, again indicating detection of the stimulus
difference. Below we discuss our findings with respect to
our hypotheses and the previous literature.
3.1. Automaticity of native language processing

Our main hypothesis was that language users would be highly
automatic in processing native language phonological contrasts,
and thus, attention would show little effect on pre-attentive
discrimination. In contrast, discrimination of non-native phono-
logical contrasts would be effortful and require attention. The
finding that both American English and Japanese groups showed
an increase in negativity with attention and that there was little
difference between the two groups suggests that some native-
language phonological information may require some atten-
tional resources for robust processing. In our previous study
with the Japanese vowel duration contrasts, we observed a
difference in MMN amplitude in relation to attention only for
the non-native, American English listeners (Hisagi et al., 2010).
The Japanese group showed an equally robust MMN both when
attending to and away from the auditory stimuli, supporting the
claim that native-language phonological processing is automatic.

The participants in the current experiment were identical to
those in the vowel experiment, indicating that these differences



Fig. 6 – Anterior Model. The Grand Means for each Group (American English (AE) and Japanese (JP)) are compared for each
stimulus (short and long) in each task (Auditory Attend and Visual Attend). Error bars show the standard error of the mean.
The model consists of the average of the following anterior sites 6, 10, 11 and 14.
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across experiments are not related to our sample. The Japa-
nese listeners demonstrated better behavioral performance in
discriminating the consonant duration change, indicating that
the lack of a group difference was not because the stimuli were
equally easy (or difficult) to discriminate for both groups. The
significant correlation between behavior and the MMN ampli-
tude does suggest some effect of experience, since the JP
listeners had better behavioral discrimination. It is possible
that the failure to observe a group difference is related to
insufficient power. At least 3/4 of the Japanese listeners
showed negativity to the deviant in the MMN range (220–440,
which is equivalent to 10–230 ms following the duration
difference). In contrast, fewer than half of the American-
English listeners showed negativity in this range. If these
proportions are maintained in a larger sample, then a sig-
nificant group difference would emerge. However, irrespective
of whether this outcome is found in a replication, our findings
clearly show that attention modulated the amplitude of the
MMN in the native, as well as the non-native listeners. It will
be interesting in a future analysis to examine whether the late
responses (P3b positivity in the Pz-Vertex model and the
anterior negativity found in the Anterior model) are sensitive
to the difficulty of the discrimination. P3b amplitude and
latency is sensitive to cognitive load, and thus, could help
evaluate task difficulty (Picton, 1992).
3.2. Phonetic status of phonemic cues in a language

We had expected that the consonant contrast might be more
difficult than a vowel contrast for AE listeners because vowel,
but not consonant duration serves as a secondary phonetic
cue to vowel identity and final voicing in English. Under this
explanation, the perceptual assimilation patterns of the
contrasting segments may have differed for the vowel dura-
tion and consonant duration contrasts. That is, the vowels
may have been assimilated in a Category Goodness (CG)
pattern, while consonants were assimilated in a Single
Category (SC) pattern (Best, 1995). More specifically, one of
the two vowel durations may have been perceived as being a
better match with a prototypical English vowel (CG pattern);
the consonants, however, may be been perceived as equally
good or poor (SC pattern). Since perceptual similarity judg-
ments were not obtained from AE participants, we cannot
determine if these contrasts differ in relative perceptual
similarity.



Table 4 – Summary of acoustic analysis of target nonsense stimulus materials: VOT and.vowel consonant durations (ms)
and pitch of two syllables (Hz) of selected four stimuli of each phonetic category. Standard deviation (SD) is shown for the
contrasting target segments.

mi
R R

i vs. mi
R
i

Long Nasal murmur /i/ /
R R

/ /i/ Total Pitch

1 61 62 142 28 293 270, 294
2 63 74 128 41 305 271, 279
3 52 75 152 47 326 267, 269
4 71 64 128 29 292 262, 250
Mean 62 69 137 36 304 268, 273

SD: 11.90

Short Nasal murmur /i/ /
R
/ /i/ Total Pitch

1 70 50 92 63 276 256, 275
2 73 49 95 70 287 258, 290
3 66 56 86 66 274 255, 295
4 58 61 84 60 262 253, 286
Mean 67 54 89 65 275 256, 287

SD: 5.26 Total word duration
L/S ratios¼1.54 L/S ratios¼1.11
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A perceptual-assimilation model, however, cannot explain
why JP listeners also showed more robust neural discrimina-
tion of the vowel than consonant contrast, since both types of
duration contrasts are phonemic in Japanese (Hirata, 2004a).
It was possible that consonant contrasts are inherently more
difficult than vowel contrasts because the acoustic informa-
tion associated with consonants is often shorter and/or less
intense. In addition, shorter sounds lead to the perception of
less loudness (e.g., Lehiste, 1970). Other studies have seen
small MMNs to consonant contrasts. For example, Shafer
et al. (2004) showed a small, late MMN to a bilabial [ba]-dental
[da] contrast in English and Hindi listeners and no MMN was
observed to a dental-retroflex contrast in either native Hindi
or non-native English listeners.

Several studies have claimed that a temporal difference, such
as the consonant duration difference in this study, is a more
robust phonetic cue than a spectral difference (as in the formant
frequency differences of [ba] and [da]) (Burnham, 1986). The
current study suggests that this claim cannot be made or needs
to be qualified. The difficulty in discriminating phonetic cues is
both a function of the nature of the cue and the physical
magnitude of the difference. Our findings indicate that conso-
nant duration differences are more difficult than vowel duration
differences, but do not clarify whether temporal-phonetic dis-
tinctions are generally more difficult than spectral-phonetic
distinctions.

The pattern of findings also needs to be considered in the
light of behavioral studies that have shown no significant
differences between consonant and vowel duration percep-
tion. In particular, Hisagi and Strange (2011) found no sig-
nificant differences in accuracy between vowel and
consonant contrast types as tested by a behavioral categorical
discrimination task (92% for vowel contrasts and 88% for
consonant contrasts summed over 5 pairs of each type, and
83% for [kado vs. kaado] and 78% for [niʃi vs. niʃʃi]). Thus, their
finding suggested that similar MMN results would be found
for vowel and consonant duration. In the current study,
however, neural discrimination of the consonant-duration
contrast appears to be less robust than discrimination of the
vowel-duration contrast in our previous paper (Hisagi et al.,
2010), for both the native, and the non-native listeners. It is
possible that the neural responses are partially indexing a
phonetic level of processing, whereas as the behavioral
categorization is more directly reflecting phonological status.

Stimulus difference in the natural speech could have
contributed to the less robust MMN to the consonant dura-
tion contrast. The ratio of the short to long consonants was
slightly less for the consonants than the vowels (1.54 versus
1.61). Clearly, this possibility will need to be examined in a
future study in which the ratios are matched.

A final possible explanation for the small MMN to the
consonant contrast is that, the first syllable position might
be easier to discriminate than the second syllable position
(Szymanski et al., 1999; Sussman et al., 2004). The target vowel
duration contrast in the previous study was the first syllable
while the target consonant duration contrast is either perceived
as the coda (end) of the first syllable or onset of the second
syllable. Future studies will need to examine how syllable
position interacts with cue type.

3.3. MMN as an index of phonetic difficulty

The current study in conjunction with our previous study (Hisagi
et al., 2010) revealed differences in MMN amplitude related to
stimulus type (consonant versus vowel) and stimulus delivery
(deviant decrement versus increment) and attention. Lengthen-
ing the stimuli led to a more robust MMN, similar to other
studies (e.g., Kirmse et al., 2008; Hisagi, et al., 2010). One study,
however, found the opposite effect of lengthening for vowels but
similar effects for tones (Jaramillo et al., 1999). They suggests that
length may operate differently in speech and non-speech. More
studies will be necessary to clarify whether duration cues are
treated similarly for speech and non-speech.

These findings confirm that MMN can provide insight on
factors that influence behavioral perception that are difficult to
observe using a behavioral method alone. Specifically, our study
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suggests that discrimination of some consonant contrasts may
require attention. This is an interesting finding because one
claim of the ASP model is that speech perception can suffer in
conditions of high cognitive load, if it is not automatic. It is
possible that the robustness of vowel perception allows native
listeners to recover the meaning of words and utterances, even
under noisy conditions where the consonant information may
be lost. It will be interesting to examine the extent to which
processing of consonants suffers in such noisy conditions, even
in native listeners. However, it is likely that there will be a range
of difficulty in perceiving consonants, with those that have
typically been labeled as “marked” by linguists (e.g., Shafer
et al., 2004) suffering the most under conditions of noise. Speech
sounds that are considered marked are less common in the
languages of the world and are less stable, in the sense that they
are more susceptible to loss in a language over time. This
property of “markedness” is at least partly related to perceptual
difficulty.
4. Conclusion

The finding that attention can influence processing of con-
sonants even in native listeners suggests that some phonetic
contrasts are inherently more difficult to discriminate than
other contrasts. Processing of the consonant duration differ-
ences in the current paper appear to require some attentional
resources for both native and non-native listeners. This
finding suggests that we need to revise our model of Auto-
matic Selective Perception to allow for native language
perception to rely on different degrees of attention, depen-
dent on the phonetic contrast. In addition, we found an
asymmetry in processing related to whether the stimulus
was a deviant decrement or increment. This finding is
consistent with many other studies, which show asymme-
tries in speech discrimination.
1To ensure that the nonsense words had similar acoustic
qualities to the target real words, acoustic measurements were
made for the consonant length contrast [niʃi] ‘west’ vs. [niʃʃi]
‘journal’ from the same speaker. Similar duration, duration ratios
and pitch patterns were found for the real words (see Hisagi,
2007).
5. Experimental procedures

The methods were identical to Hisagi et al. (2010), except for
the stimulus contrasts. The same participants were tested on
the vowel contrast in Hisagi et al. (2010) were tested in the
consonant contrast experiment. The general design was
between groups. Specifically, the four groups were Japanese
listeners in the Visual Attend Task, Japanese listeners in the
Auditory Attend Task, American English listeners in the
Visual Attend Task and American English listeners in the
Auditory Attend Task. This design was chosen because
experience in one task might carry over to the other task in
a within subject design.

5.1. Stimulus materials

5.1.1. Auditory stimuli
For stimulus tokens each for /miʃi/ and /miʃʃi/ were selected
from a larger set of naturally-produced forms to ensure
similarity for the target cue (short versus long consonant
duration) but to also allow for variability in non-target cues
(e.g., pitch) that overlapped so that these cues would not
contribute to discriminating standards and deviants (see
Hisagi, 2007). The forms were nonsense words in Japanese,
but obeyed the phonological “rules” of Japanese (compare
“niʃi” which means “west” in Japanese). Table 4 displays
acoustic measurements for the stimuli. The durations of the
nasal /m/, the initial vowel /i/, the target consonant /ʃ/, and
the second vowel /i/ were measured. The duration ratio of the
long to short target consonant /ʃ/ in /miʃi/ versus /ʃʃ/ in /miʃʃi/
was 1.54 on average, with durations of individual tokens
varying from 84ms to 95 ms for /ʃ/ and from 128 ms to 152 ms
for /ʃʃ/. The mean ratio of long vs short total word duration
(from onset of /m/ to offset of /i/ was 1.11). In general, these
differed minimally and overlapped for the short and long
stimuli1. The earliest that a listener could detect a difference
in consonant duration was at a mean of 210 ms following
word onset. During the study, participants heard the four
standard and four deviant tokens (eight tokens altogether).
Stimuli were presented over speakers at 75 dB SPL. Two
speakers (right and left) were positioned at 451 from the
listener.

5.1.2. Familiarization task materials
The familiarization task materials for AE participants were
nonsense words, //bozɚ/ and /bosɚ/ produced by a native
female speaker of AE (New York dialect) in the same manner
as the JP stimuli. For the JP participants, familiarization words
were nonsense words, /pepu/ and /pekku/.

5.1.3. Visual stimuli
Four different sizes of circle and oval shapes (color: green
with black background) were created for the construction of
the oddball visual discrimination test used in the Visual
Attend Task.

5.2. Design and procedures

5.2.1. General design
Both the auditory words and the visual shapes were pre-
sented for the two different tasks. Auditory words (i.e., miʃʃi
and miʃi) occurred with an inter-stimulus interval (ISI) of
800 ms. The ISI for the shapes was 820 ms and differed from
that of the auditory words in order to make sure that the
presentation of auditory and visual stimuli would not inad-
vertantly be in synchrony. In the Visual Attend Task, atten-
tion was directed to the visual shapes using a visual oddball
task. In the Auditory Attend Task, attention was directed to
the auditory words using an auditory oddball task. There
were 14 blocks of trials in total with approximately 100
auditory words delivered in each block.

5.2.2. Behavioral tasks during the ERP session
In the Visual Attend Task the participants were instructed to
count the visual deviant shapes and to ignore the auditory



Fig. 7 – Locations of electrode sites identified in the
Principal Components Analysis to be included in the
statistical analysis. The anterior sites 6, 10, 11 and 14 were
used to create an Anterior Model, the frontal 3, 4, 5, 54, 55
and 58 and inferior sites 31, 35, 36, 39, 40, 44 were used to
create a Frontal-Inferior Model, and the posterior sites 30,
42, 43, 55, 65 were used to create a Pz-Vertex model to be
used in the analyses.
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speech sounds. In the Auditory Attend Task the participants
were instructed to count the short vowel deviants in the
deviant-decrement condition (short consonants as deviant),
and the long-vowel deviants, in the deviant-increment con-
dition (long consonant as deviants). The visual stimuli were
also presented during the Auditory Attend Task, but with no
instructions other than to look at the screen while listening to
the auditory targets.

5.2.3. Behavioral tasks following the ERP session
A ten-minute discrimination task (behavioral-discrimination-
only) was given following the ERP session using the auditory
word forms. Participants' responses were recorded with a
button press. Participants received 100 trials (85 standard and
15 deviant) of the word forms (miʃʃi and miʃi) in two blocks,
one in which the long form served as a deviant and the
second in which the short form served as the deviant. The ISI
in this behavioral-only task was 800 ms, which was identical
to that used in the ERP session.

5.2.4. Behavioral data analysis
For the oddball counting task during the ERP session, 0–2
errors per block were counted as “good” performance. That is,
participants received credit for good performance on the
counting task if the number of deviants reported was within
2 of the actual number in the block. For the behavioral tasks
following the ERP session, correct responses (hits), and reac-
tion times (RT) were calculated.
5.3. Electroencephalogram (EEG) recording and data
analysis

A Geodesic net of 65 electrodes (wrapped in sponges) was
placed on the participant's scalp, after soaking in saline
solution for 5 min. The Vertex served as the reference during
data collection. Date were collected using Geodesic Amplifiers
at a sampling rate of 250 Hz and filter bandwidth of.01–30 Hz.
The continuous EEG was processed off-line, using a lowpass
filter of 20 Hz. The EEG was timelocked to the onset of the
stimulus words and epoched using a prestimulus baseline for
�200 ms to 800 ms post-stimulus. Eye blinks were corrected
using Independent Component Analysis (ICA) (Bell and
Sejnowski, 1995; Glass et al., 2004) as implemented in EEGLAB
(Matlab-based; toolbox: Delorme and Makeig, 2004). After eye-
blink correction, epochs were baseline corrected and exam-
ined for artifacts, using Netstation software. Trials with
artifact were rejected if the fast average amplitude exceeded
200 mV (i.e., amplitude was compared to the average of
several prior samples), if the differential amplitude exceeded
100 mV (making use of the slope of time series), or if there was
zero variance (Netstation, 2.0). Channels that were marked as
bad on more than 20% of the total epochs were replaced by
interpolation. An epoch was rejected if more than 10 chan-
nels for that epoch were marked as bad, after interpolation.
The remaining trials were averaged into standard and devi-
ant ERPs for each stimulus and condition. The data had no
more than 10% of trials lost on average due to artifact after
eye-blink correction. Only one participant was discarded due
to high artifact rate (greater than 50% trials rejected). A
minimum of 80% of the trials were retained for all remaining
participants. To estimate noise level, t-tests have performed
comparing the mean global field power (GFP) in the baseline
interval and found no significant differences for deviants
between the four groups (p40.30).

5.3.1. ERP analysis
We used a principal components analysis (PCA) to reduce the
data from the 65 sites by identify sites that covaried. A spatial
PCA (sites as variables) was run using the 96 data sets (two
groups x two tasks� two stimuli�12 participants) as input to
calculate the covariance matrix. One PCA was performed on
the 80 data points between 104 and 440 ms. A second PCA
was run on the 90 data points from 440 to 800 ms to capture
late activity, including the P3b. The PCA result was examined
with and without Varimax rotation to determine whether
Varimax rotation changed which sites covaried. The outcome
of the analyses revealed three relevant patterns that were
found with or without Varimax rotation. For the 104–440 ms
interval, the first five components accounted for 97% of the
variance (see Supplemental Table for normalized factor
loadings). Only the first two components showed relevant
patterns. Component 1 (accounting for 64% of the variance)
showed high loadings (indicating covariance) on four anterior
sites (sites, 6, 10 11 and 14) (see Fig. 6, Supplemental Table S1).
These four sites were averaged together for each of the 96
data sets to create an Anterior Model. The first component
also showed high loadings after a varimax rotation (retaining
5 components) with the opposite sign to that of the anterior
sites at right temporal regions (sites, 49, 50, 51, 52-T8, and 56).
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This pattern was uninteresting, as t-tests showed no differ-
ences in amplitude between the standard and deviant from
200 to 800 ms, and, thus, was discarded. The second compo-
nent (accounting for 15% of the variance) showed a pattern
consistent with the MMN. Midline and right frontal sites 3, 4,
5, 54, 55 and 58 showed high loadings. It also showed high
loadings with the opposite sign at inferior posterior sites 31,
35, 36, 39, 40 and 44. The inferior site data was multiplied by
�1 and then averaged along with the six frontal sites to
create a Frontal-Inferior model. The remaining components
were uninteresting (that is, they did not reflect a difference
between the standard and deviant). For the PCA on the later
time interval, the first component (accounting for 79% of the
variance) showed high loadings on the same four anterior
sites, 6, 10, 11 and 14. It also showed high loadings of the
opposite sign at sites near Pz (sites 30, 42, 43, 55, 65),
consistent with P3b. These five posterior sites were averaged
to create a Pz-Vertex model. The second component
(accounting for 11% of the variance) revealed high weightings
on both frontal and posterior sites (sites 4, 5, 18, 30, 42, 43, 65)
and on the opposite pole for sites 26, 31, 32, 35, 36, 39. This
pattern is largely redundant with our Frontal-Inferior Model
and our Pz-Vertex model. Thus, we do not include it in the
analysis. Fig. 7 shows the Geodesic sensor layout and the site
selection derived from the PCA.

Two-tailed t-tests were performed on each subgroup for
each of the three models (Anterior, Frontal-Inferior and
Pz-Vertex) to first ascertain that there was a significant
difference between the standard and deviant. Twenty-ms
intervals starting at 220 ms and ending at 800 ms were tested
because the onset of the stimulus change was 210 ms
following the word onset. A significance level of 0.01 was
used to reduce the possibility of spurious findings. In addi-
tion, three adjacent 20-ms intervals needed to be significant
at the 0.01 level to consider there to be a significant differ-
ence. Analysis of variance (ANOVA) was used to compare the
difference ERP wave (deviant minus standard) across Group
(AE, JP), Task (Attend Auditory, Attend Visual), Stimulus
(Short, Long) and Time (range selected from the t-tests). A
significance level of 0.05 is used for this set of analyses.
Tukey's Honestly Signifcant Difference (HSD) was used to
follow-up significant interactions.
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