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WHY

Mismatch response (MMR) to allophonic vs. phonemic 

processing for one and the same phonetic contrast

To test the effect of a potential directional asymmetry 

for a consonant contrast on the MMR
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MISMATCH RESPONSE

Näätänen et al. (2007)

(Kekoni et al., 1997; Shinozaki et al., 1998; Akatsuka et al.,
2005, 2007), in the olfactory modality (Krauel et al., 1999;
for a review, see Pause and Krauel, 2000), and in the visual
modality (Alho et al., 1992; Tales et al., 1999; Heslenfeld,
2003; Maekawa et al., 2005; Fu et al., 2003; Czigler
et al., 2002, 2004; Pazo-Alvarez et al., 2003; Stagg et al.,
2004; Astikainen et al., 2004; see, however, Kenemans
et al., 2003; Kimura et al., 2005, and Nyman et al., 1990;
for reviews, see Pazo-Alvarez et al., 2003; Maekawa
et al., 2005, and Czigler, in press).

Moreover, the MMN is also elicited by different kinds of
abstract changes in auditory stimulation such as grammar
violations in mother-tongue sentences – these higher-order
MMNs will be reviewed in later sections of this article.

The MMN response is seen as a negative displacement
in particular at the frontocentral and central scalp elec-
trodes (relative to a mastoid or nose reference electrode)
in the difference wave obtained by subtracting the event-
related potential (ERP) to frequent, ‘‘standard’’, stimuli
from that to deviant stimuli. Here one has to take into
account the possible differences in the obligatory ERPs
between standards and deviants, however. These differ-
ences may result from physical stimulus differences between
standards and deviants and from differences in the refracto-
riness of the neural populations activated by the two stim-
uli because of the probability difference (see Walker et al.,
2001). These differences in the obligatory components are,
in general, rather small in amplitude and mainly involve
the N1 time zone, however; therefore post-N1 measure-

ments of the MMN usually provide quite reliable estimates
of the ‘‘genuine’’ MMN. In addition, the MMN usually
reverses polarity in nose-referenced mastoid recordings.
See also Deacon et al. (2000).

The MMN usually peaks at 150–250 ms from change
onset, with this peak latency getting shorter with the
increasing magnitude of stimulus change (Sams et al.,
1985a, Tiitinen et al., 1994; Näätänen et al., 1989a,b; Amen-
edo and Escera, 2000). A prerequisite of MMN elicitation is
that the central auditory system has, before the occurrence
of the deviant stimulus, been able to form a representation
of the repetitive aspects of auditory stimulation (Winkler
et al., 1996a,b; Horváth et al., 2001; see also Winkler
et al., 1999a,b; Huotilainen et al., 1993; Paavilainen et al.,
1993a; for a review, see Näätänen and Winkler, 1999). An
MMN is then elicited by a stimulus that violates this repre-
sentation. The majority of studies used simple paradigms in
which frequent and infrequent stimuli (e.g., tones of 1000
and 1100 Hz, respectively) were presented in a random
order, with the infrequent sound eliciting an MMN (Näätä-
nen et al., 1978; Sams et al., 1985a). The MMN can, how-
ever, also be elicited by changes in complex stimuli such
as speech sounds (Dehaene-Lambertz, 1997; Näätänen
et al., 1997) and even by stimuli that deviate from an
abstract rule followed by the ongoing auditory stimulation
such as a tone repetition in a sequence of descending tones
(Tervaniemi et al., 1994a); i.e., even when there is no acous-
tically constant standard stimulus (see Fig. 2).

Very importantly, in particular in view of the clinical
and other potential applications, the MMN is elicited irre-
spective of the subject or patient’s direction of attention
(Näätänen, 1979, 1985; Näätänen et al., 1978). Hence, no
behavioural task is needed; in fact, such tasks are used to
direct the subject’s attention away from the MMN-eliciting
stimulus sequence in order to prevent the elicitation of
attention-dependent ERP components (e.g., the N2b;
Renault and Lesévre, 1978, 1979; Näätänen et al., 1982;
Sams et al., 1985a, 1990; Novak et al., 1990, 1992; for a
review, see Näätänen and Gaillard, 1983) overlapping the
MMN.

The MMN gets a contribution from at least two intra-
cranial processes: (1) a bilateral supratemporal process
generating the supratemporal MMN subcomponent (and
the polarity-reversed ‘‘MMN’’ in nose-referenced mastoid
recordings), and (2) a predominantly right-hemispheric
frontal process, generating the frontal MMN subcompo-
nent (Näätänen et al., 1978; Giard et al., 1990; Baldeweg
et al., 1999; Rinne et al., 2000). The supratemporal compo-
nent is, presumably, associated with pre-perceptual change
detection, whereas the frontal component appears to be
related to involuntary attention switch caused by auditory
change (Näätänen et al., 1978; Näätänen and Michie, 1979;
Giard et al., 1990; Rinne et al., 2000; Escera et al., 1998;
Schröger, 1996a,b). The MMN generators reflect the nat-
ure of the stimulus, e.g., they usually are left lateralized
for language stimuli (Näätänen et al., 1997; Shtyrov
et al., 2005; Pulvermüller et al., 2003).
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Fig. 1. (Left) Frontal (Fz) event-related potentials (ERPs) (averaged
across subjects) to randomized 1000 Hz standard (80%, black line) and to
deviant (20%, green line) stimuli of different frequencies (as indicated on
the left side). (Right) The difference waves obtained by subtracting the
standard stimulus ERP from that of the deviant stimulus for the different
deviant stimuli. Subjects were reading a book. Adapted, with permission,
from Sams et al. (1985a).

R. Näätänen et al. / Clinical Neurophysiology 118 (2007) 2544–2590 2545

Oddball paradigm

s = standard tone
d = deviant tone
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MMR AND LANGUAGE

Näätänen et al. (1997)
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MMR AND LANGUAGE

Larger MMR to native (phonemic) than to non-native 

(non-phonemic) phones: Chládková, Escudero, & Lipski, 2013; Dehaene-

Lambertz, 1997; Dehaene-Lambertz, Dupoux, & Gout, 2000; Kazanina, Phillips, & Idsardi, 2006; 

Kirmse et al., 2007; Kuhl et al., 1992; Miglietta, Grimaldi, & Calabrese, 2013; Näätänen et al., 1997; 

Noordenbos, Segers, Serniclaes, & Verhoeven, 2013; Phillips et al., 2000; Sharma & Dorman, 2000
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MMR AND SYMMETRY IN 
NON-SPEECH SOUNDS

No differences in MMR regardless of direction: 
Näätänen, 1992; Kaukoranta et al., 1989; Jaramillo, Paavilainen & Näätänen, 2000
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MMR PARADIGMS

electrodes placed at the outer canthi of the left and right
eyes.

The EEG was filtered (bandpass 1–30 Hz) offline and
epochs of 100 ms pre-stimulus and 600 ms post-stimulus
periods were separately averaged for the standard and for
the 5 types of deviant stimuli in each condition. The mean
voltage of the 100 ms pre-stimulus period served as a
baseline for amplitude measurement. Epochs including an
EEG or EOG change exceeding ^75 mV and those for the
first 15 standards of a sequence were omitted from the
averaging.

To delineate the MMN, the standard stimulus ERPs were
subtracted from the corresponding deviant-stimulus ERPs
(of the same sequence), resulting in 15 difference wave-
forms, 5 for each condition. The MMN amplitude and
latency were measured from the responses referenced to the
mean of the two mastoids. Since the largest response was
obtained for most deviants and conditions at a fronto-central
electrode approximating the FCz in the 10–20 system, this
channel was chosen for the statistical analysis. The MMN
peak latencies were measured from the most negative peak
occurring at the 90–250 ms post-stimulus period. The
MMN amplitudes were calculated as a mean voltage at the
40 ms period centered at the peak latency in the grand-
average waveform. One-tailed t tests were conducted to
determine whether the MMN mean amplitudes significantly
differed from zero. Two-way analyses of variance
(ANOVA) with repeated measures were conducted to test
the effects of condition (3 levels: Optimum-1, Optimum-2,

Oddball) and deviant type (5 levels: location, intensity, gap,
frequency, duration). Greenhouse-Geisser corrections were
made when appropriate. Newman-Keuls tests were carried
out as post hoc analyses.

3. Results

In all 3 conditions, deviants elicited MMNs that
peaked around 150 ms from stimulus onset (Fig. 2). As
shown in Table 1, the MMN mean amplitudes for the 5
types of deviants significantly differed from zero in all 3
conditions (t10 ¼ 3:7–14:6; P , 0:005), except for the
gap deviant in Optimum-2 condition (t10 ¼ 0:5; not
significant).

The MMN amplitude differed between the conditions
(main effect of condition; F2;20 ¼ 12:78; P , 0:005). A post
hoc Newman-Keuls test showed that the MMN was largest
in Optimum-1 condition and smallest in Optimum-2
condition (P , 0:05 for all combinations). The MMN
amplitude also varied between the deviant types (main
effect of deviant; F4;40 ¼ 27:04; P , 0:001): the MMNs for
the gap (P , 0:01) and duration (P , 0:001) deviants
significantly differed from those for all other deviants.
Although the interaction of the condition and deviant also
was significant (F8;80 ¼ 5:5; P , 0:001), this was mainly
due to the diminished MMN amplitude for the gap deviant
in Optimum-2 condition.

Fig. 1. Schematic illustration of the 3 stimulus conditions used: traditional Oddball (a), Optimum-1 (b), and Optimum-2 conditions (c). S denotes standard tone

and Dx tones of different deviant types. Note how D1 (grey area) is positioned in these sequences. Stimulus-onset-asynchrony (SOA) was 500 ms in (a) and (b),
and 300 ms in (c).

R. Näätänen et al. / Clinical Neurophysiology 115 (2004) 140–144142

Näätänen et al. (2004)

new improved multi-feature 
paradigm (aka. Optimum 1):

less time-consuming
4-5 contrasts
more varied

classical oddball paradigm:
time-consuming
only 1 contrast
very monotone
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STIMULI

Multi-feature MMN/MMF 
paradigm (Optimum 1) ... S D1 S D2 S D3 S D4 ...

A Phonemic
target deviant = [dæ] ... [tæ] [dæ] [tæ] [te] [tæ] [æt] [tæ] [TÆ] ...

B Phonemic
target deviant = [tæ] ... [dæ] [tæ] [dæ] [de] [dæ] [æd] [dæ] [DÆ] ...

C Allophonic
target deviant = [æd] ... [æt] [æd] [æt] [et] [æt] [tæ] [æt] [ÆT] ...

D Allophonic
target deviant = [dæ] ... [æd] [æt] [æd] [ed] [æd] [dæ] [æd] [ÆD] ...

unvoiced
[d ̥]

aspirated
[tʰ]

phonemic
[-æ]

[dæ]
(then)

[tæ]
(take)

allophonic
[æ-]

[æd]
(that)

[æt]
(that)

!

"
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PARADIGM

Multi-feature MMN/MMF 
paradigm (Optimum 1) ... S D1 S D2 S D3 S D4 ...

A Phonemic
target deviant = [dæ] ... [tæ] [dæ] [tæ] [te] [tæ] [æt] [tæ] [TÆ] ...

B Phonemic
target deviant = [tæ] ... [dæ] [tæ] [dæ] [de] [dæ] [æd] [dæ] [DÆ] ...

C Allophonic
target deviant = [æd] ... [æt] [æd] [æt] [et] [æt] [tæ] [æt] [ÆT] ...

D Allophonic
target deviant = [dæ] ... [æd] [æt] [æd] [ed] [æd] [dæ] [æd] [ÆD] ...

unvoiced
[d ̥]

aspirated
[tʰ]

phonemic
[-æ]

[dæ]
(then)

[tæ]
(take)

allophonic
[æ-]

[æd]
(that)

[æt]
(that)
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HYPOTHESES

Multi-feature MMN/MMF 
paradigm (Optimum 1) ... S D1 S D2 S D3 S D4 ...

A Phonemic
target deviant = [dæ] ... [tæ] [dæ] [tæ] [te] [tæ] [æt] [tæ] [TÆ] ...

B Phonemic
target deviant = [tæ] ... [dæ] [tæ] [dæ] [de] [dæ] [æd] [dæ] [DÆ] ...

C Allophonic
target deviant = [æd] ... [æt] [æd] [æt] [et] [æt] [tæ] [æt] [ÆT] ...

D Allophonic
target deviant = [dæ] ... [æd] [æt] [æd] [ed] [æd] [dæ] [æd] [ÆD] ...

unvoiced
[d ̥]

aspirated
[tʰ]

phonemic
[-æ]

[dæ]
(then)

[tæ]
(take)

allophonic
[æ-]

[æd]
(that)

[æt]
(that)

!
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ANALYSES

2.5. Sleep-deprived subjects

Finally, to test potential applicability of our paradigm to neurocognitive
deficits, we repeated this experiment in 7 healthy volunteers who were sleep-
deprived for a minimum of 24 h prior to MEG recording. Sleep deprivation is often
an associated feature, as well as a possible cause, of psychosis (Gove, 1970; Rimon,
Fujita, & Takahata, 1986), which provides an opportunity to model a psychotic

condition in healthy individuals by depriving them of normal night-time sleep
(Kahn-Greene, Killgore, Kamimori, Balkin, & Killgore, 2007). Given the small
number of subjects, their ERF data are provided here for demonstration only; no
statistical or source analyses were possible at this stage.

3. Results

The recordings were carried out successfully, and all stimuli
elicited magnetic auditory evoked responses (see Fig. 2). The
differences between frequent standard and infrequent deviant
stimuli were assessed using the 3D SPM analysis (Fig. 3).

For the frequency deviant, we found significant effects
(po0.001 uncorrected for height, po0.05 corrected for extent)
of frequency deviants that were maximal at a number of points.
This mismatch-negativity-like effect (larger deviant than standard
ERF) peaked at !140 ms after the onset; there also appeared to
be a second phase of this response with a maximum at !460 ms.
The difference between the frequency deviant and the standard
response surpassed the significance threshold at 65–186 ms and
387–960 ms in magnetometers and 100–194 ms and 396–666 ms
in gradiometers (see Fig. 3 for statistical parametric maps). No
obvious P3-like deflection was found for the frequency deviant
(Figs. 2 and 3).

Spoken deviant stimuli (pooled together) elicited ERFs that
similarly diverged from the standard tone with the earliest peak
approximately at 160 ms. Their mean ERF also had a second peak
at !540 ms (see Fig. 2), which was unsurprisingly later than that
of the frequency deviant given the stop-consonant plosion release
in the end of all spoken items. These differences between the
spoken deviants and the standard reached significance, according
to SPMs, at 120–200 ms and 470–800 ms in gradiometers and

Fig. 3. Statistic parametric mapping (SPM) of MEG activity in sensor space and time. (top) Typical mismatch response for frequency deviant vs. standard tone. Significant
bilateral temporal effects of bi-phasic nature in both gradiometers and magnetometers. (middle) For spoken deviants, in addition to the mismatch response with similarly
bi-phasic pattern, a P3-like deflection became significant at 190–370 ms across the two sensor types (highlighted in pink). SPMs were corrected for spatial extent in
accordance with random field theory. Only significant effects surpassing statistical thresholds (po0.001 uncorrected for height, po0.05 corrected for extent) are shown.
(bottom) Illustration of SPM sensor space by time statistical mapping approach for MEG: ERF responses from all channels are represented in 2 dimensions in space (X, Y)
and 1 in time. These 3-dimensional images are subjected to statisitical analysis producing statistical parametric maps identifying significant effects in time and in sensor
space (see Methods). Highlighted in pink on the 2-dimensional channel layout plot are the areas above temporal lobes where the observed effects were maximal.

Fig. 2. MEG responses (grand average event-related fields) elicited by different
types of stimuli. The plot displays time-amplitude dynamics of magnetic field
gradients over the left hemisphere at the sensor location with maximum response
magnitude (0242): Spoken vs. Frequency deviant vs. Standard tone. Note the
MMN-like difference between responses to all deviant and standard stimuli, and
the P3a-like ERF deflection present for speech stimuli only.

Y. Shtyrov et al. / Neuropsychologia 50 (2012) 2605–2616 2609

(higher F-value -
darker shade)

Statistic parametric
maps in X by Y
(time collapsed)
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RESULTS - MEG
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MEG
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BEHAVIORAL
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DISCUSSION

Featurally Underspecified Lexicon (FUL):
Lahiri & Reetz,2002; Eulitz & Lahiri, 2004; Scharinger et al., 2010

Perceptual asymmetry for vowels (and the NRV):
Polka & Bohn, 2003; Polka & Bohn, 2010
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DISCUSSION

Differences in MMR in relation to perceptual asymmetries in 

speech perception (mainly vowels): Eulitz & Lahiri, 2004 

From posters: Vera-Constán & Sebastián-Gallés, 2008; Hestvik, Durvasula, Bradley & Bradley, 2009; 

Durvasula & Hestvik, 2012; Roberts, Kotzor, Wetterlin & Lahiri, 2014; Schluter, Politzer-Ahles & Almeida, 2014
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CONCLUSION

Directional asymmetry in the brain for a consonant contrast

We could not show an effect of allophonic/phonemic status on the MMR 
using one and the same phonetic contrast
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