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Abstract
The overall aims of the study were to determine optimal methods and stimuli
for eliciting mismatch negativity (MMN), extracting MMN from the deviant and
standard waveforms, and identifying the response in children and adults.
Several stimulus types were compared (pure tones, chords, and natural speech
tokens) to determine which optimally elicit MMN. Deviant-alone and flip-flop
MMN extraction methods that control for stimulus effects on MMN were compared for the speech stimuli (/da/ and /ga/). Visual identification, an area
criterion, and integral-distribution techniques were used to identify MMN. Eight
adults (20 to 28 years) and eight children (8 to 12 years) participated in the
study. The deviant-alone method elicited bigger MMN area and duration than
the flip-flop method for the speech stimuli. An area criterion of 110 µV x msec
identified 90% of visually identified MMN compared to 62% identified using
the integral-distribution technique. For both children and adults, speech stimuli and one of the chords most consistently elicited MMN.
Key Words: Area criterion, chords, event-related potentials, extraction method,
integral distribution, mismatch negativity, speech stimuli
Abbreviations: ERPs = event-related potentials; ISI = interstimulus interval;
MMN = mismatch negativity
Sumario
El objetivo global del estudio fue determinar los métodos y estímulos óptimos
para generar una negatividad desigual (MMN), extrayendo la MMN de las
ondas estándar y con desviación, e identificando la respuesta en niños y en
adultos. Se compararon varios tipos de estímulos (tonos puros, acordes, y
muestras de lenguaje natural) para determinar cuál generaba óptimamente
una MMN. Se compararon métodos de extracción de la MMN, tanto de tipo
desviación sola o de volteo alternante (flip-flop), ante sonidos de lenguaje
como /da/ y /ga/. Técnicas como la identificación visual, un criterio de área y
la distribución integral fueron utilizadas para identificar la MMN. Ocho adultos (20 a 28 años) y ocho niños (8 a 12 años) participaron en el estudio. Ante
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el estímulo de lenguaje, el método de desviación sola generó un área y una
duración de la MMN mayor que el método de volteo alternante. El criterio de
área de 110 µV por mseg, identificó el 90% de la MMN identificable,
comparado con el 62% identificado usando la técnica de distribución integral.
Tanto para los niños como para los adultos, los estímulos del lenguaje y uno
de los acordes generaron una MMN más consistentemente.
Palabras Clave: Criterio de área, acordes, potenciales relacionados con el
evento, método de extracción, distribución integral, negatividad desigual,
estímulos de lenguaje
Abreviaturas: ERP = potenciales relacionados con el evento; ISI = intervalo
inter-estímulo; MMN = negatividad desigual

E

vent-related potentials (ERPs) are
measures of electrical brain activity
time locked to an external event
(Steinschneider et al, 1992). These include the
obligatory and discriminative cortical
auditory evoked potentials (Kurtzberg, 1989).
Obligatory ERPs (e.g., P1-N1-P2) are elicited
by the physical properties of a single stimulus
such as intensity, duration, or pitch.
Discriminative ERPs (e.g., mismatch
negativity and P3a) reflect processing of a
stimulus beyond its physical features
(Stapells, 2001) and are typically obtained
using an “oddball” paradigm in which a
deviant stimulus occasionally replaces a
repeating standard stimulus (Näätänen et al,
1978; Kraus et al, 1992).

lateral posterior temporal cortex, and right
frontal gyrus (Giard et al, 1990; Picton et al,
2000; Opitz et al, 2002). MMN generally
occurs between 150 and 250 msec post
stimulus presentation, with latency and
amplitude varying depending on the stimuli
used (Kraus and Cheour, 2000). MMN is
passively elicited and hence does not require
attention or a behavioral response (Näätänen,
1992; Kraus and McGee, 1994; Picton et al,
2000). MMN can be recorded using an oddball
paradigm containing multiple deviant stimuli.
Similar MMN results are obtained for single
versus multiple deviant paradigms when
tonal stimuli are used (Deacon et al, 1998).

Mismatch Negativity

Two aspects of MMN make it an
attractive clinical tool. One is that the test
does not require active participation (subjects
can watch TV or read a book). Secondly, MMN
is sensitive to stimulus changes at the
psychophysical discrimination threshold.
Thus, MMN can provide an objective measure
of auditory discrimination ability (Näätänen
et al, 1978; Kraus et al, 1993, 1996). MMN
detectability does seem to depend on the type
of stimulus contrast used to evoke MMN.
Dalebout and Fox (2001) identified MMN in
only 29% of responses to a /da/-/ga/ contrast.
Wunderlich and Cone-Wesson (2001) also
only obtained MMN in some adult subjects,
despite them being able to behaviorally
discriminate the contrasting speech and tonal

Mismatch negativity (MMN) is elicited
when the brain discriminates a sound or
pattern from a different one stored in memory
(Picton et al, 2000). The main determinant of
MMN characteristics (latency, amplitude,
duration, area) is the standard versus deviant
stimulus contrast (see reviews by Näätänen,
1992 and Picton et al, 2000). MMN has been
recorded using a wide range of stimulus types
and durations, and interstimulus intervals.
Interstimulus interval can vary widely with
little effect on MMN (Ceponiene et al, 1998).
Several cortical regions have been identified
as sources of MMN, including the
supratemporal plane in the auditory cortex,

Detectability of MMN
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sounds. They found MMN in 25–32% of
subjects for speech and 46–71% for tonal
stimuli. This is in contrast to Kraus et al
(1999), who reported that 75–83% of schoolage children showed MMN to /da/ versus /ga/
and /ba/ versus /wa/. It appears that certain
types of stimuli may be better at eliciting
MMN, but there are inconsistencies across
studies. Hence in the current study MMN
detectability was compared for a range of
stimulus types.
MMN Identification Technique
MMN is very small, with peak
amplitudes varying between a fraction of a
microvolt to several microvolts, and MMN
typically occurs in high levels of background
noise (Picton et al, 2000). Thus MMN can be
very difficult to identify. Generally MMN is
identified visually using the deviant-standard
difference waveform. As an alternative to
this, Ponton et al (1997) proposed an “integral
distribution” technique for objectively
identifying MMN. The integral distribution
technique involves integration of the
individual subject’s waveforms for both
standard and deviant stimuli. A distribution
of integrated standard responses is created
by making multiple subaverages from the
pool of responses to the standard stimulus.
The integrated deviant response is then
compared to the distribution of integrated
standard responses to determine whether
MMN is present (Ponton et al, 1997;
Wunderlich and Cone-Wesson, 2001).
Another technique that has been used to
identify MMN is a simple area criterion.
MMN area was recommended by McGee et
al (1997) as the most useful single measure
for identifying MMN. MMN is identified as
present if the area under the curve of the
deviant-standard difference waveform
exceeds a predetermined normative criterion.
Area criteria reported in the literature range
from 110 µV x msec (Dalebout and Fox, 2001)
to 225 µV x msec (McGee et al, 1997).
Although the integral distribution and
area techniques appear to have some
advantages over simple visual identification,
they have been used relatively infrequently
in MMN research. The current study
compared these three techniques.
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Stimulus Effects on MMN
MMN can be evoked by simple and
complex acoustic signals differing in
frequency, intensity, duration, or spatial
location (Sams et al, 1985; Aaltonen et al,
1987; Näätänen et al, 1987; Kaukoranta et
al, 1989; Näätänen, 1990; Novak et al, 1990;
Kraus et al, 1992; Schroger, 1996; Winkler
and Czigler, 1998; Wunderlich and ConeWesson, 2001). Wunderlich and Cone-Wesson
(2001) used simple tones and reported larger
MMN for frequencies below 1.5 kHz. Stimuli
in the 1 to 2 kHz frequency range have been
widely used in previous studies (Kropotov et
al, 1995; Baldeweg et al, 1999; Schulte-Körne
et al, 1999; Kropotov et al, 2000; Morr et al,
2002).
Schulte-Korne et al (1999) reported that
MMN to tones presented in a serial pattern
is more affected by auditory processing
problems than MMN to simple tones. Thus,
chords were included as stimuli in the current
study to establish normative data that could
be helpful in future work with clinical
populations. Alho (1995) had previously
studied MMN generators for simple
tones, patterns (tones in sequence), and
chords (simultaneous tones) using
magnetoencephalography and found no
difference between MMNm dipole locations
for frequency changes within a chord versus
a pattern. Alho (1995) concluded that a
complex tone may be represented by the
same neuronal population in the
supratemporal region of auditory cortex
irrespective of whether the frequencies are
presented serially (pattern) or in parallel
(chord).
Many studies have used speech stimuli
to elicit MMN. Speech stimuli are of great
interest for clinical applications because of the
evidence for poor speech-evoked MMN in
various clinical populations with speech and
language difficulties (Bradlow et al, 1999;
Picton et al, 2000). MMN studies have used
either synthetic speech (Sams et al, 1990;
Aaltonen et al, 1993; Sharma et al, 1993;
Dehaene-Lambertz, 1997; Sharma and
Dorman, 1998; Dalebout and Stack, 1999;
Sharma and Dorman, 1999; Szymanski et
al, 1999), semisynthetic speech (Pulvermüller
et al, 2001; Ceponiene et al, 2002; Cheour et
al, 2002), or natural speech tokens (Sandridge
and Boothroyd, 1996; Muller-Gass et al, 2001;
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Titova and Näätänen, 2001; Hahne et al,
2002; Kasai et al, 2002).
Picton et al (2000) recommended using
natural speech tokens, as MMN is being used
to study how speech is processed in real life
and not just in the laboratory. The speech
tokens /da/ and /ga/ were included in the
current study based on Kraus et al’s (1999)
finding that just noticeable differences and
MMN for these stimuli are already mature
by six years and do not differ in 6 to 16 year
olds. Furthermore, they found that stop
consonants (/ba/, /da/, /ga/) elicit robust
cortical responses. Previous studies have also
shown that children with reading problems
make more discrimination errors than
average readers for minimal pairs of syllables
(e.g., /ba/ versus /da/, /da/ versus /ga/) that
differ in only one phonetic feature (Reed,
1989; Mody et al, 1997).
MMN Extraction Method
MMN can be extracted in three different
ways. In each case an oddball paradigm is
used in which a standard is presented with
random deviant stimuli interspersed. The
averaged response to the deviant stimuli
contains the MMN. In the first method for
extracting MMN, the standard response is
simply subtracted from the deviant response.
Different stimuli are used for the standard
and the deviant, and hence this method
assumes that there are minimal differences
in the obligatory cortical responses to the
standard and deviant, since these differences
could affect MMN amplitude. This simple
subtraction method is often used in studies
involving similar tonal stimuli for which
there are negligible differences in obligatory
responses (Lang et al, 1995). The second and
third MMN extraction methods both control
for differences in the obligatory cortical
responses to the standard and deviant and are
often used in MMN studies using speech
stimuli. For the second method the response
to the deviant stimulus presented alone
(“deviant alone”) is subtracted from the
response to the deviant when it is presented
in the oddball paradigm. The third method
involves running different trials with the
standard stimulus in one trial becoming the
deviant in the next (so-called flip-flop
method). The response to the “deviant as
standard” is subtracted from the response
to the “deviant as deviant.” Stimulus context

and timing differ between the three methods.
Despite this, Walker et al (2001) found that
MMN detectability and area for tonal stimuli
was similar across the three methods in
adults, when interstimulus interval (ISI) of
the standard stimuli was maintained at 500
msec. The current study further investigates
the effects of MMN extraction method in
both children and adults using speech stimuli.
Maturational Effects on MMN
Csepe (1995) found that, for frequency
deviants, MMN latency did not differ between
adults and children; however, MMN was
larger in all age groups of children compared
to adults. If MMN amplitude depends on the
magnitude of the perceptual contrast, Csepe’s
results suggest that, for the same deviant,
adults and children perceived the sounds
differently, resulting in MMN differences.
Consistent with Csepe (1995), Kraus et al
(1992) did not find significant differences in
MMN between adults and children for a
speech contrast. More recently, Martin et al
(2003) found significant differences in toneevoked MMN scalp topography between
children aged 4–11 years and adults.
Differences in MMN between adults and
children may be stimulus-dependent, and
hence the current study investigated
differences in MMN between adults and
children for a range of stimuli.
Study Aims
The current study extended the previous
investigation by Walker et al (2001) by
comparing two MMN extraction methods
using speech stimuli and both children and
adults. The other aims of the study were to
determine which stimuli optimally elicit
MMN across age groups, to determine
differences in MMN parameters between
adults and children for a range of speech and
simple versus complex tonal stimuli, and to
compare different techniques for identifying
MMN.
METHOD

Subjects
Eight young adults aged 20 to 28 years
(mean 25.6, SD 2.2 years) and eight children
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aged 8 to 12 years (mean 10.7, SD 1.5 years)
participated. All subjects had normal puretone air-conduction thresholds (less than 15
dB HL at octave frequencies from 0.5 to 4
kHz), no history of prolonged middle ear
infections, normal immittance audiometry
(Type A tympanograms and acoustic reflexes
present at 1 kHz ipsilaterally), and present
transient click-evoked otoacoustic emissions
(OAE). The children had age-appropriate
reading skills, and their parents reported no
previous history of reading or learning
problems. Adults reported no prior history of
reading or learning problems.
Electrophysiology
Six stimuli (consisting of tones, chords,
and speech) were used to elicit MMN. The
standard tonal stimulus was 1 kHz, and the
two deviants were 1.1 kHz (tone 1) and 1.5
kHz (tone 2). The tones were 80 msec long
with 20 msec linear rise/fall times. The
standard chord stimulus was a combination
of simultaneously presented 1, 1.1, and 1.5
kHz tones, and deviant chords were 1 and 1.1
kHz presented simultaneously (chord 1), and
1 and 1.5 kHz presented simultaneously
(chord 2). Chords were 160 msec long with 20
msec linear rise/fall times. Speech stimuli
consisted of two natural tokens spoken in
isolation, /da/ and /ga/ [as in the words dart
and garden, respectively]. The stimuli were
spoken by an Australian female with a
background in linguistics. The two tokens
were chosen because of their appropriate
length and their clarity as judged by several
trained listeners. After speech tokens were

selected, they were shortened (from their
original lengths of 250 msec) and normalized
using Cool Edit 2000TM software. The stimuli
were shortened to 160 msec (±4 msec) using
a zero crossing technique, which adjusts the
beginning and end-points of the token to the
nearest place where the waveform crosses the
center line to avoid audible clicks. Both speech
stimuli were ramped with 20 msec linear
rise/fall times.
Stimulus onset asynchrony (SOA) (onset
to onset duration) was 700 msec for all
stimulus sequences. Stimuli were presented
in a pseudorandom order within a block, so
there were at least three standards between
two deviants. Table 1 shows the combinations
of test stimuli. In total there were 1200
standard tones and chords with 300 deviants.
For speech stimuli there were 1350 standards
with 150 deviants. Tone and chord stimulus
sequences contained two deviant stimuli (150
each) whereas for speech there was only one
deviant in a block. Each block took six
minutes, and there were 18 blocks in total
(three blocks each of tone sequence, chord
sequence, /da/ deviant, /ga/ deviant, /da/ alone,
/ga/ alone). For children there were two test
sessions (nine blocks per session) undertaken
on two separate days within ten days of each
other. Adults were tested in one long session
of around three to four hours with ten-minute
breaks every half hour and a 20-minute break
after around 20 minutes. None of the subjects
showed signs of fatigue during the testing.
Block
presentation
order
was
pseudorandomized (so that similar blocks
were not presented sequentially) within and
across sessions. Subjects had breaks within

Table 1. Details of the Stimulus Paradigm, Stimulus Type, and Duration and Number of Stimuli
Paradigm

Standard
Stimulus

Deviant
Stimuli

Duration

Number
of Stimuli

1. Oddball

Tone
(1 kHz)

T1 (1.1 kHz)
T2 (1.5 kHz)

80 msec

1200 standard;
150 each deviant

2. Oddball

Chord
(1, 1.1, 1.5 kHz)

C1 (1, 1.1 kHz)
C2 (1, 1.5 kHz)

160 msec

1200 standard;
150 each deviant

3. Flip-Flop

/da/

/ga/

158.3 msec

1350 standard;
150 deviant

4. Flip-Flop

/ga/

/da/

163.7 msec

1350 standard;
150 deviant

5. Deviant alone

/da/

158.3 msec

1500

6. Deviant alone

/ga/

163.7 msec

1500
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a session. During testing, subjects watched
a self-chosen movie with the volume turned
down (<35 dB SPL). Subjects were asked not
to attend to the sounds being presented.
A NeuroScan and 8-channel SynAmps™
evoked potential system was used for evoked
potential recording. Sounds were presented
using Neuroscan STIM software and
hardware to an ER-3A insert earphone in
the subject’s right ear at 75 dB SPL. Evoked
potentials were recorded in continuous mode
(gain 500, filter 0.1–100 Hz) using SCAN™
(version 4.2) via gold cup electrodes placed at
F3, F4, Fz, and Cz with the reference
electrode on the right earlobe and ground on
the forehead. Eyeblinks were recorded via an
active electrode above the eye, referenced to
the right earlobe (Kraus et al, 1993).
Data Analysis and MMN Identification
EEG files with a -50 to +550 msec time
window were obtained from the continuous
files. The first standard after each deviant
was rejected before averaging. Based on the
eyeblink channel recordings, any responses
on the scalp electrodes exceeding ±50 µV for
adults and ±100 µV for children were rejected.
With these criteria, around 80% of eye blinks
were rejected, and no more than 400 stimuli
were discarded out of 1500. Prior to
averaging, EEG files were baseline corrected
using the pre-stimulus period. Averages were
digitally low-pass filtered at 30 Hz (24
dB/octave slope).
In order to use Ponton et al’s (1997)
integral-distribution technique, the time
point where the difference waveform returned
to baseline was identified for adults (as a
group) and children (as a group) for each
stimulus and each extraction method. Time
points for calculating the integral value were
selected prior to applying the integral
technique to reduce tester bias. The
integrated response for any time point is the
sum of amplitude values for all preceding
points. At the point where the difference
waveform returns to baseline, the integrated
MMN is maximal. Time points for the integral
calculation were determined using the grand
average difference waveforms obtained by
subtracting the response to the stimulus as
a standard from the response to the deviant,
for /ga/ and /da/, for the adults and children.
After selecting the time points, a distribution
of responses to the standard was created.

For each subject and stimulus a random
subaverage of about 150 responses was
created from all accepted responses to the
standard. This subaverage included about
the same number of responses as the deviant
average. (Exact number varied, depending on
the number of accepted trials.) This process
was repeated 100 times to create multiple
subaverages of responses to the standard.
The 100 standard subaverages and the single
deviant average were then integrated. The
integrated MMN amplitude for the deviant
waveform at the pre-selected time point was
then compared to the values obtained for the
100 standard subaverages. MMN was
identified as present if the integral of the
deviant response was below the 5th (Ponton
et al, 1997) or 10th percentile of the standard
integral distribution (Wunderlich and ConeWesson, 2001).
Two experts judged the waveforms
independently to visually identify MMN. The
standard, deviant, and difference waveforms
were first superimposed. A negativity in the
difference waveform was then identified as
MMN if (1) it occurred in the 80 to 250 msec
latency range, (2) it started after P1 and
before or at P2 (if P2 was present), (3) its
duration was 100–250 msec, and (4) it
extended beyond the early N1 in the deviant
waveform. If the negativity was present
across electrode montages, then the latency
and morphology of MMN was expected to be
consistent across montage. This was used to
verify MMN visual identification. The
negativity also had to be bigger (greater
amplitude, longer duration) than other
variations in the same waveform due to noise.
MMN onset, offset, and peak latencies, peak
amplitude, area, and duration (difference
between the onset and offset) were
determined using the deviant-standard
difference waveforms. MMN onset and offset
were identified visually in the difference
waveforms as the positive peaks immediately
preceding and following, respectively, the
negativity identified as MMN (Sharma et al,
1993; Dalebout and Stack, 1999). If the
negativity continued throughout the
difference waveform or returned to the
baseline after 250 msec, the offset was taken
as 250 msec, to avoid including the late
negativity (N2b) that can be elicited in a
passive oddball paradigm (Näätänen, 1992;
Ritter et al, 1992). The Neuroscan SCANTM
analysis software was used to calculate MMN
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area between the onset and offset. For the
speech stimuli, MMN was identified using
both deviant-alone and flip-flop extraction
methods. Standard and deviant responses
were superimposed to help identify the
obligatory cortical responses P1-N1-P2 in
the standard waveform. P1 was defined as the
most positive peak occurring earlier than
100 msec after stimulus onset. N1 was
defined as the most negative peak around
70–200 msec, and P2 as the positive peak at
120–300 msec. N1 and MMN latency ranges
overlap, and hence the measured MMN could
include some N1 enhancement.
The third technique used to identify
MMN was an area criterion. An area criterion
was established by assuming that the visual
identification of MMN by independent
observers was correct. Hit rates (% MMN
correctly identified using area criterion) and
false alarm rates (% MMN incorrectly
identified using area criterion) were
calculated for a range of criteria. A criterion
of 110 msec x µV, which is the same as the
value used by Dalebout and Fox (2001), had
the highest hit rate of 90% and a low (<5%)
false alarm rate and thus was accepted.
RESULTS

Obligatory Cortical Responses to
Standard Stimuli
Figure 1 shows grand average waveforms
for the 1 kHz standard tonal stimulus across

the four electrodes for adults and children.
For all stimuli, adults had smaller and earlier
P1 and N1 peaks than children (see Table 2).
The adults had a robust P2 with similar
amplitudes and latencies for the tone and
speech stimuli, but not for the chord. The
children’s grand averages show a robust P1
and a late negativity, which we refer to as N1.
There was a small peak following N1;
however, the amplitude was negative, and
hence P2 was not identified in the children’s
waveforms.
The effects of group, stimulus, and
electrode on P1 and N1 latencies and
amplitudes were examined using repeatedmeasures ANOVA. All standard stimuli were
included in this analysis (chord, tone, speech)
including /da/ and /ga/ standard stimuli for
both deviant-alone and flip-flop methods. P1
latencies were significantly longer in children
than adults (F 1, 14 = 20.8, p < 0.001). Children
had more robust P1 amplitudes than adults
(F 1, 14 = 24.8, p < 0.001). N1 was later (F 1, 14
= 140.9, p < 0.001) and more negative (F 1, 14
= 10.2, p = 0.007) in children than adults.
There were no electrode effects, but there
were stimulus effects on N1 latencies (F 5, 70
= 3.4, p = 0.008) and amplitudes (F 5, 70 = 5.7,
p < 0.001). Newman-Keuls post hoc testing
showed that N1 latency for the tone was
significantly shorter than N1 for /da/ and
/ga/, for both methods (p < 0.05). N1 latency
was shorter for the chord than for both speech
stimuli, for the deviant-alone method.
Smallest N1 amplitudes were obtained for

Figure 1. Grand average cortical response waveforms for the standard 1 kHz tonal stimulus recorded at the
F3, Fz, F4, and Cz electrodes for adults (thick line) and children (dotted line). A response is also evident in the
eyeblink channel, for which a noninverting electrode was placed on the supraorbital region (above the eye) with
a right ear reference (Kraus et al, 1993). There is a prominent P1, a late N1, and absent P2 for children. In
adults P1 and N1 are earlier and smaller than the children’s P1 and N1. P2 is present in the adult waveforms.
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Table 2. Average Cortical P1, N1, and P2 Peak Latencies (msec) and Amplitudes (µV)
of Adults and Children at the Fz Electrode for All the Standard Stimuli
(including two different stimulus paradigms for /ga/ and /da/)

/ga/
Flip-flop

Adult

Latency
74.81
(17.76)*

P1
Amplitude
0.94
(0.55)

N1

P2

Latency
135.88
(24.25)

Amplitude
-1.04
(0.73)

Child

95.31
(16.18)

2.44
(1.79)

266.75
(59.45)

-2.93
(2.15)

Adult

71.18
(19.41)

0.91
(0.64)

118.38
(13.11)

-1.27
(0.75)

Child

93.63
(16.68)

2.47
(1.77)

253.75
(58.00)

-4.21
(2.22)

Adult

71.25
(17.76)

0.93
(0.50)

146.38
(41.50)

-1.31
(0.64)

Child

89.75
(17.56)

2.35
(1.31)

263.25
(55.46)

-2.98
(1.83)

Adult

71.5
(18.48)

0.92
(0.52)

124.25
(16.88)

-1.25
(0.86)

Child

92.25
(23.29)

2.47
(0.98)

281.5
(30.50)

-3.84
(1.97)

Adult

52.25
(10.56)

0.30
(0.32)

103.00
(6.41)

-2.66
(1.90)

Child

92.06
(24.15)

1.91
(1.25)

232.15
(12.16)

-4.23
(2.84)

Chord
Adult
(1, 1.1, 1.5 kHz)

66.19
(15.25)

0.43
(0.43)

140.25
(22.38)

-3.00
(1.22)

Child

89.69
(10.08)

2.02
(0.80)

244.75
(57.07)

-4.35
(1.77)

/da/
Flip-flop

/ga/
Deviant-alone

/da/
Deviant-alone

Tone
(1 kHz)

Latency
189.53
(34.39)

Amplitude
0.70
(0.36)

181.00
(21.42)

0.82
(0.66)

201.11
(29.11)

0.38
(0.31)

189.85
(20.53)

0.49
(0.34)

165.72
(33.92)

0.95
(0.55)

Note: There are no P2 values for children as P2 was not readily identifiable in their cortical waveforms.
*Values shown in parentheses are standard deviations.

/ga/. Tone and chord standards both produced
significantly larger N1 amplitudes than /ga/.
To determine whether there were
differences in P1-N1 evoked by the two speech
stimuli and two methods (deviant-alone
versus oddball/flip-flop), /da/ and /ga/ were
examined separately. The only significant
finding was that, for the flip-flop method,
N1 latency for /da/ was significantly earlier
than /ga/ (F 1, 14 = 7.3, p = 0.017).
An ANOVA of adult P2 amplitudes and
latencies for the stimuli that produced a
positive P2 in at least some subjects (/da/, /ga/,
tone) showed that the tone produced shorter
P2 latencies than both speech stimuli (p ≤
0.006). P2 amplitude showed a stimulus by

electrode montage interaction effect (F 6, 18 =
2.7, p = 0.046). For /da/ and the tone, P2 was
biggest at Cz, whereas /ga/ elicited similar P2
amplitudes across montages. P2 was larger
at Cz than at frontal electrodes (Fz, F4) for
/da/ (p ≤ 0.032) and was larger at Cz than all
other montages for the tone (p ≤ 0.007). P2
for /ga/ was smaller than tone-evoked P2
across montages (p ≤ 0.007) and was smaller
than P2 for /da/ at two of the four montages
(F3, Cz, p ≤ 0.027).
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Table 3. Agreement between Subjective and Objective Techniques for Identifying MMN
Visual
Identification

Integral distribution
(p < 0.05)

Integral distribution
(p < 0.10)

Area criterion
(≥ 110 msec x µV)

MMN present
(N = 395, 77%)

N = 200, 50.6% present

N = 243, 61.5% present

N = 355, 89.9% present

MMN absent
(N = 117, 22.9%)

N = 0, 0% present

N = 0, 0% present

N = 5, 4.3% present

Note: A total of 512 waveforms were examined to determine if MMN was present (16 subjects x 4 electrode montages x 8
stimuli). The 4 montages were F3, F4, Fz, and Cz. The 8 deviant stimuli were tones 1 and 2, chords 1 and 2, and /da/ and /ga/. The
speech stimuli were derived using both deviant-alone and flip-flop extraction methods.

MMN Identification and Extraction
Method
There was 90% agreement between the
observers when they independently identified
MMN. For the 10% of waveforms where they

did not agree, MMN presence was determined
after reconsidering the criteria for MMN
identification and reaching a consensus.
MMN was identified visually in 77% of
waveforms (see Table 3). If one assumes that
this process produced the “truth,” then Table

Figure 2. Presence of MMN summed across subjects and across electrode montages, as determined by integraldistribution (p < 0.05) and area criterion (≥110 µV x msec) techniques. The maximum MMN value is 32 (8 subjects,
4 electrode montages). White boxes show the total number of MMN identified in adults, and dark boxes show
the total number of MMN identified in children. The deviant-alone MMN extraction method was used for the
speech stimuli.

Figure 3. An example of MMN to /ga/ identified visually in a child that also exceeded the area criterion of 110
µV x msec that was classified as absent using the integral technique (p = 0.3). The thick line is the response
to /ga/ as standard, and the thin line is the response to /ga/ as deviant in flip-flop paradigm.

624

Optimizing MMN/Sharma et al

Figure 4. An example of MMN identified visually in an adult that was classified as absent using the area criterion
of 110 µV x msec. The thick line is the response to the 1 kHz standard, and the thin line is the response to the
1.1 kHz deviant.

3 shows that the integral-distribution
technique is quite insensitive to MMN, even
when a less conservative p value of 0.10 is
employed. With a much less strict p value of
0.40, 81% of MMN identified by the observers
would be classified as present. The number
of MMN identified using integral-distribution
versus area techniques is illustrated in Figure
2 for the different stimuli. Figure 3 shows an

example of MMN identified visually that was
classified as absent by the integraldistribution technique (p = 0.30).
The area criterion was chosen based on
the data so, by definition, this technique has
a high hit rate and low false alarm rate. It was
not possible to find a criterion with an
acceptable false alarm rate (close to 5%) that
would classify all MMN as present that were

Figure 5. Grand average waveforms recorded at Fz for adults and children for the deviant-alone and flip-flop
MMN extraction methods. Responses to standard stimuli are shown by dotted lines, deviants by thin lines, and
difference waveforms at the bottom of each panel have thick lines. For the deviant-alone method, the difference
waveform = /da/ deviant in oddball - /da/ deviant alone. For the flip-flop method, the difference waveform = /da/
deviant in oddball - /da/ standard in oddball. The amplitude scale on the x-axis differs between adults and children
(5.3 µV per division for adults and 8 µV per division for children). “On” refers to the MMN onset, and “off” refers
to MMN offset in the difference waveform.
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Figure 6. Grand average responses recorded at Fz for the standard chord stimulus (1, 1.1, 1.5 kHz) and the
first deviant chord C1 (1, 1.1 kHz) in adults and children. The dotted lines show the response to the standard,
and the thin solid lines show responses to the deviant. The difference waveforms at the bottom were obtained
by subtracting the standard from the deviant waveforms. X- and y-axes show amplitude in microvolts and time
in milliseconds respectively.

identified visually by the observers. Figure
4 shows an example of MMN identified
visually that was classified as absent using
the area criterion.
Figure 5 shows the overlaid adult grand
average /da/ standard, /da/ deviant, and
difference waveforms at Fz for deviant-alone
and flip-flop methods. MMN parameters
(area, duration, peak latency, peak amplitude)
were compared to see whether extraction
method had a significant effect on speechevoked MMN. MMN area for /ga/ was
significantly affected by extraction method
(F 1, 9 = 8.91, p = 0.015), with the deviantalone method producing greater area values
(515 ± 353 µV x msec) than the flip-flop
method (473 ± 366 µV x msec) across montage.
Similarly, MMN duration for both /da/ and
/ga/ were affected by extraction method (F 1,
6 = 6.99, p = 0.039), with duration being

greater for the deviant-alone method (178 ±
55 msec versus 171 ± 48 msec for flip-flop).
MMN in Children versus Adults
Figure 6 shows averaged responses to
the chord standard (1, 1.1, 1.5 kHz), the chord
1 (1, 1.1 kHz) deviant, and the difference
waveform for adults and children. Adult and
child data (group effects) were studied for
each stimulus for all MMN parameters. Since
MMN area and duration for /da/ and /ga/
were affected by extraction method, group
effects on speech-evoked MMM were
investigated separately for each method.
Figure 7 shows mean MMN areas and
standard deviations for the six deviant stimuli
for the two groups, averaged across electrode
montage. In general, MMN area was larger
in children than in adults; however, there
were no significant group differences for

Figure 7. Mean area (µV x msec) for the two groups at all electrode montages for each stimulus. The dark bars
represent the mean areas for children while white are for adults. The error bars show the standard deviations.
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MMN area except for tone 1 (F 1, 8 = 7.9, p =
0.023). Across stimuli, MMN duration was
consistently longer in children than adults.
MMN duration averaged across stimuli and
montages was 205.89 msec (± 72.93) and
161.70 msec (± 47.13) for children and adults,
respectively. There were significant duration
differences between groups for tone 1 (F 1, 6
= 13.5, p = 0.011). MMN latencies and
amplitudes showed no significant group,
stimulus, or electrode montage effects. MMN
peak latencies averaged across stimuli and
montages were 219 msec (±36.4) and 216
msec (±37.3) for children and adults,
respectively. Average MMN peak amplitudes
were -5.2 µV (±2) and -3.3 µV (±1.5) in children
and adults, respectively.
DISCUSSION

Obligatory Cortical Responses
N1 was approximately 30 msec earlier for
simple tonal stimuli than for complex stimuli
(chord and speech stimuli). Similar N1
latency differences were reported by Pang
and Taylor (2000) when comparing a 2 kHz
tone and the speech stimulus /da/ presented
binaurally via a loudspeaker. A similar range
of N1 latency variation (20–30 msec) has
been seen with change in pure-tone frequency
in the 500 Hz to 5 kHz frequency range for
monaurally presented tones (Roberts and
Poeppel, 1996). The auditory cortex is
tonotopically organized, and thus it is likely
that simple tones, speech stimuli, and chords
activate different cortical regions,
contributing to the differences in latency
(Verkindt et al, 1995). In the current study,
N1 was earlier for /da/ than for /ga/. This is
in contrast to Bellis et al (2000), who found
no differences in P1-N1 latencies and
amplitudes for /da/ and /ga/ presented to the
right ear via an insert earphone (the same
mode of stimulus presentation as the current
study). The current study used natural speech
tokens rich in formants with preserved vocal
tract variations, possibly resulting in /da/
and /ga/ being more distinct than Bellis et al’s
synthetic speech stimuli.
P1 and N1 were bigger and later in
children than adults, consistent with previous
studies (Kraus et al, 1993; Gomes et al, 2000;
Pang and Taylor, 2000; Ponton et al, 2000).
In children the response was dominated by

a robust P1 with a very small P2, as seen
previously (Csepe et al, 1992; Ceponiene et
al, 1998). Hyde (1997) described N1-P2
waveform variations across children (9–12
years), with P2 ranging from very small to a
robust response. In the current study, P2
was very small in the children.
N1-P2 amplitudes increase with ISI.
Walker et al (2001) and Czigler et al (1992)
reported small P2 amplitudes for short ISIs
of 500–800 msec. In the current study ISI was
540 and 620 msec for speech and tonal stimuli
respectively. Ceponiene et al (1998) reported
overlapping of N160 and N250 (following P2)
with fast ISIs of 350 and 700 msec in children.
Thus, the short ISI could explain small P2
amplitudes seen in both children and adults
in the current study.
For /da/, /ga/, and the simple tone, P2 was
bigger at Cz than at frontal electrodes. This
is consistent with Czigler et al (1992) and
Bertoli et al (2002), who reported bigger P2
amplitudes at Cz than at Fz. There were no
montage effects for P1 and N1, consistent
with previous studies showing similar N1
amplitudes across hemispheres in children
and adults (Pang and Taylor, 2000; Ponton et
al, 2000; Gomes et al, 2001).
To determine the effect of extraction
method on responses to the speech stimuli,
obligatory cortical responses obtained using
the flip-flop and deviant-alone methods were
compared. Latencies and amplitudes of the
cortical responses to the standard stimuli
did not differ between these two methods,
consistent with Walker et al (2001).
MMN Identification
Simple visual recognition is most
commonly used for MMN identification (e.g.,
Sharma and Dorman, 1998, 1999; Escera et
al, 2000; Gomes et al, 2000; Uwer and von
Suchodoletz, 2000; Walker et al, 2001). Visual
identification is problematic, however,
because MMN can be very small and difficult
to identify if traces are noisy, and the
technique is subjective and hence subject to
bias and observer error.
The integral-distribution technique is
appealing because it uses a statistical
criterion to identify MMN in individual
responses. The integral-distribution
technique was quite conservative in
identifying MMN relative to the expert
observers. There were many cases where
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MMN was identified visually by two
independent observers, and the integral p
value was greater than 0.1. Unfortunately
there is no gold standard for MMN
identification. Inclusion of a control condition
with identical standard and deviant stimuli
(and therefore no possibility of MMN) would
help to clarify whether the integral
distribution or the visual identification
technique provides the true answer about
MMN detectability. Area criteria (expressed
as µV x msec) differ across the studies that
have used this technique for MMN
identification, ranging from 110 (in this study
and in Dalebout and Fox, 2001) to 180
(Dalebout and Stack, 1999) to 225 (McGee et
al, 1997). If an area criterion is used for
MMN identification, more extensive
normative data collection for the specific
target population and stimuli is
recommended.
MMN Extraction Method
The deviant-alone and flip-flop extraction
methods differ in the context in which the
standard stimuli occur and the timing of the
standard stimuli. Both methods have been
widely used in MMN studies using speech
stimuli. A simple subtraction method that
compares the responses to different stimuli
in an oddball paradigm (e.g., /da/ versus /ga/)
is not recommended for speech stimuli since
the subtracted waveform could reflect
differences in the obligatory cortical response
to the standard versus deviant, as well as
MMN. In the current study, N1 latency (Table
2) did differ significantly for /da/ versus /ga/,
supporting the use of the flip-flop or deviantalone methods for speech stimuli so that the
same stimulus is compared when extracting
MMN (e.g., /da/ as standard subtracted from
/da/ as deviant).
Both adults and children showed
differences in speech-evoked MMN due to
extraction method. The flip-flop method
resulted in smaller MMN area for /ga/ and
shorter MMN duration for /da/ and /ga/ than
the deviant-alone method. The ISI varies for
the standard stimulus in the flip-flop method,
due to the presence of the deviants. On
average the ISI is slightly longer, and the
presence of a deviant after every 3.5 sec
would also cause a release from the refractory
cycle for the standard stimulus in the flip-flop
method. Thus, the differences in MMN
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obtained using deviant-alone and flip-flop
methods could result from stimulus timing
and context effects. The finding of a
significant difference in MMN area and
duration between deviant-alone and flip-flop
methods contrasts with Walker et al’s (2001)
study that showed no differences in MMN
between extraction methods for adults using
tonal stimuli. Our results indicate that
extraction method should be considered when
establishing normative data and comparing
MMN results from different studies using
speech stimuli and/or children.
MMN in Adults versus Children
Kraus et al (1993) reported that MMN is
mature in school-aged children, but children
had bigger MMN than adults. Our findings
are consistent with this. Overall, MMN was
more robust, with greater area, bigger
amplitudes, and longer duration in children
than in adults. Although MMN amplitudes
were generally greater in children, no
statistical significance was achieved. The
standard deviations for MMN area (Figure 7)
are as high as the average area values,
indicating very high variability, especially
for children. Adults showed less variability.
As MMN is a neurophysiologic reflection of
just-perceptible acoustic differences and is
modifiable with learning and experience
(Kraus and Cheour, 2000), it is possible that
variations are more prominent in children
because they have greater variability in their
auditory experiences than adults.
Stimulus Effects on MMN
Detectability in Adults
Wunderlich and Cone-Wesson (2001)
found considerable MMN variability in adults
depending on the stimulus contrast. This is
consistent with our finding that chords 1 and
2 evoked MMN more often (88%) than both
speech stimuli [/ga/ (75%), /da/ (56%)] in
adults. Relatively poor MMN for speech
stimuli in adults is consistent with Dalebout
and Fox (2001).
MMN detectability was poorest for simple
tones in adults. Tone 1 (1.1 kHz) evoked
MMN in only three adults (34%). More adults
(53%) had MMN for the 1.5 kHz deviant.
Previous MMN studies also show bigger and
more consistent MMN with greater stimulus
deviance (Sams et al, 1985; Tiitinen et al,
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1994; Gomes et al, 2000; Tervaniemi et al,
2000; Ceponiene et al, 2002).
The finding of better MMN for speech
stimuli than for tones is in contrast to
Wunderlich and Cone-Wesson (2001), who
found that tones elicited MMN more often
than speech in adults. In the current study,
natural speech tokens were used, whereas
Wunderlich and Cone-Wesson used synthetic
speech. Speech stimuli spoken with a local
accent are likely to be more familiar, and
will have greater spectral and temporal
complexity than synthetic speech. Plasticity
and training studies have shown that familiar
stimuli yield better MMN (Näätänen et al,
1993; Kraus et al, 1995; Tremblay et al, 1997;
Tremblay and Kraus, 2002).
Stimulus Effects on MMN
Detectability in Children versus
Adults
Chord 1, tone 1, and /ga/ all elicited MMN
in most of the children (88%). These were
followed by tone 2 (75%), and /da/ as deviant
(75%), and lastly by chord 2 (50%). Thus,
unlike adults, MMN presence in children did
not correlate with stimulus complexity. Tone
1 yielded a much higher percentage of MMN
in children than in adults (88% of children
versus 34% of adults). This difference is not
easily explained as N1 enhancement in the
children, since N1 enhancement occurs with
greater stimulus deviance (Näätänen, 1992;
Picton et al, 2000), and tone 1 differed from
the standard by just 10%.
P3a Elicited by Greater Stimulus
Deviance
For tone 2, all adults showed a “P3a”
positivity in the deviant response at about 264
msec as well as MMN, signifying that the
stimulus change was large enough to preconsciously switch attention toward the
deviant (Näätänen, 1992). Näätänen (1992)
described P3a as the involuntary attentional
switch when the presented stimulus does
not match the passively formed neural trace
of another stimulus. The difference between
deviant and standard stimuli is critical for
eliciting passive P3a (Holdstock and Rugg,
1995). In the responses where P3a was more
robust, MMN was small or absent, consistent
with Wunderlich and Cone-Wesson (2001). In
children, both tone 2 and chord 2 elicited a

P3a along with MMN (two children) or only
P3a (two children for both stimuli, one child
for chord 2, two children at only one montage).
Thus, P3a partly overlapping with MMN
could account for relatively poor MMN for the
tone 2 and chord 2 deviants in children.
Electrode Montage Effects on MMN
Brain lesion, fMRI, source-current
distribution studies, and multiple channel
recordings have shown that MMN activity
across the hemispheres is dependent on the
type of stimulus used to elicit MMN. Using
fMRI, Opitz et al (2002) found bilateral
superior temporal gyri activation and noted
that temporal activity increased especially in
the right hemisphere with increasing degree
of deviancy. Schairer et al (2001) used 72
electrode sites and equivalent current dipoles
to investigate MMN generators for different
stimulus contrasts (intensity, frequency, and
duration) and did not find any significant
effect of stimulus. In the current study MMN
duration for chord 2 was significantly longer
over the right hemisphere (at F4). No other
montage effects were seen. Bellis et al (2000)
too found MMN to be similar across the
temporal lobes (for the speech stimulus /da/).
The general lack of montage effects suggests
that one could use just one montage to record
MMN. One advantage of multiple electrode
recordings is that the reliability of the
responses can be affirmed, especially in
extremely noisy recordings, providing the
signal-to-noise ratio is not identical at all
electrode sites. Across hemisphere recordings
may also be informative in clinical
populations. Recent plasticity studies report
different changes across hemispheres in
obligatory cortical responses after training
(Ponton et al, 2000; Tremblay and Kraus,
2002).
SUMMARY AND CONCLUSIONS

T

he P1-N1 obligatory cortical response
was later and larger in children than in
adults. P2 was absent or very small in the
children. The integral-distribution technique
was quite conservative in identifying MMN
relative to the opinions of two expert
observers. A simple area criterion is an
alternative objective technique for MMN
identification. The area criterion derived in
the current study agrees with that used by
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Dalebout and Fox (2001). MMN area differed
across stimuli, and there was a trend for
larger MMN areas in children, and thus
normative area data should be collected for
the specific population and stimulus if an
area criterion is to be used clinically for MMN
identification. There were differences in
speech-evoked MMN area and duration
between deviant-alone and flip-flop methods,
and hence extraction method does need to be
considered when establishing normative data
and comparing MMN results from different
studies. There were few significant group
differences; however, for all stimuli, MMN
had greater area and longer duration in
children than adults. The speech stimuli and
the 1/1.1 kHz chord elicited the most
consistent MMN across children and adults.
Tone 1 (1.1 kHz) elicited MMN in most
children but in very few adults.
REFERENCES
Aaltonen O, Niemi P, Nyrke T, Tuhkanen M. (1987)
Event-related brain potentials and the perception of
a phonetic continuum. Biol Psychol 24:197–207.
Aaltonen O, Tuomainen J, Laine M, Niemi P. (1993)
Cortical differences in tonal versus vowel processing
as revealed by an ERP component called mismatch
negativity (MMN). Brain Lang 44:139–152.
Alho K. (1995) Cerebral generators of mismatch negativity (MMN) and its magnetic counterpart (MMNm)
elicited by sound changes. Ear Hear 16:38–51.
Baldeweg T, Richardson A, Watkins S, Foale C,
Gruzelier J. (1999) Impaired auditory frequency discrimination in dyslexia detected with mismatch
evoked potentials. Ann Neurol 45:495–503.
Bellis TJ, Nicol T, Kraus N. (2000) Aging affects hemispheric asymmetry in the neural representation of
speech sounds. J Neurosci 20:791–797.
Bertoli S, Smurzynski J, Probst R. (2002) Temporal
resolution in young and elderly subjects as measured
by mismatch negativity and a psychoacoustic gap
detection task. Clin Neurophysiol 113:396–406.
Bradlow AR, Kraus N, Nicol TG, McGee TJ,
Cunningham J, Zecker SG, Carrell TD. (1999) Effects
of lengthened formant transition duration on discrimination and neural representation of synthetic
CV syllables by normal and learning-disabled children. J Acoust Soc Am 106:2086–2096.
Ceponiene R, Cheour M, Näätänen R. (1998)
Interstimulus interval and auditory event-related
potentials in children: evidence for multiple generators. Electroencephalogr Clin Neurophysiol
108:345–354.
Ceponiene R, Yaguchi K, Shestakova A, Alku P,
Suominen K, Näätänen R. (2002) Sound complexity
and ‘speechness’ effects on pre-attentive auditory dis-

630

crimination in children. Int J Psychophysiol
43:199–211.
Cheour M, Ceponiene R, Leppanen P, Alho K, Kujala
T, Renlund M, Fellman V, Näätänen R. (2002) The
auditory sensory memory trace decays rapidly in newborns. Scand J Psychol 43:33–39.
Csepe V. (1995) On the origin and development of the
mismatch negativity. Ear Hear 16:91–104.
Csepe V, Dieckmann B, Hoke M, Ross B. (1992)
Mismatch negativity to pitch change of acoustic stimuli in preschool and school-age children. In: The Book
of Abstracts of the 10th Evoked Potentials International
Conference, Eger, Hungary, May 31st–June 6th,
1992.32.
Czigler I, Csibra G, Csontos A. (1992) Age and interstimulus interval effects on event-related potentials
to frequent and infrequent auditory stimuli. Biol
Psychol 33:195–206.
Dalebout SD, Fox LG. (2001) Reliability of mismatch
negativity in the responses of individual listeners. J
Am Acad Audiol 12:245–253.
Dalebout SD, Stack JW. (1999) Mismatch negativity
to acoustic differences not differentiated behaviorally.
J Am Acad Audiol 10:388–399.
Deacon D, Nousak JM, Pilotti M, Ritter W, Yang CM.
(1998) Automatic change detection: does the auditory
system use representations of individual stimulus
features or gestalts? Psychophysiology 35:413–419.
Dehaene-Lambertz G. (1997) Electrophysiological
correlates of categorical phoneme perception in adults.
Neuroreport 8:919–924.
Deouell LY, Bentin S. (1998) Variable cerebral
responses to equally distinct deviance in four auditory dimensions: a mismatch negativity study.
Psychophysiology 35:745–754.
Escera C, Yago E, Polo MD, Grau C. (2000) The individual replicability of mismatch negativity at short
and long inter-stimulus intervals. Clin Neurophysiol
111:546–551.
Giard MH, Perrin F, Pernier J, Bouchet P. (1990)
Brain generators implicated in the processing of auditory stimulus deviance: a topographic event-related
potential study. Psychophysiology 27:627–640.
Gomes H, Dunn M, Ritter W, Kurtzberg D, Brattson
A, Kreuzer JA, Vaughan HG Jr. (2001) Spatiotemporal
maturation of the central and lateral N1 components
to tones. Dev Brain Res 129:147–155.
Gomes H, Molholm S, Ritter W, Kurtzberg D, Cowan
N, Vaughan HG Jr. (2000) Mismatch negativity in
children and adults, and effects of an attended task.
Psychophysiology 37:807–816.
Hahne A, Schroger E, Friederici AD. (2002)
Segregating early physical and syntactical processes
in auditory sentence comprehension. Neuroreport
13:305–308.
Holdstock JS, Rugg MD. (1995) The effect of attention on the P300 deflection elicited by novel sounds.
J Psychophysiol 18–31.

Optimizing MMN/Sharma et al

Hyde M. (1997) The N1 response and its applications.
Audiol Neurootol 2:281–307.
Kasai K, Yamada H, Kamio S, Nakagome K, Iwanami
A, Fukuda M, Yumoto M, Itoh K, Koshida I, Abe O,
Kato N. (2002) Do high or low doses of anxiolytics
and hypnotics affect mismatch negativity in schizophrenic subjects? An EEG and MEG study. Clin
Neurophysiol 113:141–150.
Kaukoranta E, Sams M, Hamalainen M, Näätänen
R. (1989) Reactions of human auditory cortex to a
change in tone duration. Hear Res 41:15–22.
Kraus N, Cheour M. (2000) Speech sound representation in the brain. Audiol Neurootol 5:140–150.
Kraus N, Koch DB, McGee TJ, Nicol TG, Cunningham
J. (1999) Speech-sound discrimination in school-age
children: psychophysical and neurophysiologic measures. J Speech Lang Hear Res 42:1042–1060.
Kraus N, McGee T. (1994) Mismatch negativity in
the assessment of central auditory function. Am J
Audiol 3:39–51.
Kraus N, McGee T, Carrell T, King C, Tremblay K,
Nicol T. (1995) Central auditory system plasticity
associated with speech discrimination training. J
Cogn Neurosci 7:25–32.
Kraus N, McGee T, Carrell T, Sharma A, Micco A,
Nicol T. (1993) Speech-evoked cortical potentials in
children. J Am Acad Audiol 4:238–248.
Kraus N, McGee TJ, Carrell TD, Zecker SG, Nicol
TG, Koch DB. (1996) Auditory neurophysiologic
responses and discrimination deficits in children with
learning problems. Science 273:971–973.
Kraus N, McGee T, Micco A, Sharma A, Carrell T,
Nicol T. (1993) Mismatch negativity in school-age
children to speech stimuli that are just perceptibly
different. Electroencephalogr Clin Neurophysiol
88:123–130.
Kraus N, McGee T, Sharma A, Carrell T, Nicol T.
(1992) Mismatch negativity event-related potential
elicited by speech stimuli. Ear Hear 13:158–164.
Kropotov JD, Alho K, Näätänen R, Ponomarev VA,
Kropotova OV, Anichkov AD, Nechaev VB. (2000)
Human auditory-cortex mechanisms of preattentive
sound discrimination. Neurosci Lett 280:87–90.
Kropotov JD, Näätänen R, Sevostianov AV, Alho K,
Reinikainen K, Kropotova OV. (1995) Mismatch negativity to auditory stimulus change recorded directly
from the human temporal cortex. Psychophysiology
32:418–422.
Kurtzberg D. (1989) Cortical event-related potential
assessment of auditory system function. Semin Hear
10:252–261.
Lang AH, Eerola O, Korpilahti P, Holopainen I, Salo
S, Aaltonen O. (1995) Practical issues in the clinical
application of mismatch negativity. Ear Hear
16:118–130.
Martin BA, Shafer VL, Morr ML, Kreuzer JA,
Kurtzberg D. (2003) Maturation of mismatch negativity: a scalp current density analysis. Ear Hear
24:463–471.

McGee T, Kraus N, Nicol T. (1997) Is it really a mismatch negativity? An assessment of methods for
determining response validity in individual subjects.
Electroencephalogr Clin Neurophysiol 104:359–368.
Mody M, Studdert-Kennedy M, Brady S. (1997) Speech
perception deficits in poor readers: auditory processing
or phonological coding? J Exp Child Psychol
64:199–231.
Morr ML, Shafer VL, Kreuzer JA, Kurtzberg D. (2002)
Maturation of mismatch negativity in typically developing infants and preschool children. Ear Hear
23:118–136.
Muller-Gass A, Marcoux A, Logan J, Campbell KB.
(2001) The intensity of masking noise affects the mismatch negativity to speech sounds in human subjects.
Neurosci Lett 299:197–200.
Näätänen R. (1990) The role of attention in auditory
information processing as revealed by event-related
potentials and other brain measures of cognitive function. Behav Brain Sci 13:201–288.
Näätänen R. (1992) Attention and Brain Function.
Hillsdale, NJ: Lawrence Erlbaum.
Näätänen R, Gaillard AW, Mantysalo S. (1978) Early
selective-attention effect on evoked potential reinterpreted. Acta Psychol (Amst) 42:313–329.
Näätänen R, Paavilainen P, Alho K, Reinikainen K,
Sams M. (1987) The mismatch negativity to intensity
changes in an auditory stimulus sequence.
Electroencephalogr Clin Neurophysiol Suppl 40:125–131.
Näätänen R, Schroger E, Karakas S, Tervaniemi M,
Paavilainen P. (1993) Development of a memory trace
for a complex sound in the human brain. Neuroreport
4:503–506.
Novak G, Ritter W, Vaughan H, Wiznitzer M. (1990)
Differentiation of negative event-related potentials
in an auditory discrimination task. Electroencephalogr
Clin Neurophysiol 75:255–275.
Opitz B, Rinne T, Mecklinger A, von Cramon DY,
Schroger E. (2002) Differential contribution of frontal
and temporal cortices to auditory change detection:
fMRI and ERP results. Neuroimage 15:167–174.
Pang EW, Taylor MJ. (2000) Tracking the development of the N1 from age 3 to adulthood: an
examination of speech and non-speech stimuli. Clin
Neurophysiol 111:388–397.
Picton TW, Alain C, Otten L, Ritter W, Achim A.
(2000) Mismatch negativity: different water in the
same river. Audiol Neurootol 5:111–139.
Ponton CW, Don M, Eggermont JJ, Kwong B. (1997)
Integrated mismatch negativity (MMNi): a noisefree representation of evoked responses allowing
single-point distribution-free statistical tests.
Electroencephalogr Clin Neurophysiol 104:143–150.
Ponton CW, Don M, Kwong B, Eggermont JJ. (2000)
Maturation of human central auditory system activity:
evidence from multi-channel evoked potentials. Clin
Neurophysiol 111:220–236.
Pulvermüller F, Kujala T, Shtyrov Y, Simola J, Alku
P, Alho K, Näätänen R. (1999) Phonological and lexicosemantic factors influence the mismatch negativity

631

Journal of the American Academy of Audiology/Volume 15, Number 9, 2004

(MMN). Fifth International Conference on Functional
Mapping of the Human Brain. Neuroimage 9
(2, suppl.):1075.
Reed MA. (1989) Speech perception and the
discrimination of brief auditory cues in reading
disabled children. J Exp Child Psychol 48:270–292.

on the mismatch negativity (MMN). J Acoust Soc
Am 106:3492–3505.
Tervaniemi M, Schroger E, Saher M, Näätänen R.
(2000) Effects of spectral complexity and sound
duration on automatic complex-sound pitch processing
in humans—a mismatch negativity study. Neurosci
Lett 290:66–70.

Ritter W, Paavilainen P, Lavikainen J, Reinikainen
K, Alho K, Sams M, Näätänen R. (1992) Event-related
potentials to repetition and change to auditory stimuli.
Electroencephalogr Clin Neurophysiol 83:306–321.

Tiitinen H, May P, Reinikainen K, Näätänen R. (1994)
Attentive novelty detection in humans is governed by
pre-attentive sensory memory. Nature 372:90–92.

Roberts PL, Poeppel D. (1996) Latency of auditory
evoked M100 as a function of tone frequency.
Neuroreport 7:1138–1140.

Titova N, Näätänen R. (2001) Preattentive voice
discrimination by the human brain as indexed by
the mismatch negativity. Neurosci Lett 308:63–65.

Sams M, Aulanko R, Aaltonen O, Näätänen R. (1990)
Event-related potentials to infrequent changes in
synthesized phonetic stimuli. J Cogn Neurosci
2:344–357.

Tremblay KL, Kraus N. (2002) Auditory training
induces asymmetrical changes in cortical neural
activity. J Speech Lang Hear Res 45:564–572.

Sams M, Paavilainen P, Alho K, Näätänen R. (1985)
Auditory frequency discrimination and event-related
potentials. Electroencephalogr Clin Neurophysiol
62:437–448.
Sandridge SA, Boothroyd A. (1996) Using naturally
produced speech to elicit the mismatch negativity.
J Am Acad Audiol 7:105–112.
Schairer KS, Gould HJ, Pousson MA. (2001) Source
generators of mismatch negativity to multiple deviant
stimulus types. Brain Topogr 14:117–130.
Schroger E. (1996) The influence of stimulus intensity
and inter-stimulus interval on the detection of pitch
and loudness changes. Electroencephalogr Clin
Neurophysiol 100:517–526.
Schulte-Korne G, Deimel W, Bartling J, Remschmidt
H. (1999) Pre-attentive processing of auditory patterns
in dyslexic human subjects. Neurosci Lett 276:41–44.
Sharma A, Dorman MF. (1998) Exploration of the
perceptual magnet effect using the mismatch
negativity auditory evoked potential. J Acoust Soc Am
104:511–517.
Sharma A, Dorman MF. (1999) Cortical auditory
evoked potential correlates of categorical perception
of voice-onset time. J Acoust Soc Am 106:1078–1083.
Sharma A, Kraus N, McGee T, Carrell T, Nicol T.
(1993) Acoustic versus phonetic representation of
speech as reflected by the mismatch negativity eventrelated potential. Electroencephalogr Clin
Neurophysiol 88:64–71.
Stapells DR. (2001) Cortical event-related potentials
to auditory stimuli. In: Katz J, ed. The Handbook of
Clinical Audiology. 5th ed. Baltimore: Lippincott
Williams & Wilkins, 378–406.
Steinschneider M, Kurtzberg D, Vaughan HG. (1992)
Event-related potentials in developmental
neurophysiology. In: Rapin I, Segalowitz SJ, eds.
Child Neurophysiology. Vol. 6 of Handbook of
Neurophysiology. Boller F, Grafman J, eds.
Amsterdam: Elsevier Science Publishers, 239–299.
Szymanski MD, Yund EW, Woods DL. (1999)
Phonemes, intensity and attention: differential effects

632

Tremblay KL, Kraus N, Carell T, McGee T. (1997)
Central auditory system plasticity: generalization to
novel stimuli following listening training. J Acoust Soc
Am 102:3762–3773.
Uwer R, von Suchodoletz W. (2000) Stability of
mismatch negativities in children. Clin Neurophysiol
111:45–52.
Verkindt C, Bertrand O, Perrin F, Echallier JF, Pernier
J. (1995) Tonotopic organization of the human auditory
cortex: N100 topography and multiple dipole model
analysis. Electroencephalogr Clin Neurophysiol
96:143–156.
Walker LJ, Carpenter M, Downs CR, Cranford JL,
Stuart A, Pravica D. (2001) Possible neuronal
refractory or recovery artifacts associated with
recording the mismatch negativity response. J Am
Acad Audiol 12:348–356.
Winkler I, Czigler I. (1998) Mismatch negativity:
deviance detection or the maintenance of the
'standard'. Neuroreport 9:3809–3813.
Wunderlich JL, Cone-Wesson BK. (2001) Effects of
stimulus frequency and complexity on the mismatch
negativity and other components of the cortical
auditory-evoked potential. J Acoust Soc Am
109:1526–1537.

