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We compared processing of speech and non-speech by means of the Mismatch Negativity (MMN). For
this purpose, the MMN elicited by vowels was compared to those elicited by two non-speech stimulus
types: spectrally rotated vowels, having the same stimulus complexity as the speech stimuli, and sounds
based on the bands of formants of the vowels, representing non-speech stimuli of lower complexity as
compared to the other stimulus types. This design allows controlling for effects of stimulus complexity
when comparing neural correlates of processing speech to non-speech. Deviants within a modified
multi-feature design differed either in duration or spectral property. Moreover, the difficulty to discrim-
inate between the standard and the two deviants was controlled for each stimulus type by means of an
additional active discrimination task. Vowels elicited a larger MMN compared to both non-speech
stimulus types, supporting the concept of language-specific phoneme representations and the role of
the participants’ prior experience.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Neurobiological specialization for speech sounds

The neurobiological system for auditory and speech processing
has been shown to include hierarchically organized pathways, i.e.
the dorsal pathway and the ventral pathway. Whereas the first
one is responsible for spatial processing (‘‘where path’’), the latter
one is associated with the identification of complex patterns or
objects (‘‘what path’’) (Rauschecker & Scott, 2009). Within this
ventral pathway, the left anterior and middle superior temporal
cortex is specifically activated for speech sounds when compared
to non-speech sounds which are matched with respect to stimulus
complexity (Narain et al., 2003; Scott, Blank, Rosen, & Wise, 2000;
Scott, Rosen, Lang, & Wise, 2006). This finding is not limited to
speech material incorporating semantic contents, as this area
was also active during the processing of consonant-vowel (CV) syl-
lables as compared to non-speech (Liebenthal, Binder, Spitzer,
Possing, & Medler, 2005; Obleser, Zimmermann, van Meter, &
Rauschecker, 2007). Moreover, topographic maps which are
ordered based on phonetic features of consonants (Obleser, Scott
& Eulitz, 2006) and vowels (Obleser, Boecker, et al., 2006) could
be identified.
1.2. Electrophysiological evidence for a specialization for native speech
sounds

The existence of neuron populations which respond specifically
to speech stimuli is in line with electrophysiological data based on
the mismatch negativity. The mismatch negativity (MMN,
Näätänen, Gaillard, & Mäntysalo, 1978) is an objective and reliable
electrophysiological correlate of automatic sensory processing in
the auditory domain (Näätänen, 2008). Within a classical oddball
paradigm, the ERP of a frequently presented standard stimulus is
subtracted from the ERP of an infrequently presented deviant stim-
ulus. The resulting difference curve shows a negative peak between
150 and 250 ms, known as the MMN. In early studies applying the
MMN, pure sinusoidal tones were used (e.g. Näätänen, 1979;
Näätänen & Michie, 1979; Näätänen et al., 1978) but it has been
shown that the MMN can also be elicited with stimuli of higher
complexity (for a review see Näätänen, Paavilainen, Rinne, &
Alho, 2007).
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The MMN has been shown to be sensitive to language-specific
phoneme representations. This means that vowel contrasts repre-
senting distinct phonetic categories in one’s native language elicit a
larger MMN than non-native contrasts on deviant trials (Näätänen
et al., 1997). This finding has been replicated in a number of studies
using participant groups with various native-language backgrounds
(e.g., Chládková, Escudero, & Lipski, 2013; Nenonen, Shestakova,
Huotilainen, & Näätänen, 2005; Peltola, Tamminen, Toivonen,
Kujala, & Näätänen, 2012; Rinker, Alku, Brosch, & Kiefer, 2010). The
role of prior experience with different stimulus types is, however,
not limited to the speech domain; for example, the superiority of
musicians as compared to non-musicians in processing musical
sound material has been shown in several studies (e.g. Koelsch,
Schröger, & Tervaniemi, 1999; Vuust et al., 2005).

1.3. Automatic auditory discrimination of speech and non-speech
sounds

Taking into account the role of prior experience and language-
specific phoneme representations, one would expect that the pro-
cessing of speech stimuli would be accompanied by pronounced
MMN when compared to non-speech stimuli, considering that
enhanced sensitivity to differences is reflected in increased MMN
amplitude (and partly in shorter peak latency of the MMN). Inter-
estingly, this pattern of results has not been found in all MMN
studies, in particular, there is an inconsistent pattern of speech
vs. non-speech MMN results with respect to both spectral and
durational manipulations. Concerning the spectral MMN, some
studies have found a larger MMN for speech stimuli as compared
to non-speech sounds (Sorokin, Alku, & Kujala, 2010; Čeponiené
et al., 2002). In other studies, however, no difference between
speech and non-speech processing (Davids et al., 2011; Jaramillo
et al., 2001; Nikjeh, Lister, & Frisch, 2009; Wunderlich & Cone-
Wesson, 2001) or even the contrary pattern of results has been
reported (Lachmann, Berti, Kujala, & Schröger, 2005; Tervaniemi
et al., 1999; Wunderlich & Cone-Wesson, 2001). Regarding dura-
tion decrements, the MMN for vowels has been reported to be lar-
ger compared to noise or single sinusoidal tones (Jaramillo, Alku, &
Paavilainen, 1999; Jaramillo et al., 2001; Takegata, Alku, Ylinen, &
Näätänen, 2008), whereas no MMN differences have been found
for chords (Takegata et al., 2008) and complex analogues of speech
sounds (Sorokin et al., 2010).

There are three factors typically affecting the MMN amplitude
which may also explain the inconsistencies in the pattern of results
in the summarized studies:

1. The relative importance of spectral and temporal cues might
vary across languages. Therefore, temporal and spectral pro-
cessing should both be taken into consideration.

2. The degree of deviation between standard and deviant: It has
been demonstrated that the amplitude of the MMN is corre-
lated with the degree of deviation between the standard and
deviant stimuli (Amenedo & Escera, 2000; Berti, Roeber, &
Schröger, 2004; Jaramillo, Paavilainen, & Näätänen, 2000;
Näätänen, Syssoeva, & Takegata, 2004; Sams, Paavilainen,
Alho, & Näätänen, 1985). For example, the MMN is larger in fre-
quency deviants when the pitch of the deviant tone is 10%
higher than the standard tone compared to a pitch difference
of 5%. Importantly, in studies testing for differences between
speech and non-speech sounds, this effect is not necessarily
controlled for (see Lachmann et al., 2005).

3. The physical complexity of both stimulus classes: The idea that
the size of the MMN depends on stimulus complexity is sup-
ported by the fact that single sinusoidal tones evoke a smaller
MMN compared to harmonically rich tones (Takegata et al.,
2008; Tervaniemi et al., 2000; Zion-Golumbic, Deouell,
Whalen, & Bentin, 2007). Differences in the physical complexity
of speech and non-speech signals are found, to the best of our
knowledge, in all existing MMN studies, except for one
(Davids et al., 2011).

To overcome these problems, temporal and spectral deviants
were used in the present study. Moreover, all standards and devi-
ants used in the passive oddball task were also presented within an
active same-different task to control for the behavioral discrimina-
tion performance. Finally, we applied spectrally rotated speech
(Blesser, 1972) and non-speech stimuli with lower complexity
compared to the speech sounds (see Section 2.2.3). This approach
controls for influences of stimulus complexity.

1.4. Using spectrally rotated speech

The creation of non-speech stimuli of the same complexity as
speech stimuli is a real challenge, as the spectro-temporal pattern
of an original speech sound has to be fitted. One effective solution
has been presented by Blesser (1972), that is, the spectral rotation
of speech signals. Spectrally rotated speech is created by inverting
the spectrum around a center frequency. Starting with a study by
Scott et al. (2000), this procedure is commonly used to compare
speech to non-speech in behavioral (e.g. Vandermosten et al.,
20,10, 2011) and imaging studies (e.g., Liebenthal et al., 2005;
Obleser, Boecker, et al., 2006; Scott et al., 2006).

There are, however, still two shortcomings involving this proce-
dure: The first one concerns the low-pass filtering of the original
speech sound which is a technical precondition of the whole proce-
dure. The most important frequencies of the speech signal are
thought to lie between 500 and 4000 Hz (Wilmanns & Schmitt,
2002). Hence, 4000 Hz was used as the cut-off frequency for the
low-pass filter in most studies using spectrally rotated speech stim-
uli (e.g., Davids et al., 2011; Evans et al., 2013; Scott et al., 2000,
2006). This approach ensures that the intelligibility of the speech
sound is not reduced (Scott & Wise, 2004), however, its naturalness
could be reduced severely (Moore & Tan, 2003). Therefore, we devel-
oped a new stimulus type for the present study: spectrally rotated
speech stimuli with a complete spectrum. Note that this approach
allows the use of unfiltered speech signals which sound natural.

The second shortcoming concerns the finding that some conso-
nants, especially fricatives (e.g. /f/), nasals (e.g. /m/ and /n/) and
plosives (e.g. /p/) are either not affected by the rotation, or their
spectrally rotated counterparts evoke the impression of another
consonant (see Blesser, 1972, for details). Thus, spectrally rotated
speech sounds which include these consonants might evoke a
speech-like impression. In contrast to the consonants, the formant
structure of a vowel is completely inverted. Formants are the most
intensive frequencies within the vowel (Carroll, 2004). For this rea-
son, in the present study, we use single German vowels to ensure a
non-speech like impression of the spectrally rotated sounds.

1.5. German vowels

There are seven pairs of monophthongs with differences in
vowel length in German (Lühr, 1993). Each pair consists of a lax
(or short) and a tense (or long) version of the respective vowel
(Kohler, 1977; Moulton, 1962; Wiese, 2000). Their formants are
systematically changed by moving the articulatory organs
(Carroll, 2004). The first two formants are essential for the correct
identification of a vowel (Peterson & Barney, 1952; Pols, van der
Kamp, & Plomp, 1969). The region of frequencies with a power of
at the most three dB beneath the power of the formant is defined
as the bandwidth of the formant (Fant & Tatham, 1975).

In German, tense and lax vowels do not only differ with respect
to their duration but also with respect to the position of their
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formants (Becker, 1998; Strange & Bohn, 1998) which influences
the spectral information of the vowels. Weiss (1974) demonstrated
that the relative importance of temporal versus spectral cues
decrease with increasing vowel height. This observation is particu-
larly noticeable for the lowest vowel pair /a/–/a:/ and the highest
vowel pair /I/–/i:/. The durational difference between /a:/ and /a/
is much more salient than their spectral distinctions (Tomaschek,
Truckenbrodt, & Hertrich, 2013; Ungeheuer, 1969), whereas /i:/
and /I/ differ mainly in spectral information.

A recently developed German vowel length discrimination
paradigm (Christmann et al., submitted for publication; Groth,
Lachmann, Riecker, Muthmann, & Steinbrink, 2011; Steinbrink,
Groth, Lachmann, & Riecker, 2012; Steinbrink, Klatte, &
Lachmann, in press) takes advantage of these special properties.
By removing the temporal or spectral information of the vowel,
an effective tool is created to investigate the temporal and spectral
aspects of auditory processing within the same phoneme category.
Moreover, the difficulty of the temporal and spectral contrasts var-
ies as a function of vowel height, precluding bottom and ceiling
effects within a same-different task. The authors reported decreas-
ing performance with increasing vowel height in the temporal con-
dition, whereas discrimination improved with increasing vowel
height in the spectral condition. In the present study, the speech
stimuli are created following this paradigm using the low vowel
pair /a/–/a:/ and the high vowel pair /I/–/i:/.
1.6. The present study

Taking into account the heterogeneity of prior MMN studies
dealing with the processing of temporal and spectral differences
in speech and non-speech stimuli, the aim of the present study is
to investigate whether or not automatic sensory processing of
speech vs. non-speech, as reflected by the MMN, differ. In other
words, we tested whether different types of deviants – temporal
and spectral, in a passive oddball paradigm either comprised of
vowels or non-speech sounds – may result in more sensitive pro-
cessing of the vowels, as reflected by a larger amplitude and/or a
decreased latency. This finding would be expected according to
the concept of language-specific phoneme representations and
the reported influence of prior experience with specific stimuli
(e.g. music or language). In order to enhance the comparability
between our speech and non-speech sounds, we controlled for dif-
ferences in physical complexity and the level of difficulty in dis-
criminating between standard and deviant, as indexed by an
additional active discrimination task.

To investigate the role of stimulus complexity during the com-
parison of the processing of speech and non-speech stimuli, two
different types of non-speech sounds are used: spectrally rotated
vowels and an additional type of synthetic speech-analog stimu-
lus: the bands of formants. These stimuli consist of the frequencies
most characteristic for a given vowel, which are the formants and
their complete band width. Nevertheless, they are perceived as
non-speech and their complexity is much lower compared to the
vowels or the spectrally rotated vowels (see Section 2.2.4 for
details of the stimulus rating). In contrast to prior research, spec-
trally rotated speech with a complete frequency spectrum (see
method section) is created to guarantee speech sounds with a nat-
ural impression, as no low-pass filtering is necessary.
2. Methods

2.1. Participants

Thirty students (age range 18–30 years; ten male) of the Johan-
nes Gutenberg-University Mainz, Germany, participated in the
study. All participants were native speakers of German and
reported normal hearing. In accordance with the Declaration of
Helsinki, all participants gave written consent after the nature of
the experiment was explained to them. The participants were ran-
domly assigned to one of two groups (N = 15 in each group) differ-
ing only in the vowel pair that was applied in the experimental
protocol; one group of participants performed the experiment with
the low vowel pair /a/–/a:/ and the other group performed the
experiment with the high vowel pair /I/–/i:/. The ratio of male
and female participants was equal in both groups (ten females in
each) and the age range (19–30 vs. 18–30 years) was comparable
between groups.

2.2. Material

Within each of the two vowel-pair groups (/a/–/a:/ and /I/–/i:/),
three stimulus types were used: vowel center stimuli, spectrally
rotated vowel center stimuli and bands of formants (see Fig. 1). As
explained in greater detail below, there were three versions of each
stimulus type: original long, original short, and lengthened. Con-
trasts between the different versions of these stimulus types form
the basis for both the passive EEG task and the active behavioral
experiment.

2.2.1. Vowel center stimuli
The vowel center stimuli were based on four naturally spoken

vowels: /a/, /a:/, /I/ and /i:/, pronounced in isolation by a female
native speaker of German. To obtain the static spectral information
of each vowel, everything except the steady state part was
removed. The duration of the long and short vowels was adjusted
to those reported by Groth et al. (2011). The Pitch Synchronous
Overlap and Add (PSOLA) algorithm of Praat (Boersma, 2001;
Boersma & Weenink, 2013) was used to manipulate the length of
the vowels without distorting their spectral properties. The short
vowel center stimulus was lengthened to the size of the long one.
As a result, there were three stimuli for each of the two vowels:
the original tense-lax pair (long and short) and the modified
(lengthened) stimulus. This procedure was comparable to that
used by Groth et al. (2011) and Steinbrink et al. (2012),
Steinbrink et al. (in press) with two exceptions: only the two
extreme vowel pairs concerning vowel height were used (/a/–/a:/
and /I/–/i:/) and there was no change in spectral information
within the stimuli, as they were restricted to the vowel center.
Each stimulus included a fade-in and fade-out time of five millisec-
onds. The duration, pitch (F0), the first and second formant (F1 and
F2), their bandwidth (B1 and B2), and the difference of intensity
between F1 and F2 of each vowel center stimulus, are illustrated
in Table 1. These values were subsequently used to generate the
bands of formants stimuli (see Section 2.2.3).

2.2.2. Spectrally rotated vowel center stimuli
To get non-speech stimuli with the same complexity as speech,

we produced a spectrally rotated counterpart for each vowel center
stimulus, using a MATLAB (Version: R2011a, Mathworks, Ismaning,
Germany) script for stimulus processing (see http://www.phon.
ucl.ac.uk/resource/software.php), provided by Scott et al. (2000).
As a result, high frequencies of the original stimulus became low
and low frequencies became high. The intelligibility of the result-
ing stimulus is severely impaired, while maintaining the same
spectro-temporal pattern as the original speech sound. As the
human ear is known to be differentially sensitive to sound energy
at different frequencies (e.g. Killion, 1978), a pre-emphasis high-
pass filter was applied to compensate most of these differences
prior to the spectral inversion (see Scott et al. 2000). This approach
improves the matching of the long-term power spectra of the
original and the inverted signal (Obleser, Scott, et al., 2006).

http://www.phon.ucl.ac.uk/resource/software.php
http://www.phon.ucl.ac.uk/resource/software.php
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Fig. 1. Spectrograms of the three standards for the lengthened vowel /I/. The vowel center stimulus (left) shows the same complexity as the spectrally rotated vowel center
stimulus (middle). Frequencies above 4000 Hz, as indicated by the black line, were not affected by the rotation. The rotation frequency, as indicated by the white broken line,
was at 2000 Hz. The bands of formants (right) are based on the first two formants of the vowel center stimuli (F1 = 415 Hz, F2 = 2128 Hz). This stimulus has a lower physical
complexity compared to the others.

Table 1
Results of the analysis of the vowel center stimuli based on the vowels /a/, /a:/, /I/ and /i:/.

Vowel type Version Duration in ms F0 in Hz F1 in Hz F2 in Hz B1 in Hz B2 in Hz Difference of intensity
between F1 and F2 in dB

/a/ Original short 75 186 792 1302 166 161 4.06
/a:/ Original long 145 186 922 1272 284 225 1.28
/a/ Lengthened 145 186 785 1298 166 161 4.06
/I/ Original short 51 194 406 2117 89 124 16.92
/i:/ Original long 93 194 338 2439 262 197 27.31
/I/ Lengthened 93 194 415 2128 89 124 16.92

Notes: The duration in milliseconds (ms), the pitch (F0), the first two formants (F1 and F2) in hertz (Hz), their bandwidth (B1 and B2 in Hz) and the difference of intensity
between F1 and F2 in dB are provided.
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Comparable to prior research 2000 Hz was chosen as center fre-
quency. The vowels center stimuli and the spectrally rotated vowel
center stimuli were matched to equal loudness (i.e. root mean
squared amplitude was adjusted). To circumvent the shortcoming
of the low-pass filter (see Section 1.3), the procedure was modified
to create spectrally rotated stimuli with a complete spectrum. This
was achieved by adding all frequencies above 4000 Hz of the vowel
center stimulus to the spectrally rotated stimulus with Audition (Ver-
sion: CS5.5, Adobe, Munich, Germany). As a result, the lower part –
below 4000 Hz – was modified by the inversion, whereas the upper
frequencies were not affected (see Fig. 1).

2.2.3. Bands of formants
The third stimulus type should also be perceived as non-speech

while maintaining the most important information of the speech
signal. It was composed of the first two formants of a vowel includ-
ing all bandwidth frequencies. The frequencies in the middle of the
bands were the most intensive ones. Comparable to the vowel cen-
ter stimuli, the intensity of the remaining frequencies decreased
towards the two borders. The relative power of the two formants
was also considered. All information necessary to produce the
bands of formants is provided in Table 1 (see Section 2.2.1).

The two bands were produced separately in MATLAB with a
continuous Fourier synthesis: In the first step, a Gaussian function
with the middle frequency corresponding to the formant of the
vowel and the half-width corresponding to the band width of the
formant, was transformed numerically to the time domain by
means of a Fast Fourier Transformation. This procedure resulted
in a stimulus with the following property: there was a limited band
of frequencies, with the middle frequency showing the highest
power. The power of all frequencies decreased with increasing
distance to the center. As the resulting band was very short in
duration, phase noise was added to the frequency domain to
lengthen the stimulus to the desired duration. In a second step,
the two bands were mixed together using Audition (Version:
CS5.5, Adobe, Munich, Germany) while considering the difference
of intensity of the two formants. This is why the first band showed
a higher power than the second one.

Interestingly, matching the loudness by means of adjusting the
root mean squared amplitude did not result in the perception of
equal loudness compared to the vowels and the spectrally rotated
vowels. A pilot experiment revealed that the bands of formants were
perceived to be much less intense, compared to the other two stim-
ulus types. Moreover, discrimination indexes in the active same-
different task were reduced compared to the vowel center stimuli
and the spectrally rotated vowels. This is why the root mean squared
amplitude was increased, compared to the other two stimulus clas-
ses, to guarantee comparable discrimination performance in the
active task for all stimulus types (see below for additional details).

2.2.4. Stimulus rating
All stimulus types, i.e. vowel center stimuli, spectrally rotated

vowels, and bands of formants have been used for a recent behav-
ioral study with German dyslexic adolescents and adults, and age-
matched controls. In this study, 21 healthy adolescents and adults
(mean age: 18.48 years, age range 15–22 years, 11 male, all Ger-
man native speaker) rated the ‘‘speechness’’ of the stimulus types
ranging from 1 (completely non-speech like) to 7 (completely
speech like). The results show that vowel center stimuli
(mean = 5.52, SD = 1.50) were perceived more speech-like com-
pared to the spectrally rotated vowels (mean = 2.14, SD = 1.15)
(t(20) = 10.59, p < .01) and the bands of formants (mean = 1.90,
SD = 1.00) (t(20) = 10.03, p < .01) (Christmann et al., submitted for
publication).
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2.3. Procedure

During the passive oddball task, participants watched a silent
movie and were asked to ignore all stimuli which were presented
via an external soundcard (UGM96, ESI Audiotechnik GmbH, Leon-
berg, Germany) binaurally via a closed headphone (Beyerdynamic
DT 770) with an intensity of 66 dB (SPL) or 75 dB (SPL) respectively
for the bands of formants due to the results of the pilot experiment.
The intensity was measured with an artificial head (HSM III.0,
HEAD acoustics, Aachen, Germany). Presentation (version 14.5,
Neurobehavioral Systems, Albany, California) was used to control
the experimental protocol. All sessions took place in an acousti-
cally attenuated and electrically shielded chamber.

The electroencephalogram (EEG) was recorded continuously
with a SynAmps amplifier (Neuroscan, Sterling, Virginia). Each
electrode’s impedance was kept under 5 kX. Seven Ag/AgCl elec-
trodes were attached according to the 10-20-system at the follow-
ing positions: F3, Fz, F4, Cz, Pz and additionally upon the left and
right mastoid. The reference electrode was placed on the tip of
the nose. Moreover, the vertical and horizontal electrooculogram
(EOG) were recorded to control for eye movements. The EEG was
recorded with a sampling rate of 500 Hz, an online 0.05–70 Hz
bandpass, and an additional 50 Hz notch filter.

Each stimulus type (vowel center stimuli, spectrally rotated vowel
center stimuli, bands of formants) was presented in a separate block
with 1600 standard stimuli (p = .8), 400 deviant stimuli, 200 tem-
poral (p = .1), and 200 spectral (p = .1) deviants. The modified,
lengthened version of each stimulus type was presented as stan-
dard within the oddball task, the original short stimulus served
as temporal deviant and the original long stimulus served as spec-
tral deviant (see Section 2.2.1). Each block began with 14 standards
and there were at least 3 standard stimuli presented between two
consecutive deviant stimuli. The sequence of the blocks was ran-
domized and the stimulus onset asynchrony (SOA) was kept con-
stant at 500 ms. In addition, during the EEG-experiment, the
participants viewed a self-chosen movie without tone.

Immediately after the EEG session, all stimuli were presented
within a two-alternative forced choice same-different task. Compa-
rable to the oddball task, the SOA between the two stimuli was
500 ms. Participants were instructed to decide as fast and accurate
as possible whether the two successively presented stimuli were
same or different by way of a button press. To rule out any effects
of handedness on reaction time (RT), key assignments were coun-
terbalanced. Participants were familiarized with the task by a short
training comprised of 8 trials with sinusoidal tones. An acoustic
feedback followed incorrect button presses during training,
whereas no feedback was given during the experimental block.
There was no time limit for the participants’ response. The inter-
trial interval lasted 2000 ms.

This active discrimination task comprised 216 trials, with 108
same and 108 different. Within the different trials, there were 18
repetitions for each condition. All stimulus types were presented
within one block. The order of the trials was pseudo-randomized
in accordance with the following rules: there were no more than
three trials in sequence which required the same response (same
or different), and the stimulus type changed at least after every
third trial.

2.4. Data analysis

All EEG analyses were performed with the MATLAB toolbox
ERPLAB (Luck & Lopez-Calderon, 2013), which is integrated in the
EEGLAB toolbox (Delorme & Makeig, 2004). First, an offline band-
pass filter ranging from 1 to 30 Hz was applied. The ERPs were
computed separately for the three stimulus types, standards and
deviants. The time window ranged from 200 ms before to 500 ms
after stimulus onset. The first 200 ms served as a baseline for the
averaged signal. The first 10 standards of each block and all epochs
containing eye movements larger than 75 lV were excluded. The
difference curve for each stimulus type was formed by subtracting
the ERP of the standard from the ERP of the deviant. The peak
latency of each difference curve was established within a time win-
dow between 100 and 300 ms. The dependent value was the area
under the difference curve within a time window of 50 ms around
the peak latency (Beauchemin & de Beaumont, 2005).

As a measure of task performance in the active discrimination
task, d0 was calculated as reported by Macmillan and Creelman
(1991) for same-different designs. This discrimination index does
not consider hits only, but also the number of false alarms. A hit
is observed when a person realizes that there is a difference
between two distinctive stimuli. A false alarm means that a person
classifies two equal stimuli as different. The discrimination index
increases with the number of hits and decreases with the number
of false alarms. The relative frequencies of both are transformed
into Z values based on normal distribution. As relative frequencies
of 0 and 1 cannot be transformed into Z values, a value of 0 was
replaced by 0.01 and a value of 1 was replaced by 0.99
(Macmillan & Creelman, 1991, page 10).

For both dependent variables, a separate analysis of variance
(ANOVA) was conducted with three factors: Vowel Types (/a/–/a:/
and /I/–/i:/) as between-subject factor, Stimulus Types (vowel center
stimuli, spectrally rotated vowel center stimuli and the bands of for-
mants) as within-subject factor and Types of Auditory Difference
(temporal and spectral) as within-subject factor. We decided to
include the Vowel Types as between-subject factor to reduce the
total experimental time (50%) for each participant to gain a better
signal-to-noise ratio.

When the assumption of sphericity was rejected (Mauchly’s
test), degrees of freedom were corrected according to Green-
house-Geisser. In addition, partial eta squared and Cohen’s d were
reported as measures of effect sizes. The critical alpha levels for all
post-hoc t-tests were set to p = .05; in addition, if there was more
than one post-hoc t-test in a row, the Bonferroni correction was
applied with the corrected 5%-alpha level reported in brackets.
3. Results

3.1. Area of MMN

The average of rejected trials was 21.39% with a standard devi-
ation of 12.32%. All ERPs were based on at least 80 trials per sub-
ject. The ERPs of the standards, temporal and spectral deviants
for all stimulus and vowel types are illustrated in Fig. 2 in the
upper part. Their difference curves are illustrated in the same fig-
ure at the bottom. There was a significant area of MMN for each
stimulus type, vowel type, and auditory contrast as revealed by
t-tests for one sample (all t’s(14) > 5.071, all p’s < .001).

As the MMN is known to be largest at frontal and central elec-
trodes for adults (Näätänen et al., 2007), we choose the area of
MMN at the fronto-central electrode in our analysis to reduce com-
plexity of the design. Including all electrodes in the ANOVA (Posi-
tion of electrode as an additional factor), did not change the
pattern of results (see Appendix A1 and B1 for ANOVA results of
the statistical analysis including all seven electrodes).

The results of the ANOVA based on the area of MMN at Fz are
shown in Table 2 (see also Fig. 3, left side). There was a main effect
of Stimulus Type, F(2,56) = 14.260, p < .001, gp

2 = .337. Vowel center
stimuli evoked a significantly larger MMN area compared to spec-
trally rotated vowel center stimuli, t(29) = 5.348, p < .001, d = 1.00,
and compared to the bands of formants, t(29) = 3.670, p = .001,
d = 0.87. There was no difference between the area of the MMN
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Fig. 2. (A) ERPs at Fz for each stimulus type (vowel center stimuli on the left side, spectrally rotated vowel center stimuli in the middle, bands of formants on the right side),
vowel type (/a/ at the top, /i/ at the bottom). The ERPs of the standards are represented by the black solid line. The ERPs of the temporal deviants are represented by the black
dashed line and spectral (solid line) deviants by the gray solid line. (B) Difference waves at Fz for each stimulus type (vowel center stimuli on the left side, spectrally rotated
vowel center stimuli in the middle, bands of formants on the right side), vowel type (/a/ at the top, /i/ at the bottom). The difference waves of the temporal deviants are
represented by the dashed black line and spectral ones by the solid gray line.

Table 2
Results of the ANOVA based on the area of MMN (left) and d0 (right).

Factor df (num.) df (den.) Area of MMN d0

F p gp
2 F p gp

2

Stimulus type 2 56 14.260 <.001 .337 4.029 .024 .126
Vowel type 1 28 0.039 .845 .001 0.892 .353 .031
Auditory contrast 1 28 6.060 .020 .178 11.447 .002 .290
Stimulus * vowel type 2 56 1.503 .233 .051 0.071 .927 .003
Stimulus type * auditory contrast 2 56 2.366 .105 .078 2.075 .138 .069
Auditory contrast * vowel type 1 28 3.931 .057 .123 11.026 .003 .283
Stimulus * vowel type * auditory contrast 2 56 4.315 .019 .134 3.601 .037 .114
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of the spectrally rotated vowels and the bands of formants,
t(29) = �0.484, p = .632 (acorrected = .017). There was no significant
main effect of Vowel Type. A significant difference between the
spectral and temporal deviant, F(1,28) = 6.060, p = .020, gp

2 = .178,
was found. The spectral deviant evoked a larger area of MMN com-
pared to the temporal deviant, t(29) = 2.346, p = .026, d = 0.44.

The interactions between Stimulus and Vowel Type, Stimulus
Type and Type of Auditory Contrast, and Type of Auditory Contrast
and Vowel Type, did not reach significance.

There was a significant interaction between Stimulus Type,
Vowel Type and Type of Auditory Contrast, F(2,56) = 4.315,
p = .018, gp

2 = .134. This triplet interaction seems to be based on
an interaction between the Vowel Type and the Type of Auditory
Contrast for the vowel center stimuli only. To test this idea, three
additional ANOVAs were conducted: One for the vowel center stim-
uli and two for the non-speech stimuli. For the vowel center stimuli,
there was a significant interaction between Vowel Type and the
Type of Auditory Contrast, F(1,28) = 16.890, p < .001, gp

2 = .376.
For the vowel pair /a/–/a:/, the temporal deviant evoked a larger
area of MMN compared to the spectral one, t(14) = 3.039,
p < .009, d = 0.66. For the vowel pair /I/–/i:/, the spectral deviant
evoked a larger MMN compared to the temporal one,
t(14) = �2.788, p = .015, d = 0.60 (Bonferroni corrected 5% signifi-
cance level = .025). Contrary to this finding, the interaction
between Vowel Type and Type of Auditory Contrast did not reach
significance for the two non-speech stimulus types,
F(1,28) = 0.900, p = .351, as well as for the spectrally rotated vowels
and F(1,28) = 0.154, p = .698, for the bands of formants.
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Post hoc t-tests revealed a larger MMN for vowel center stimuli
compared to spectrally rotated vowel center stimuli and bands of for-
mants in the temporal condition, however this difference was only
found to be significant for the vowel pair /a/–/a:/, t(14) = 7.230,
p < .001, d = 1.87, and not for /I/–/i:/, t(14) = 2.080, p < .056. In the
spectral condition, the spectrally rotated vowel center stimuli,
t(29) = �5.348, p < .001, d = 0.98, and the bands of formants,
t(29) = �3.670, p = .001, d = 0.67, were found to evoke a signifi-
cantly smaller MMN compared to the vowel center, that is, inde-
pendent of vowel type (Bonferroni corrected 5% significance
level = .013) (see also Fig. 3, left side).
3.2. Active discrimination performance

To rule out bottom and ceiling effects on the active discrimina-
tion performance, as indexed by d0, t-tests for one sample were
conducted to compare the mean group performance in each condi-
tion to the minimum (d0 = 0.0) and maximum possible for perfor-
mance (d0 = 5.1). Discrimination performance was found to differ
significantly from the minimum, ts(14) P 10.260, p < .001) and
maximum, ts(14) P �2.608, p 6 .021, in each condition.

The results of the ANOVA based on d0 are shown in Table 2 (see
also Fig. 3, right side). The ANOVA based on d0 revealed a main
effect of Stimulus Type, F(2,56) = 4.029, p = .023, gp

2 = .126, and
Type of Auditory Contrast, F(1,28) = 11.447, p < .002, gp

2 = .290. Dis-
crimination of the vowel center stimuli was more difficult compared
to the bands of formants, t(29) = �2.688, p =.012, d = 0.49. The spec-
trally rotated stimuli were slightly easier to discriminate compared
to the vowel center stimuli, but this difference did not reach signif-
icance, t(29) = 1.434, p = .162. The difference between the spectrally
rotated vowels and the bands of formants was not statistically signif-
icant either, t(29) = �1.560, p = .130 (Bonferroni corrected 5% sig-
nificance level = .017). The spectral difference was easier to
discriminate compared to the temporal one, t(29) = 2.917,
p < .007, d = 0.53.

The main effect for vowel and the interactions between Stimu-
lus and Vowel Type and between Stimulus Type and Auditory Con-
trast, did not reach significance. However, there was an interaction
between Vowel Type and Type of Auditory Contrast,
F(1,28) = 11.026, p < .003, gp

2 = .283. The temporal condition tended
to be easier for the vowel pair /a/–/a:/ compared to the vowel pair
/I/–/i:/, t(29) = 2.204, p = .036. For the spectral condition, no differ-
ence between the two vowel types was found, t(29) = �1.192,
p = .243 (Bonferroni corrected 5% significance level = .025).

There was an interaction between Stimulus Type, Vowel Type,
and Type of Auditory Difference, F(2,56) = 3.601, p = .034,
gp
2 = .114. To explain this triplet interaction, three additional ANOVAs

were conducted: One for the vowel center stimuli and two for the non-
speech stimuli. For the vowel center stimuli, there was an interaction
between Stimulus Type and the Type of Auditory Contrast,
F(1,28) = 16.216, p < .001, gp

2 = .367. For the vowel pair /a/–/a:/, no
difference in performance was found between the spectral and
temporal condition, t(14) = �1.399, p = .184, whereas for the vowel
pair /I/–/i:/, the spectral contrast was easier to discriminate than
the temporal one, t(14) = 4.021, p = .001, d = 1.04 (Bonferroni cor-
rected 5% significance level = .025). Contrary to this, the interaction
between Vowel Type and Type of auditory contrast did not reach
significance for the two spectrally rotated vowels, F(1,28) = 1.100,
p = .303. The interaction between the Type of Auditory Contrast
and Vowel Type was found to be significant for the bands of
formants, F(1,28) = 10.076, p < .004, gp

2 = .265. For the vowel pair
/a/–/a:/, no difference in performance was found between the spec-
tral and temporal condition, t(14) = �0.761, p = .459, whereas for
the vowel pair /I/–/i:/, the spectral contrast was easier to
discriminate than the temporal one, t(14) = 3.455, p = .004,
d = 0.89 (Bonferroni corrected 5% significance level = .025).
4. Discussion

Considering the role of prior experience and language specific
phoneme representations, one would expect to find differences
between the MMN evoked by native speech and non-speech
sounds; mirroring processing advantages should be found for the
speech stimuli as participants are less familiar with most non-
speech sounds. This pattern of results has, however, not been
found in all MMN studies which compare the sensory processing
of speech to non-speech (see Section 1.3). The aim of the present
study was to test whether these inconsistent results are due to dif-
ferences in complexity of speech and non-speech stimuli and to
test whether advantages in speech processing are observable when
speech and non-speech stimuli are controlled for complexity. For
this purpose, the MMN elicited by vowel center stimuli was com-
pared to that elicited by non-speech stimuli of either the same
physical complexity (spectrally rotated vowels with complete spec-
trum) or a considerably lower physical complexity (bands of for-
mants). This design allows the control of the potentially
confounding factor of stimulus complexity when comparing the
MMN elicited by speech versus non-speech sounds. The MMN, as
an index of pre-attentive auditory discrimination, was compared
to the discrimination performance in an active same-different task
with the same stimulus set. The conduction of this additional
behavioral task allows the estimation of the difficulty of each dif-
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ference between the standard and the deviant during active dis-
crimination for each stimulus type.

4.1. The role of ‘‘speechness’’ and complexity in the MMN

Vowel center stimuli evoked a larger MMN compared to both
non-speech stimulus types, the spectrally rotated vowel center stim-
uli, and the bands of formants – whereas no difference was found
between the two non-speech stimulus types. This means that there
are differences between the processing of native speech sounds
and non-speech sounds which are not moderated by stimulus
complexity. This finding coincides with the concept of language-
specific phoneme representations (Näätänen et al., 1997). It has
been shown that vowels contrasts evoke a larger MMN, when they
are part of the participants’ mother tongue as compared to pho-
neme contrasts which are not part of the participant’s native lan-
guage (e.g. Nenonen et al., 2005; Näätänen et al., 1997; Rinker
et al., 2010). In these cases, stimulus complexity was also approx-
imately identical for both stimulus types. The concept of language-
specific phoneme representations might indeed be the explanation
for the increased performance in processing of the vowel center
stimuli compared to the two non-speech sound types in the present
study. However, it is difficult to decide whether it is the role of
‘‘speechness’’ or the role of prior experience (e.g. Koelsch et al.,
1999; Vuust et al., 2005), or maybe even both, which generates this
kind of special processing for speech sounds.

4.2. Influences of the German vowel system

As the relative importance of spectral and temporal cues in the
identification of German vowels is dependent on vowel height
(Weiss, 1974), we found, as expected, a larger MMN for the salient
conditions: For the vowel pair /a/–/a:/, the temporal MMN was lar-
ger than the spectral MMN (cf. Ungeheuer, 1969), whereas for the
vowel pair /I/–/i:/, the spectral MMN was larger than the temporal
one (see Figs. 2 and 3). This finding also goes in line with those
dealing with German vowel length discrimination (Groth et al.,
2011; Steinbrink et al., 2012, in press). This explains also why
the difference between the vowel center stimuli and the two non-
speech stimulus types was largest in the salient conditions, partic-
ularly in the temporal condition of the vowel pair /a/–/a:/.

In general, the sensitivity towards temporal vs. spectral cues
in the speech signal may, however, depend on the way in which
differences in meaning are signaled in a particular language (e.g.
Tervaniemi et al., 2006). Accurate perception and discrimination
of vowel length is not only important for speech processing, i.e.
for oral communication, but also relevant for orthography, i.e.
for written communication. In German, vowel length has to be
mapped onto orthographical differences in a rule-based manner.
It is not indicated by the letter of the vowel itself but by the fol-
lowing letters. For instance, long vowels are often marked by
adding a silent ‘h’ (as in Stahl, /Sta:l/, [steel]) or by doubling the
vowel letter (as in Tee, /te:/, [tea]). Short vowels, in contrast,
are often followed by two consonants in German (e.g., Stall,
/Stal/, [barn]). Thus, a person’s ability to extract relevant acousti-
cal cues concerning vowel length from speech is besides its rele-
vance for speech processing also relevant for both unimpaired
literacy development and for developmental dyslexia (e.g. Groth
et al., 2011; Lehtonen & Bryant, 2004; Landerl, 2003).

4.3. The relation between active discrimination performance and area
of MMN

In both the behavioral same-different task and the passive odd-
ball task, there was a main effect of stimulus type: The MMN area
was found to be larger for the vowel center stimuli compared to the
non-speech stimulus types. Contrary to this, the active discrimina-
tion performance for the vowel center stimuli was worse compared
to bands of formants, whereas no difference was found between the
vowels and the spectrally rotated vowels. This means that the
expected positive, linear relation between active discrimination
performance and the size of the MMN (see e.g. Aaltonen, Eerola,
Lang, Uusipaikka, & Tuomainen, 1994; Lang et al., 1990;
Pakarinen, Takegata, Rinne, Huotilainen, & Näätänen, 2007) was
not found between different stimulus types. However, within a
stimulus type, the pattern of results in the active discrimination
task (mirrored in the d0) and the MMN followed the same direc-
tion: The expected interaction between vowel type and auditory
contrast (Groth et al., 2011; Steinbrink et al., in press; see also
Sections 1.4 and 4.2) was identical for the behavioral data and
the MMN in the vowel center stimuli. This means that for the vowel
pair /a/–/a:/ the temporal condition was easier compared to the
spectral one; the opposite pattern of results was found for the
vowel pair /I/–/i:/.

The decreased performance in the active discrimination task for
the vowel center stimuli was particularly pronounced in the spectral
condition for the vowel pair /a/–/a:/. This finding was expected, as
the spectral differences between the short and long versions of this
vowel pair are only subtle and therefore, hard to discover when no
additional duration cue is provided Ungeheuer, 1969; Weiss,
1974).

4.4. The role of size of contrast between standard and deviant

Based on the assumption that native speech stimuli are always
processed more efficiently compared to non-speech, one would
have expected to find a larger MMN for speech stimuli in all
studies which deal with speech and non-speech stimuli; results,
however, are mixed. Only a few studies report stronger MMN
effects for speech compared to non-speech stimuli. Interestingly,
these experiments share one property: The difficulty of the con-
trasts between standard and deviant was kept constant for
speech and non-speech stimuli (e.g., 10% increment of pitch, or
a duration decrement from 400 ms to 200ms, Jaramillo et al.,
2001; Čeponiené et al., 2002). Contrary to this, there are some
studies in which the difficulty of the contrast was not matched
(e.g., Lachmann et al., 2005; Nikjeh et al., 2009; Wunderlich &
Cone-Wesson, 2001), reporting a smaller MMN for the speech
stimuli or no differences between the speech and non-speech
sounds. Considering these findings, the mixed pattern of results
appears to be a consequence of the different contrasts for speech
and non-speech stimuli. Most studies in which the contrasts were
equally difficult for the speech and non-speech stimuli reported
enhanced processing of speech stimuli (e.g., Jaramillo et al.,
2001; Sorokin et al., 2010; Čeponiené et al., 2002). Therefore, it
is important to provide additional discrimination indexes based
on active discrimination tasks to control for the difficulty of con-
trasts and to circumvent bottom and ceiling effects, as done in
the present study.

4.5. Possible influences of other stimulus features

The focus of this study was put on creating speech and non-
speech analogues which should be as comparable as possible.
Although this was achieved to a high level, there are some limita-
tions: First, the multi-feature approach of this study does not allow
using each stimulus as standard and deviant, as using one of the
deviants as standard would have resulted in changing both fea-
tures (temporal and spectral) simultaneously. Therefore, asymme-
tries cannot be ruled out (e.g. Eulitz & Lahari, 2004; Friedrich,
Weber, & Friederici, 2004). Second, in order to ensure comparable
active discrimination performance for the different stimulus types,
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intensity was increased for the bands of formants. This factor may
have obscured differences in the size of the MMN between the
two non-speech stimuli, as the MMN amplitude is known to
increase with increasing intensity level (Salo, Lang, Aaltonen,
Lertola, & Kärki, 1999). Third, the pre-emphasis high-pass filter
improves the matching of the long-term power spectra of the vow-
els and the spectrally rotated vowels, but does not result in a perfect
match (e.g. Obleser, Scott, et al., 2006). Fourth, the stimulus rating
revealed that the vowel center stimuli were not perceived as
Table A1
Results of the ANOVA (Stimulus type, auditory contrast and vowel type) including all 7 el

Factor F

Stimulus type 18.345
Stimulus * vowel type 1.977
Auditory contrast 6.629
Auditory contrast * vowel type 7.121
Electrode 56.314
Vowel type * electrode 0.517
Stimulus type * auditory contrast 2.941
Stimulus * vowel type * auditory contrast 5.608
Stimulus type * electrode 5.072
Stimulus * vowel type * electrode 0.579
Auditory contrast * electrode 3.545
Auditory contrast * vowel type * electrode 0.256
Stimulus type * auditory contrast * electrode 1.322
Stimulus * vowel type * auditory contrast * electrode 1.392
Vowel type 0.007
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Fig. B1. Mean and standard error (SE) for all conditions: 3 stimulus types: V = vowels, R
and spectral; 2 vowel types: /a/ (black) and /i/ (grey) at all 7 electrodes: F3, Fz, F4, Cz, P
perfectly speech-like. However, in comparison to the non-speech
stimuli, they are rated to be at least much more speech-like. There-
fore, it seems to be reasonable to differentiate between the speech
and the two non-speech conditions.

4.6. Conclusion

The present finding that vowel center stimuli evoked a larger
MMN compared to the spectrally rotated vowel center stimuli and
ectrodes.

df (num.) df (den.) p gp
2

2 56 <.001 .396
2 56 .152 .066
1 28 .016 .191
1 28 .013 .203
6 168 <.001 .668
6 168 .598 .018
2 56 .061 .095
2 56 .007 .167

12 336 .004 .153
12 336 .620 .020

6 168 .002 .112
6 168 .776 .009

12 336 .204 .045
12 336 .167 .047

1 28 .936 <.001

V R BF V R BF

Temporal Spectral

F V R BF

Spectral

F V R BF V R BF

Temporal Spectral

F V R BF V R BF

Temporal Spectral

= spectrally rotated vowels, BF = bands of formants; 2 auditory contrasts: temporal
z, LM and RM.
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the bands of formants is in line with the concept of language spe-
cific phoneme representations and the role of participants’ prior
experience with the stimuli. Our experiment shows that stimulus
complexity cannot explain the differences in auditory processing
between speech and non-speech sounds. Moreover, this present
work revealed some crucial factors that should be taken into con-
sideration in future research: the detailed control of the stimulus
features and the control for active discrimination performance, as
these factors are likely to be the main cause for the heterogeneous
pattern of results in this research area.
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