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New aspects of the cerebral functional asymmetry in
speech processing as revealed by auditory cortex evoked

magnetic fields
Yury Shtyrov

Cognitive Brain Research Unit, Department of Psychology, University of Helsinki

ABSTRACT
The issue of hemispheric asymmetry in speech processing is one of the most debatable ones
in modern neuroscience and psychophysiology. The studies in my thesis addressed this
issue by magnetically measuring brain responses elicited by speech and complex sound
stimuli of different temporal structure in different acoustic conditions. The results suggest
that the right hemisphere is predominant in the perception of slow acoustic transitions,
whereas neither hemisphere clearly dominates the discrimination of non-speech sounds
with fast acoustic transitions. In contrast, the perception of speech stimuli with similarly
rapid acoustic transitions is dominated by the left hemisphere, which may be explained by
the presence of acoustic templates (long-term memory traces) for speech sounds formed in
this hemisphere. While the mismatch negativity (MMN), the brain's automatic change–
detection response, appears to be sensitive to the lateralization of speech processing in the
brain, other auditory cortex responses (P1, N1, P2) do not reflect this lateralization.
However, the asymmetry measured with the MMN does not correlate with the right-ear
advantage (REA), a behavioral measure of the speech processing lateralization. This
probably implies that the MMN and REA reflect two different stages in the perception of
speech by the human brain: an early automatic pre-attentive stage (reflected in the MMN)
and a later, “conscious” one (measured with the REA). When speech signals are presented
in white noise background, the involvement of the left hemisphere’s auditory cortex in
speech discrimination, as indicated by the brain responses, is considerably decreased, while
that of the right hemisphere increases. Furthermore, the locations of activity sources of the
P1, N1, and P2 responses in noise are different from those in silence in the right but not in
the left hemisphere. This suggests that the increased right-hemisphere role in speech-
sound processing in noisy conditions involves the recruitment of additional right auditory-
cortex structures.

INTRODUCTION
During the last few decades, there has been a very
intensive discussion on whether speech perception
is based on the properties of the auditory system
common to all mammals or whether it is a unique
feature provided by some special mechanism of
the human brain only. This issue is closely related
to the cerebral functional asymmetry observed in
humans: according to traditional views, the left
hemisphere of the brain is predominant in the
perception and production of speech, whereas the
right one is specialized in processing its prosodic
and emotional components [Galaburda et al., 1978;
Kupfermann, 1991].

However, attempts to discover in the human brain
(in particular, in its left hemisphere) a mechanism
specific for the processing of speech and distinct
from other sound-processing structures have been

unsuccessful until now. Instead, the accumulated
data [Shankweiler and Studdert-Kennedy, 1967;
Spellacy and Blumstein, 1970; Studdert-Kennedy
and Shankweiler, 1970; Halperin et al., 1973; Weiss
and House, 1973; Deutsch, 1974; Schwartz and
Tallal, 1980; Brown et al., 1995; Fiez et al., 1995; Fitch
et al., 1997; Johnsrude et al., 1997; Belin et al., 1998]
suggest that the auditory structures of the left
hemisphere might have an advantage in
processing any rapid acoustic changes, thus
providing a basis for the left-hemisphere's
predominance in the perception of speech,
characterized by rapid and complex acoustic
transitions in its sound structure1.
                                                          
1 It has to be kept in mind that in real speech, it is often difficult to
differentiate between the rate-of-change and duration factors: long-
duration onsets contain slow acoustic transitions, while short-
duration onsets have more rapid transitions. So, these two factors
seem to be tightly intertwined in natural speech perception;
therefore, this thesis will not attempt to define a borderline between
them when referring to the rapid or slow rate of acoustic events.
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Behavioral data from dichotic-listening
experiments have shown that the perceptual right-
ear advantage (REA), regarded as an index of the
left-hemisphere dominance, can be found for
consonant–vowel (CV) syllables but is diminished
when the formant-transition period is prolonged
[Schwartz and Tallal, 1980]2. A similar effect was
also shown for non-speech sounds: the left-ear
advantage was found in the perception of simple
tones, whereas the introduction of frequency and
duration changes into these tone series resulted in
the REA, which increased in magnitude with
increased stimulus complexity [Halperin et al.,
1973]. The REA can also be observed for high-
frequency sounds, but is inverted in the perception
of low-frequency sounds [Deutsch, 1974].
Furthermore, a pronounced REA was found for
stop consonants [Spellacy and Blumstein, 1970;
Studdert-Kennedy and Shankweiler, 1970], which
are characterized by a rich acoustic structure
rapidly changing over a very short time, whereas
no significant REA could be found for vowels
[Shankweiler and Studdert-Kennedy, 1967;
Spellacy and Blumstein, 1970; Weiss and House,
1973], which are comparatively long and constant
sounds containing a limited set of characteristic
frequencies (formants). Most interestingly, the REA
was also found for tone frequencies that change
within the time frame critical to speech [Brown et
al., 1995].

The concept of the left-hemispheric advantage in
the perception of any rapidly changing complex
sounds as well as speech has also received support
from brain-imaging studies. In positron emission
tomography (PET) experiments, stimuli containing
long formant transitions caused bilateral cerebral
activation, whereas similar stimuli with more rapid
transitions produced stronger activity in the left
hemisphere [Belin et al., 1998]. Furthermore, pure
tones incorporating short frequency glides caused
in the left neocortex higher activity than those
incorporating long glides [Johnsrude et al., 1997].
Similar PET activation patterns were also
demonstrated when subjects were instructed to
                                                          
2 Such an artificial extension in the formant transition period,
however, may result in stimuli with less clearly identifiable
phonemes. E.g., it may make stop-consonants sound more like
liquids, which themselves demonstrated a reduced REA (Dwyer et
al., 1982).

detect stimuli with stop consonants and non-
speech auditory stimuli incorporating rapid
acoustic transitions, this activation being larger for
both of these stimuli than that for steady-state
vowels [Fiez et al., 1995].

The aforementioned studies, however, do not
satisfactorily indicate what is common in the
analysis of speech and non-speech sounds carried
out by the human brain. The dichotic listening
technique does not directly assess the activity of the
different brain structures. In addition, there is no
unambiguous physiological explanation of the
actual neural processes underlying the dichotic-
listening results. Most importantly, the REA,
demonstrated in these results, might not reflect the
left-hemispheric dominance in speech perception
alone, but may be also affected by a number of
ongoing processes [Kinsbourne, 1973; Studdert-
Kennedy and Shankweiler, 1981; Nicholls, 1998],
particularly by attention [Kinsbourne, 1973;
Studdert-Kennedy and Shankweiler, 1981] which
was itself shown to be controlled by
asymmetrically distributed cortical mechanisms
[Gainotti, 1996; Proverbio et al., 1997]. The latter
criticism also applies to many brain-activity studies
in which active attention was required from
subjects, thus confounding the results by the
additional attention-related activity.

In one of the studies of the present thesis, we
assessed the differences between the discrimination
of speech sounds and that of complex non-speech
sounds with different temporal structure in the two
hemispheres of the human brain without any
attentional interference. For this purpose, we
recorded the magnetic equivalent of the mismatch
negativity (MMN) [Näätänen et al., 1978; Picton et
al., 2000], which was recently suggested to indicate
the lateralization of language-specific memory
traces for speech sounds in the cerebral cortex
[Näätänen et al., 1997; Alho et al., 1998; Näätänen,
1999]. The MMN, with its major source of activity
in the supratemporal auditory cortex, is a brain
response automatically elicited by rare (deviant)
acoustic events occasionally presented in a
sequence of frequent (standard) events [Alho,
1995]. It therefore reflects the brain’s automatic
reaction to change in auditory sensory input
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[Kraus et al., 1995; Picton et al., 2000]. The MMN
(and its magnetic counterpart MMNm) can be
elicited in the absence of the subject's attention,
which makes it considerably less dependent on
attentional fluctuations that contaminate active-
paradigm measures [Näätänen, 1995]. It is
considered to provide means to objectively
evaluate the discrimination of various sounds
(including speech) by the brain [Kraus et al., 1995;
Näätänen, 1995; Näätänen et al., 1997; Picton et al.,
2000]. Measuring brain activity directly related to
the speech discrimination would be the most
appropriate approach, since in reality the result of
speech processing is based on the discrimination of
fine differences in the stream of speech sounds.
Importantly, the MMN generator process activated
by phonetic stimulus change is enhanced in the left
hemisphere’s auditory cortex, apparently
indicating the lateralization of language-specific
memory traces for speech sounds [Näätänen et al.,
1997]. Furthermore, the MMNm elicited by CV
syllables was found to be stronger in the left
hemisphere [Alho et al., 1998], whereas mismatch
responses elicited by changes in non-speech
sounds such as sine tones were larger in the right
than in the left hemisphere [Paavilainen et al., 1991].
MMN/MMNm could therefore be suggested as an
indicator of the hemispheric functional dominance
in sound processing [Näätänen, 1999].

In our study, acoustic stimuli (see Fig. 1) were
either plosive CV syllables or complex non-
phonetic sounds, which resembled these syllables
in their temporal and spectral structure, i.e.,
contained a short initial fragment with multiple
rapid frequency transitions and a subsequent
longer steady sound wave. These non-speech
stimuli approximated both the acoustic complexity
and the deviant–standard stimulus difference of
the CV syllables. In a control condition, similar
complex sounds (Fig. 1) had longer initial
fragments with less rapid acoustic transitions. We
analyzed and compared MMNm responses elicited
by these different sounds as well as the
lateralization patterns of these responses.

� � �

Another challenge to the traditional view on the
lateralization of speech perception is the processing
of speech in acoustically difficult conditions. A
number of behavioral studies suggested that
acoustic disturbances, such as noise, cause changes
in the basic functional asymmetry of central speech
processing [Balonov and Deglin, 1970; Spreen and
Boucher, 1970; Weiss and House, 1973; Galunov et
al., 1988; Galoonov et al., 1993; Koroleva and
Shurgaya, 1997]. For instance, during inactivation
of the right hemisphere in electroconvulsive
therapy, perception of words presented in a noisy
background was worsened, whereas the
inactivation of the left hemisphere did not affect
this perception [Balonov and Deglin, 1970].
Moreover, dichotic-listening studies [Galunov et al.,
1988; Koroleva and Shurgaya, 1997] demonstrated
a decrease in the number of correctly perceived
words presented to the right ear in noise as
compared with silence; in some subjects even the
inversion of the leading ear occurred which is
considered as a sign of the inversion in the
functional asymmetry of the central speech
perception mechanisms.

Consequently, it was hypothesized that the
masking of speech signals by noise may cause
changes in the lateralization of speech processing
[Weiss and House, 1973; Galunov et al., 1988;
Galoonov et al., 1993; Koroleva and Shurgaya,
1997]. The activity of the brain structures involved
was not, however, measured in the
aforementioned studies. Although high-level noise
has been found to increase latencies and decrease
amplitudes of the electric responses elicited by
speech sounds [Martin et al., 1997; Whiting et al.,
1998], the hemispheric aspects of these effects have
remained mostly untouched by the brain activity
studies. Therefore, previous studies could not
explicitly confirm the hypothesis of an increased
involvement of the right hemisphere in speech
perception when speech signals are presented in
noise. This was another goal of the present thesis.
We addressed this issue by measuring the
MMNm, as well as magnetic counterparts of the
electrical responses P1, N1, P2 (P1m, N1m, and
P2m, respectively) elicited by speech sounds in
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silence and in the background white noise of
different levels. We compared the amplitudes and
equivalent dipole moments of the MMNm
response between the two hemispheres in different
acoustic conditions. In addition to this, the
equivalent dipole moments, latencies, and source
locations of the P1m, N1m, and P2m responses
were determined for both cerebral hemispheres in
different acoustic conditions. The effects of noise on
the behavioral discrimination of the same speech
stimuli were also assessed.

� � �

Finally, the issue of the hemispheric dominance in
speech perception has a very important practical
aspect. The degree of the asymmetry in speech and
language processing may vary from individual to
individual [Branch et al., 1964] and being able to
determine the hemisphere dominant in speech is
often vital for the successful treatment of
neurological diseases (e.g., brain surgery).
However, so far, there has been no commonly
accepted measure of this asymmetry that would be
precise, safe and applicable both for patients and
experimental subjects.

One of the most popular methods of the non-
invasive assessment of speech lateralization in the
brain has been dichotic listening, in which subjects
are simultaneously presented with competing
sounds in the two ears, the task being to report
what was heard [Repp, 1977; Hugdahl, 1988]. Data
obtained in dichotic listening experiments with
speech sounds have in most people shown a
perceptual right–ear advantage (REA) which is
considered to be an indicator of the left
hemisphere's dominance in speech processing. As
already mentioned, the REA has been found for the
perception of consonant–vowel syllables, stop
consonants, and words [Spellacy and Blumstein,
1970; Studdert-Kennedy and Shankweiler, 1970;
Schwartz and Tallal, 1980]. This method has,
however, been widely criticized as being sensitive
to processes other than speech perception (and in
particular, being attention-dependent), and thus
not being directly related to the cerebral processing
of speech (see page 4).

The use of other methods of determining speech–
processing lateralization, such as intracarotid
amobarbital anesthesia (Wada test) [Meador and
Loring, 1999], is not entirely safe for patients and
generally can not be practiced with healthy human
subjects. In addition, these methods (including
dichotic listening) require subjects' cooperation and
therefore can not be applied to uncooperative
patients.

In order to estimate the functional lateralization of
speech processing, it would be more appropriate to
directly address the neural activity related to the
perception of speech sounds by the human brain.
A possible technique for achieving this might be
measuring the mismatch negativity, which, as
discussed above, seems to indicate the
lateralization of speech-specific memory traces in
the cerebral cortex even in the absence of attention
from the subject. In our investigation of this matter,
we compared REA and MMN as measures of
speech–processing lateralization in the brain. For
this purpose, we recorded MMNm, elicited by
plosive CV syllables, and measured REA in the
same subjects in a dichotic listening task with
similar speech stimuli.

We also assessed the same issue by estimating the
potential use of other main components of the
activity evoked by speech sounds in the human
auditory cortex for determining the lateralization
of speech perception. In the absence of attention to
the sounds, we measured the magnetic P1, N1, and
P2 responses elicited by CV syllables and complex
non-speech sounds with a similar acoustic
structure. Such parameters of these responses as
dipole moments, latencies, and source locations in
both cerebral hemispheres were estimated. We
compared the REA and the aforementioned brain
responses as measures of speech–processing
lateralization in the brain.

METHODS
All subjects used in the present studies were
healthy right-handed volunteers of both sexes aged
18–31 with normal hearing and no record of
neurological diseases. The majority of the subjects
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were students of the University of Helsinki and
were paid for their participation.

Magnetoencephalographic recording
of the auditory responses

Stimuli
In all studies of this thesis, we used altogether 6
different acoustic stimuli during the MEG
recordings. All stimuli were 185 ms in duration.
They can be classified into 3 types:

(1) One type of stimuli included plosive syllables
[pa] and [ka]. To obtain the MMNm, an oddball
paradigm with [pa] as the standard stimulus and
[ka] as the deviant one was used. The P1m, N1m,
and P2m responses were measured to [pa] only.
We decided to use syllables with plosive
consonants, since their onset time is easier to
control. However, the number of stop-consonants
in Finnish language is very low, so our choice was
very limited and we were bound to use [p] and [k],
although the physical difference between them is
small and not ideal for producing MMN. The
syllables were generated using a semi-synthetic
technique that synthesizes speech sounds from a
natural glottal excitation in conjunction with an
artificial vocal tract model [Fant, 1960; Alku, 1992].
This approach is based on the separated speech–
production model which assumes that speech is

produced as a cascade of three independent
processes: the glottal excitation, the vocal tract, and
the lip radiation effect [Fant, 1960]. The excitation
process of the separated speech production model
is computed in the semi-synthetic method from a
real human voice, whereas the vocal tract and the
lip–radiation effects are artificially modeled using
digital filters. This enables one to produce synthetic
signals that sound very similar to natural speech.
The CV syllables used in our studies were
generated as follows. The glottal excitations were
estimated using an inverse filtering technique
[Alku, 1992] from the natural syllables [ka] and [pa]
produced by a male Finnish speaker. From the
beginning of each of the waveforms obtained, the
part of the glottal excitation corresponding to the
consonant was cut. The glottal excitation related to
the vowel [a] was taken only from one of the
syllables. The excitation waveforms were then
synthesized by connecting the glottal waveform of
the vowel at the end of each of the glottal
excitations of the two consonants. This produced
two excitation signals that were different only
during the consonant sections while their vowel
component was identical, which is essential in this
type of experiment. As a model for the vocal tract,
a digital all-pole filter, the spectrum of which
corresponded to the formant structure of the vowel
[a], was used. The lip radiation effect was modeled
with a differentiator. Finally, the stimulus data
were obtained by filtering the excitation signals
with the cascade of the vocal tract filter and the lip–
radiation filter. The average fundamental

Fig. 1. The waveforms of acoustic stimuli used: plosive consonant–vowel syllables, non-speech complex sounds incorporating fast acoustic
transitions, and non-speech complex sounds incorporating slow acoustic transitions.

Standard Stimulus Deviant Stimulus

Plosive
CV Syllables

Complex
Sounds

Complex–Slow
Sounds

[pa] [ka]
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frequency of the vowel [a] was approximately 125
Hz.

(2) The other set of stimuli was created with a goal
to produce non-phonetic sounds approximating
the acoustic complexity of the syllables as well as
their deviant–standard difference. For this purpose,
we created two complex sounds consisting of two
parts (Fig. 1). The initial fragment of 25 ms was
obtained by generating acoustic noise containing
frequencies between 40 and 5000 Hz with
frequencies selectively increased in the 150–550 Hz
band for the standard stimulus and in the 1700–
2300 Hz band for the deviant stimulus. These
frequency bands were selected in order to
approximate the physical difference between the
stop consonants [p] and [k] which have the
maximum energy concentration in these low and
intermediate frequency regions, respectively
[Liberman et al., 1952; Kent and Read, 1992]. The
length of the initial onset burst was based on that in
the CV syllables. The second fragment of these
complex sounds, 160 ms in duration, was identical
for the standard and deviant stimuli and was
obtained by the digital summation of 125- and 725-
Hz sine tones. These frequencies were selected as
the fundamental frequency and the first formant of
the vowel [a] in the CV syllables of the first
stimulus set. As in the syllables, the acoustic
difference between the two sounds was only in the
initial "consonant-like" fragment containing
complex acoustic events rapidly changing in the
short time period.

(3) In the stimuli of the third type, the initial 25-ms
portions of the complex sounds were stretched in
time to 90 ms, so that the same sequence of acoustic
events would develop at a slower rate (see Fig. 1).
The "vowel-like" part following it was not changed
in its frequency components but was truncated
from 160 ms to 95 ms to keep the total stimulus
duration equal for all stimuli. Thus, the complex–
sound stimuli of the two sets were equal in
complexity but different in the speed of acoustic
changes occurring in them.

Stimuli of all 3 types (referred below as Syllable,
Complex, and Complex–Slow, respectively) were
normalized to have the same peak amplitude. For

the production and analysis of all complex sound
stimuli, the Cool Edit 96 program (Syntrillium
Software Corp., Phoenix, AZ) was used.

Acoustic conditions
In studies I, IV, and V, the stimuli were presented
in silence. For determining the effects of noise on
the asymmetry of cerebral speech processing, the
stimuli (Syllables) in studies II and III were
presented in three different acoustic conditions:
(1) silence;
(2) constant white noise with signal-to-noise ratio

(SNR) ~15 decibels (dB) (to be referred to as
Low-Noise);

(3) constant white noise with SNR ~10 dB
(Medium-Noise).

Stimulus presentation
In all studies, stimuli were binaurally presented at
60 dB above the individual hearing threshold
(always determined in silence using syllables as
test stimuli) via plastic tubes and earpieces
connected to STIM setup (Neuro Scan Labs). The
inter-stimulus (onset-to-onset) interval was 900 ms.
For obtaining the MMNm, 15% of the repeated
standard stimuli were randomly replaced so that
there was always at least 1 standard between any
two deviants. When more than one measurement
session was used (e.g., for measuring responses to
different types of stimuli or in different acoustic
conditions), the order of the different experimental
sessions was randomized across the subjects.
During magnetoencephalographic recordings,
subjects were seated in a magnetically shielded
chamber and instructed to watch a silent videofilm
of their own choice and to pay no attention to the
auditory stimulation.

Magnetoencephalographic recording
In the presented studies, we chose to make use of
magnetoencephalography (MEG) for investigating
speech-related brain processes. Among the most
established research methods that are currently
used for studying neural activity in the brain, one
should list electroencephalography (EEG), MEG,
positron emission tomography (PET), and
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functional magnetic resonance imaging (fMRI). By
means of the EEG, the brain activity can be studied
with a temporal resolution as good as few
milliseconds. The same refers to the MEG.
However, the MEG, PET, and fMRI provide more
reliable means for localizing this activity
intracranially. The temporal resolution of the PET
and fMRI is less precise compared with that of the
EEG and MEG. Therefore, in studies aiming to
investigate stimulus-specific cortical activity with
accurate time scale and good localization of
activated brain areas, the MEG [Hämäläinen, 1992]
may be considered as one of the most appropriate
single methods currently available.

In all studies, evoked magnetic fields of the
subjects’ brain were recorded with a whole-head
122-channel magnetometer (Neuromag Ltd.; see
Ahonen et al., 1993) during the auditory
stimulation. The responses were on-line averaged
separately for the different types of stimuli
independently in different measurement sessions.
Epochs with voltage variation exceeding 150 µV at
either of 2 bipolar eye-movement electrodes or
with field variation exceeding 3000 femtotesla per
centimeter (fT/cm) at any magnetometer channel
were discarded. The minimum of 150 accepted
trials for the least frequent stimulus was obtained
in each recording session. The averaged responses
were filtered off-line3.

MEG data processing
The brain responses were separately evaluated for
each subject’s left and right cerebral hemispheres
for all stimulus types and experimental conditions:
34 channels on each side of the magnetometer
helmet, located above the temporal lobes, were
used for analyzing temporal-cortex responses. The
MMNm was obtained by subtracting the response
to the standard stimuli from that to the deviant
stimuli. The P1m, N1m, and P2m responses were
studied from the event-related fields elicited by the
plosive syllable [pa] or its complex-sound
analogue. The characteristics of the responses
calculated in the different studies were their
amplitude, equivalent generator dipole moment,

                                                          
3 For further recording details and filter settings, see the original
publications enclosed.

latency, source location, and dipole-position
confidence volume. The generator sources of the
responses [Ilmoniemi, 1993] were estimated by
means of sequential dipole–fitting software
(Neuromag Ltd.). The locations of the equivalent
dipole generator sources were checked from their
coordinates in the spherical head model,
constraining selected dipoles to the auditory cortex
[for details, see Hari, 1990; Tiitinen et al., 1993;
Mäkelä et al., 1994; Huotilainen et al., 1998]. Only
dipole models explaining more than 65% of the
magnetic field4 were selected for statistical analysis.
The latencies of the responses were determined
from their peak dipole moments. The
characteristics of the responses were compared
between the hemispheres and between the
experimental sessions (stimulus types or acoustic
conditions).

Behavioral measures

Reaction task in the different acoustic conditions
In order to estimate whether the noise levels used
in studies II and III may cause any changes in the
behavioral discrimination of the stimuli, reaction
task measurements were performed with the same
speech stimuli in the same silence/noise conditions
as in the MEG recording, but on a separate day.
Subjects were placed in the same environment as in
the MEG recording but instructed to attend to the
stimuli and to respond to deviant stimuli by
pressing a response key. The reaction time, hit rate
and false-alarm rate were measured with STIM
setup and compared between the different acoustic
conditions.

Dichotic listening
In studies IV and V, subjects were, in addition to
the MEG recording, subjected to the dichotic
listening procedure by means of Diko-Test
computer software developed at the Department
of Psychology, University of Jyväskylä (Finland).

                                                          
4 This relatively low limit for the goodness of fit was set due to the
small physical differences between the stimuli, which resulted in low
magnitude of MMNm responses. In practice, the goodness of fit of
the measured responses was generally much higher, especially for
the obligatory responses (P1m, N1m, P2m).
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Via headphones, connected to the computer,
subjects were binaurally presented with 204 pairs
of natural spoken CV syllables (all possible
equiprobable 9 combinations of [pa], [ka], and [ta])
so that in each pair 2 different syllables were
simultaneously delivered to the left and right ears.
This procedure consisted of two subsets: the order
of the syllable pairs in the first half of the test was
random, while the second subset was a repetition
of the first one so that the left and right audio-
channels were reversed. The subject was to select
(on the basis of what was heard) one of the 3
syllables ([pa], [ta], [ka]) presented on a computer
screen. The next pair of syllables was presented
only after the subject had responded to the
previous one. The REA was calculated as a
percentage ratio between the difference and the
sum of the correctly identified syllables presented
to the right and left ear: REA=[(CR–
CL)/(CR+CL)]*100%, where CR and CL are the
numbers of the correctly identified syllables
presented to the right and left ear, respectively
[Repp, 1977].

To compare the results from the MEG recording
and those yielded by the dichotic listening test with
each other, similar asymmetry coefficients were
also calculated for the dipole moments of the brain
responses. These indices of asymmetry were
defined as percentage ratio between the difference
and the sum of dipole moments in the left and
right hemispheres: [(QL–QR)/(QL+QR)]*100%, where
QL and QR are the dipole moments in the left and
right hemispheres, respectively. Below the 4

different coefficients will be referred to as MMNAS,

P1AS, N1AS, and P2AS (calculated for MMNm, P1m,
N1m, and P2m, respectively). Similar indices were
also calculated for the latencies of the P1m, N1m,
and P2m responses in the two hemispheres (to be
referred to as P1LAs, N1LAs, and P2LAs, respectively).
These indices would thus reflect the asymmetry of
speech perception in the brain, as indicated by the
magnitude or latency of the magnetic cortical
responses.

Statistical analysis
The statistical analyses of all data were carried out
with the MANOVA test. As within-subject factors,
we used stimulus types or acoustic conditions and
left/right cerebral hemispheres; the Greenhouse–
Geisser and Huynh–Feldt corrections were
applied. When the REA and the indices of
asymmetry based on the brain responses were
compared with each other, possible correlations
between them were tested with Spearman’s Rank
Order, Kendall Tau, and Gamma correlation tests.

Study designs in brief

Cerebral asymmetry in discriminating speech
signals and complex sounds of different temporal
structures
I. The MMNm elicited by Syllables, Complex, and
Complex-Slow stimuli was measured in the left
and right cerebral hemispheres. The lateralization
of the MMNm elicited by the three types of stimuli

Fig. 2. Locations of MMNm source generators in the left and right temporal lobes in one subject for plosive consonant–vowel syllables and for
complex sounds incorporating fast and slow acoustic transitions: magnetic resonance images superimposed with MEG dipole models.

RightLeft RightLeft

Complex Complex–SlowSyllables
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was estimated on the basis of the MMNm dipole
moments.

Processing of speech signals by the human brain in
acoustic noise
II. The MMNm elicited by the CV syllables in
silence, Low-Noise, and Medium-Noise conditions
was measured. The lateralization of MMNm
responses in the three conditions was estimated on
the basis of their amplitudes and dipole moments.
In addition, the reaction task measurements were
performed in some of the subjects.

III. The P1m, N1m and P2m elicited by the CV
syllables were measured in silence, Low-Noise,
and Medium-Noise conditions. Their dipole
moments, latencies, source locations, and dipole-
position confidence volumes were compared
between the conditions and the hemispheres.

Lateralization of speech processing as indicated by
auditory-evoked magnetic fields and dichotic
listening
IV. The MMNm, elicited by the syllable change,
was measured, and the index of its cerebral
asymmetry (MMNAS) was calculated. The same
subjects were tested in the dichotic listening
procedure; their REA and MMNAS were compared
with each other and the possible correlation
between them was estimated.

V. The P1m, N1m and P2m elicited by the CV
syllables and Complex stimuli were measured and
compared between the two hemispheres.
Asymmetry indices (P1AS, N1AS, P2AS, P1LAs, N1LAs,

and P2LAs) were calculated for all 3 responses for
both types of stimuli. The indices were compared
between the two types of stimuli, as well as  with

the REA obtained in the same subjects. Source
locations of the responses elicited by the plosive
syllables were compared between the left and right
hemispheres.

RESULTS

Cerebral asymmetry in discriminating speech
signals and complex sounds of different temporal
structures
I. The MMNm, originating from the auditory
cortex (Fig. 2), was elicited by the Syllables,
Complex and Complex-Slow sounds. The patterns
of the hemispheric distribution of the MMNm
responses were different for the three types of
stimuli (see Figs. 3–4).

The dipole moment of the MMNm for the CV
syllables was significantly larger in the left than in
the right hemisphere (F1,15=5.94, P<0.03), whereas
the mean MMNm dipole moment for the Complex
stimuli was larger, but not significantly, for the
right than left hemisphere (F1,15=2.27, P<0.2). The
interaction Stimulus Type X Hemisphere (Syllable
and Complex conditions included in the analysis)
was significant (F1,15=8.23, P<0.02).

For the Complex–Slow stimuli, the MMNm
responses were significantly larger in the right than
left hemisphere (F1,15=12.10, P<0.003). The
interaction Stimulus Type X Hemisphere was
significant between the Syllable and Complex–
Slow conditions (F1,15=17.59, P<0.001), as well as for
all three experimental conditions included in the
analysis (F2,30=9.16, P<0.001), but not for the
Complex–Slow and Complex conditions only.

There were no significant latency differences
between the different conditions or between the

Fig. 3. MMNm responses elicited by plosive consonant–vowel syllables and by complex sounds incorporating fast and slow acoustic
transitions in the left and right temporal lobes of one subject (MEG difference waveforms). The curves with the maximum response
amplitudes in each condition were selected from the 34 channels located over the left and right temporal cortices.
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cerebral hemispheres. However, the MMNm
responses to syllables in the right hemisphere
tended to have a longer latency than those in the
left hemisphere, although this difference was not
significant (F1,10=3.32, P<0.1).

Processing of speech signals by the human brain in
acoustic noise
II. The mean values of the MMNm peak
amplitudes as presented in Fig. 5 (left) were larger
for the left than for the right hemisphere in the
silent condition and for the right hemisphere in
both noise conditions. This was reflected by a
significant (F2,16=4.94, P<0.03) interaction Condition
X Hemisphere (all 3 conditions were included in
the analysis), whereas the difference in the MMNm
peak amplitudes between the hemispheres
separately in each condition was not statistically

significant. There were no significant MMNm
latency differences between the different
conditions or between the cerebral hemispheres.

The mean values of MMNm source dipole
moments are presented in Fig. 5 (right). The mean
value of the MMNm dipole moment was larger in
the left than in the right hemisphere in silence and
in the right than in the left hemisphere in both
noise conditions. The interaction Condition X
Hemisphere (all 3 conditions were included in the
analysis) was significant (F2,12=4.88, P<0.03). As for
the separate conditions, the difference between the
dipole moments of the MMNm generators in the
left and right hemispheres was in silence
statistically significant (F1,7=33.53, P<0.001). No
significant differences between the hemispheres
were found in the Low-Noise or Medium-Noise
conditions. No significant effects of noise on the
behavioral discrimination measures (hit rate, false-
alarm rate and reaction time) were found.

III. The plosive syllables elicited P1m, N1m, and
P2m responses in silence and in both noise
conditions (see Table 1). No significant differences
were found between the left and right hemispheres
within any single condition for the dipole moments
of either P1m or N1m. However, with an increase
in the noise level, the P1m dipole moment
significantly decreased in the left hemisphere
(F2,16=3.73, P<0.05) but did not change significantly
in the right one, whereas its latency increased in
both hemispheres (F2,10=5.70, P<0.03). The noise
levels used in the present study had no significant

Table 1. Grand-average values of dipole moments, latencies, and source location coordinates of the brain responses elicited by CV
syllables in the left and right cerebral hemispheres in silence and in background noise of two levels.

P1m N1m P2m
Silence Low-

Noise
Medium-

Noise
Silence Low-

Noise
Medium-

Noise
Silence Low-

Noise
Medium-

Noise
Dipole Left 6.5 (1.4) 5.0 (1.6) 4.5 (1.2) 3.9 (0.9) 4.3 (0.8) 5.4 (0.8) 7.4 (1.0) 6.0 (1.0) 6.4 (0.6)
Moment
(nAm)

Right 4.6 (1.2) 3.9 (0.6) 2.8 (0.6) 5.1 (0.9) 3.9 (0.7) 4.5 (0.7) 5.9 (0.8) 8.4 (1.3) 6.5 (0.8)

Latency Left 83 (5) 90 (7) 88 (7) 146 (8) 143 (8) 152 (8) 214 (9) 217 (8) 225 (10)
(ms) Right 76 (6) 73 (5) 80 (7) 120 (7) 128 (7) 129 (5) 213 (13) 200 (9) 194 (6)

x -51.0 (3.7) -52.5 (4.1) -51.7 (3.0) -55.2 (1.1) -52.9 (2.7) -52.4 (3.8) -47.7 (2.5) -50.5 (2.1) -48.0 (2.5)
Source Left y +3.4 (2.5) +3.6 (3.1) +2.5 (2.4) -0.5 (3.4) -0.6 (2.4) +3.2 (3.2) +7.4 (2.7) +5.3 (3.5) +8.9 (3.0)
Location z +60.1 (2.0) +61.5 (2.4) +62.1 (3.5) +61.4 (3.6) +60.4 (3.8) +57.7 (3.1) +51.9 (3.0) +55.4 (3.7) +52.2 (3.6)
Coordinates x +58.8 (4.0) +53.9 (2.7) +57.2 (4.6) +56.0 (2.4) +55.1 (5.0) +55.5 (4.3) +49.4 (3.1) +44.0 (2.2) +48.5 (2.2)
(mm) Right y +11.8 (2.5) +9.2 (3.6) +11.7 (4.6) +2.7 (4.2) +0.6 (4.1) -0.3 (4.3) +15.0 (2.6) +7.4 (3.3) +10.0 (3.5)

z +59.4 (1.7) +60.6 (2.1) +55.9 (3.2 ) +52.3 (2.0) +60.1 (3.4) +59.6 (3.4) +51.4 (2.4) +48.0 (2.7) +51.7 (2.4)
Standard errors of mean of the respective values are in brackets.

Fig. 4. Mean dipole moments and standard errors of mean of
the MMNm responses elicited in the left and right hemispheres
by plosive consonant–vowel syllables and by complex sounds
incorporating fast and slow acoustic transitions.
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effect on the N1m latency or dipole moment.

The dipole moment of the P2m in the right
hemisphere was significantly increased in noise, as
compared with silence (F2,14=5.37, P<0.02), whereas
in the left hemisphere it did not change
significantly (the mean dipole moment of P2m in
the left hemisphere was, however, smaller in both
noise conditions than in silence; see Table 1). In
Silence and Medium-Noise conditions, the
differences in the P2m dipole moments between
the hemispheres were not significant, whereas in
Low-Noise condition the dipole was significantly
stronger in the right than in the left hemisphere
(F1,7=7.71, P<0.03). The mean value of the P2m
dipole moment (see Table 1) in silence was larger
in the left than in the right hemisphere, whereas in
both noise conditions the reverse was observed.
This effect was reflected as a significant
Hemisphere X Condition interaction (F2,12=8.51,
P<0.005; all 3 conditions). No significant effects of
noise on the P2m latency were found.

In the left hemisphere, dipole source locations (see
Fig. 6) of all aforementioned responses did not
significantly differ between the conditions.
However, noise had a significant effect on the
location of the P1m, N1m and P2m sources in the
right hemisphere. In the right auditory cortex, the
equivalent dipole for the P1m was located medio-

ventrally in noise to that in silence (F2,10=6.75,
P<0.02; x and z coordinates included in the
analysis), the N1m dipole was more medio-dorsal
in noise than in silence (F2,12=4.34, P<0.04; x and z
coordinates included in analysis), and the P2m
source in noise was medio-posterior to that in
silence (F2,14=4.04, P<0.05; x and y coordinates
included in the analysis). The differences between
the hemispheres in the dipole–source locations
were reflected in significant interactions (all
conditions and coordinates were included in the
analysis): Condition X Hemisphere X Coordinates
for the P1m (F2,10=3.30, P<0.04), Condition X
Hemisphere X Coordinates for the N1m (F4,20=3.35,
P<0.03), and Condition X Hemisphere for the P2m
(F2,12=10.59, P<0.003). The noise had no significant
effect on the size of the dipole-position confidence
volume of any of the responses.

Lateralization of speech processing as indicated by
auditory-evoked magnetic fields and dichotic
listening
IV. The dipole moment of the MMNm elicited by
the CV syllables was significantly larger in the left
than in the right hemisphere (8.2 nAm vs. 4.8 nAm;
F1,21=6.55, P<0.02). The average MMNAS was 32%
(SEM 15%) and the average REA 24% (SEM 7%).
The REA and MMNAS of individual subjects are
presented in Table 2.

Table 2. Mismatch negativity asymmetry index and right-ear advantage in all subjects (%).
Subjects 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
MMNAS 100 28 52 100 100 61 5 -100 100 -15 43 -100 54 42 -8 100 -31 100 100 -22 -100 100

REA -3 54 37 56 15 50 -6 40 31 45 26 79 -20 21 25 34 9 -8 17 55 39 -73

Fig. 5. MMNm elicited by the deviant syllables presented among the standard syllables in silence and in constant white noise. On the left:
mean values and standard errors of mean for the MMNm peak amplitudes in the left and right hemispheres. On the right: mean values and
standard errors of mean for the MMNm dipole moments in the left and right hemispheres.
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Negative (supposedly reflecting more active right-
hemisphere discrimination of speech signals)
MMNAS was found in 5 (out of 22) subjects, who
were different from those with a negative REA
(which was also found in 5 subjects). The REA and
MMNAS were positive (thus indicating left-
hemisphere dominance) in 17 subjects. In 15
subjects MMNAS was larger than REA, and in the
remaining 7 subjects the REA index was higher
than the MMNAS. No significant correlation was
found between these two measures (see Table 2);
significant differences between them were not
found either.

V. Both CV syllables and their non-speech complex
analogs elicited P1m, N1m, and P2m responses in
the auditory cortices of both cerebral hemispheres
(Fig. 7). For all 3 responses to both stimulus types,
the dipole moments and latencies did not
significantly differ between the left and right
hemispheres.

The asymmetry coefficients calculated for the
dipole moments and latencies of the P1m, N1m
and P2m responses elicited by the two types of

stimuli are presented in Table 3; average REA in
this test group was 17.4% (SEM 8.4%). The
asymmetry indices calculated for the dipole
moments of the N1m and P2m (N1AS and P2AS,
respectively) did not significantly differ between
the Syllable and Complex conditions. In the
meantime, an index based on the P1m dipole
moment (P1AS) was significantly (F1,19=5.27, P<0.04)
more positive in the Syllable than Complex
condition. However, the interaction Stimulus Type
X Hemisphere, with the dipole moments of P1m
elicited by both stimuli in the two hemispheres
included in the analysis, was not statistically
significant. Also, in the 5 subjects who showed a
negative P1AS, only 2 had a negative REA; no
correlation between the P1AS and REA was found.

None of the asymmetry coefficients calculated for
the latencies of the three responses (P1LAs, N1LAs,
P2Las) differed significantly between the two
stimulus conditions. None of the six asymmetry
indices, calculated for the dipole moments and
latencies of the P1m, N1m and P2m to the CV
syllables (including P1AS and P1LAs), significantly
correlated with the REA. The location of the
generator sources of the P1m, N1m, and P2m

Table 3. Asymmetry coefficients (%) calculated for the dipole moments and latencies of the P1m, N1m and P2m responses
elicited by speech and complex non-speech sounds.

Dipole moment asymmetry Latency asymmetry
P1AS N1AS P2AS P1LAs N1LAs P2LAs

Syllable 16.1(8.7) –19.2(11.2) 14.6(14.4) 2.9(2.8) –1.4(2.5) 1.4(2.4)
Complex –5.5(6.5) –3.4(11.1) –14.7(11.8) 1.3(2.8) –0.6(2.1) 2.1(2.2)
Standard errors of mean of respective values are in brackets.

Fig. 6. Average locations (based on mean coordinates, mm) of equivalent dipole sources of the P1m, N1m, and P2m responses to CV syllables in
silence and background white noise of two levels in the left and right cerebral hemispheres (based on the spherical head model). The diameters of
the dots are proportional to the mean dipole moment values.
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elicited by the plosive syllables did not significantly
differ between the left and right hemispheres.

DISCUSSION
A popular view of cerebral asymmetry of speech
and language perception is that the left hemisphere
is dominant for processing any sounds of a
complex structure containing fast acoustic
transitions (be they speech or not), while the right
hemisphere is predominant for processing slow
acoustic transitions [Fitch et al., 1997]. However,
although the present results partly support this
concept, they also suggest that the left hemisphere's
specialization for speech processing cannot be fully
explained by the physical properties of speech
sounds.

The dipole moments of the MMNm elicited by
non-speech complex stimuli incorporating slow
acoustic changes were significantly larger in the
right than in the left auditory cortex. In contrast, the
MMNm elicited by sounds of similar spectral
complexity, but with more rapid acoustic
transitions, showed no significant interhemispheric
differences. These results indicate that the early
discrimination of complex sounds of a relatively
slow acoustic rate is predominantly carried out by
the right hemisphere's auditory cortex, whereas
increasing the temporal rate of acoustic transitions
in stimuli attenuates this right-hemispheric
dominance. Thus, the present results suggest that
the right hemisphere is clearly predominant in the
perception of slow transitions in the sound stream,
but not in that of fast acoustic transitions, which
require more bilateral activity for their processing.

The mismatch responses elicited by syllable
changes were significantly larger in the left than in
the right hemisphere. This result indicates that the
discrimination of speech sounds is mainly carried
out by the left hemisphere, which corresponds to
the established view of the functional asymmetry
in speech processing [Galaburda et al., 1978;
Kupfermann, 1991]. Furthermore, this asymmetry
can be observed with the MMN response, which is
believed to reflect pre-attentive sound
discrimination [Kane et al., 1996; Näätänen and
Alho, 1995; Tremblay et al., 1998]. This implies,
presumably, that the brain extracts the speech-
specific, probably phonetic features from speech
sounds already at this early, pre-attentive stage of
sound processing.

It is, however, of interest that in spite of the
temporal complexity of the Complex stimuli that
incorporated short fragments similarly to stop-
consonants containing multiple frequencies, the
MMNm responses elicited by the Complex stimuli
did not indicate left-hemisphere dominance, as one
might expect on the basis of the previous studies
(see Introduction). In fact, there even was a trend
towards their right-hemispheric lateralization.
Although the complexity of both Syllable and
Complex stimuli was high, the brain responses to
them were different: whereas the MMNm to the
syllables was clearly lateralized, it was not
significantly lateralized for the Complex sounds.
Thus, the lateralization of speech sound perception
does not merely result from their acoustic
structure. Most likely, the left-hemisphere
dominance of the MMNm elicited by the present
plosive syllables was caused by the existing long-
term memory traces for these syllables. These
traces, presumably, had been formed in the left

Fig. 7. Waveforms of magnetic responses evoked by the plosive consonant–vowel syllable and the complex sound in the left and right
temporal lobes (across-subject averages). The curves with maximum response amplitudes in each condition were selected from the 34
channels located over the left and right temporal cortices. Responses to neither stimulus showed hemispheric asymmetry.
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hemisphere during the subjects' previous speech
experience [Näätänen, 1999; Näätänen, in press],
whereas no such traces existed for the complex
sounds, the MMNm responses to them supposedly
reflecting only the short-term acoustic memory
trace developed during the experimental session.

Recent PET data suggest that in speakers of tonal
languages, the left hemisphere is more active in
discrimination of speech sounds as well as
differences in pitch, while in speakers of non-tonal
languages the right hemisphere is more active in the
pitch processing [Hsieh et al., 2000]. Although pitch
information is coded in slow acoustic changes, it is
processed by the left hemisphere when it may
contain speech information. In addition, behavioral
experiments demonstrated that perception of non-
phonetic acoustic communication signals such as
Morse code is dominated by the right hemisphere
in na ve listeners, but by the left hemisphere in
professionals, capable of extracting speech
information from simple non-speech elements of
the Morse code [Papcun et al., 1974]. These data
support our conclusion that the left hemisphere is
specialized in the processing of speech regardless of
its acoustic features.

This conclusion is also supported by the results
showing that vowel contrasts elicit larger MMNm
in the left hemisphere, if the deviant vowel belongs
to the subject's mother tongue [Näätänen et al.,
1997]. Although vowels (unlike the CV syllables
used in our experiments) do not include fast
acoustic transitions, native-language vowels elicited
a larger MMNm in the left hemisphere, which can
only be explained by the existence of the pre-
formed acoustic templates. These templates (or
long-term memory traces) are activated by the
acoustic input, resulting in an enhanced left-
hemispheric MMNm response, which was not
present when the deviant was a foreign-language
vowel. So, these traces, as suggested also by the
present study, are formed in the left hemisphere
presumably independently of the acoustic structure
of the stimuli.

� � �

The asymmetry in speech-signal discrimination,
however, changes under the influence of acoustic
environment. The background white noise affects
the MMNm elicited by the plosive syllables
differently in the left and right cerebral
hemispheres. Both peak amplitudes and dipole
moments indicated an overall decrease of the
MMNm elicited by the deviant syllables in the left
hemisphere, and an increase of the MMNm in the
right hemisphere in the noise conditions. These data
therefore suggest that when the speech signal is
masked by noise, the involvement of the left
(dominant) hemisphere in discriminating speech
signals decreases while that of the right hemisphere
increases. Our results thus provide the first brain-
activity evidence to confirm the earlier behavioral
findings suggesting that the lateralization of the
speech-sound discrimination function is
redistributed in background noise between the
cerebral hemispheres [Weiss and House, 1973;
Galunov et al., 1988; Galoonov et al., 1993; Koroleva
and Shurgaya, 1997].

The shift towards a larger MMNm in the right
hemisphere occurred already in the Low-Noise
condition when the SNR was 15 dB. The noise
levels used in this study did not significantly affect
the performance in the behavioral discrimination of
the same syllables. These noise levels are relatively
low and comparable to the noise present in the
daily environment, e.g., in a busy office or traffic.
These results suggest that in real-life situations, not
only the dominant hemisphere but both
hemispheres are involved in speech sound
discrimination.

Noise also affects the P1m, N1m, and P2m
responses elicited by the CV syllables differently in
the left and right cerebral hemispheres. The
depressive effect (decreased dipole moment) of
noise on the P1m and P2m responses was observed
in the left hemisphere, whereas in the right
hemisphere these responses were unaffected by or,
in the case of P2m, were even stronger in the noisy
conditions. These data therefore also support the
hypothesis that when the speech signal is masked
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by noise, the relative involvement of the left
(dominant) hemisphere in speech processing
decreases while that of the right hemisphere
increases.

Furthermore, the locations of the P1m, N1m and
P2m equivalent dipole sources in the right
hemisphere were different in noise from those in
silence, whereas no such effects were found in the
left hemisphere. This suggests that the increased
right-hemisphere activation in speech processing in
noisy conditions, demonstrated in the present
studies and the previous behavioral ones, is due to
the recruitment of additional neural structures in
the right auditory cortex that are not involved in
speech-sound perception to such an extent in the
absence of noise.

� � �

Consistently with the previous findings [Repp,
1977; Fitch et al., 1997; Hugdahl, 1988], the
asymmetry in the central speech processing was
also observed with the dichotic listening
procedure. In the majority of the subjects, however,
the MMNm, as compared with the dichotic
listening results, suggested a stronger left-
hemisphere dominance in speech processing. No
correlation was found between the asymmetry
indexed by the MMNm responses and the REA,
however. These two measures, therefore,
presumably reflect different stages of speech
processing in the human brain. While the MMN
reflects pre-attentive, automatic speech processing,
the REA, provided by dichotic listening, is also
affected by the later, attention-dependent stage of
speech–signal processing, and thus may also reflect
additional ongoing processes such as attention, in
addition to pure sound processing.

While the MMNm seems to reflect speech
lateralization, none of the other brain responses
measured were capable of indicating this
asymmetry. It was found that for the P1m, N1m,
and P2m responses elicited by both speech and
non-speech stimuli, dipole moments and latencies
did not significantly differ between the left and
right hemispheres. Furthermore, we found no
correlation between the REA and any of the

asymmetry indices of these responses elicited by
the speech sounds. In addition, all of these
asymmetry indices (except for P1AS) demonstrated
no difference between the speech and non-speech
stimuli. Although the P1AS coefficients were
different for the two types of stimuli, the P1m
dipole moments did not differ between the
hemispheres. In addition, MANOVA showed no
significant interaction between the hemisphere and
the stimulus type for the P1m responses.
Furthermore, locations of the generator sources of
no of the three responses elicited by the speech
signals did not significantly differ between the left
and right hemispheres. Our findings thus suggest
that the P1, N1 and P2 responses to speech signals
do not indicate the lateralization of the speech
function in the brain. This suggests that while the
MMN reflects the early phoneme-specific
discrimination of speech sounds, the P1, N1, and
P2 responses, being relatively non-specific
responses to acoustic stimuli [Donchin et al., 1978;
Näätänen and Picton, 1987; Näätänen, 1987], are
insensitive to the speech context of the sound and
cannot be used for determining the brain's
hemispheric dominance in speech perception.
Thus, from the known early auditory–cortex
responses elicited by speech sounds in the absence
of attention, only the MMN seems to be sensitive to
the lateralization of the speech function. An
advantage of the possible application of the MMN
as a measure of speech lateralization is that it can
be used, unlike the other existing measures, with
any subject group, including patients unable to
communicate or concentrate on a behavioral test
task. This issue, however, requires further studies
before any clinical applications of MMN could be
developed.

CONCLUSIONS
1. While the right hemisphere is predominant in
the perception of slow acoustic transitions,
increasing the speed of these transitions suppresses
this discrimination capacity of the right
hemisphere to the extent that the processing of
non-speech sounds of complex temporal and
spectral structure is not clearly dominated by either
hemisphere. The hemispheric pattern of the cortical
activity related to speech-sound discrimination is
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different from that involved in complex-sound
processing: the left-hemispheric dominance in
speech perception can be observed already at its
early stage and may be explained by pre-existing
long-term memory traces (the acoustic templates of
perceived signals) for the native speech sounds
formed in the dominant hemisphere.

2. When the speech signal is masked by noise, the
involvement of the left (dominant) hemisphere in
discriminating speech signals decreases while that
of the right hemisphere increases. The activity-
source locations of a number of responses are in
noise different from those in silence in the right (but
not in the left) hemisphere. So, the lateralization of
the speech-sound discrimination function is
redistributed in background noise between the
cerebral hemispheres, which presumably involves
the recruitment of additional neural structures in
the right hemisphere.

3. The MMN and the REA presumably reflect
different stages of speech processing in the human
brain. While the MMN reflects pre-attentive,
automatic speech processing, the REA, provided by
dichotic listening, is also affected by the later,
attention-dependent stages of speech–signal
processing, and thus may also reflect additional
ongoing processes such as attention in addition to
pure sound processing. The principal responses
evoked by acoustic stimuli (including speech) in the
human auditory cortex — the P1, N1, and P2
responses — do not reliably reflect hemispheric
differences in sound processing. So, from the
known early auditory–cortex responses to sounds,
only the mismatch negativity seems to be sensitive
to the hemispheric lateralization of the speech
function. The MMN might be of potential interest as
a technique of evaluating speech–processing
lateralization, since its measurement is non-
invasive, relatively inexpensive (especially in case of
the EEG), and applicable to any subjects or patients.
This should be therefore further studied.
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