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Functional specialization of the human auditory
cortex in processing phonetic vs musical sounds was
investigated. While subjects watched a silent self-
selected movie, they were presented with sequences
consisting of frequent and infrequent phonemes (/e/
and /o/, respectively) or chords (A major and A minor,
respectively). The subjects’ brain responses to these
sounds were recorded with a 122-channel whole-head
magnetometer. The data indicated that within the
right hemisphere, the magnetoencephalographic
(MEG) counterpart MMNm of the mismatch negativity
(MMN) elicited by an infrequent chord change was
stronger than the MMNm elicited by a phoneme change.
Within the left hemisphere, the MMNm strength for a
chord vs phoneme change did not significantly differ.
Furthermore, the MMNm sources for the phoneme and
chord changes were posterior to the P1m sources gener-
ated at or near the primary auditory areas. In addition,
the MMNm source for a phoneme change was superior to
that for the chord change in both hemispheres. The data
thus provide evidence for spatially distinct cortical areas
in both hemispheres specialized in representing phonetic
and musical sounds. o 1999 Academic Press
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INTRODUCTION

The neuronal architecture behind auditory percep-
tion is functionally specialized in many different ways.
Interhemispheric specialization refers to how auditory
cortices in the left and right hemispheres differentially
process verbal and nonverbal auditory information.
Intrahemispheric specialization refers to the functional
specialization of some cortical area within a hemi-
sphere to process certain kinds of auditory information.

The first evidence for interhemispheric specialization
of auditory information processing was obtained more
than a hundred years ago when it was shown that
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left-hemisphere lesions lead to disturbances in speech
perception (Wernicke, 1874). More recently, right-
hemisphere lesions were shown to deteriorate music
processing (for a review, see Benton, 1977). Later
studies recording electrical brain activity and regional
cerebral blood flow and metabolism from healthy sub-
jects confirmed that phonetic information is processed
primarily in the left hemisphere and that nonphonetic
auditory information is processed primarily in the right
hemisphere (Auzou et al, 1995; Binder et al, 1995;
Mazoyer et al., 1993; Mazziotta et al., 1982; Naitinen
et al., 1997; Petersen et al., 1988; Zatorre et al., 1992).
However, there are also contradicting results, espe-
cially regarding the predominant role of the right
hemisphere in music processing in musically trained
subjects (Bever and Chiarello, 1974; Gordon, 1970;
Hirskowitz et al., 1978; Nicholls, 1996; Paquette et al.,
1996; Sidtis, 1984).

The intrahemispheric specialization of different ar-
eas of the auditory cortex could be revealed with human
subjects only after the establishment of the modern
methods in brain research less than 20 years ago. Most
consistently, the tonotopic organization of the cochlea,
maintained up to the auditory cortex in nonhuman
species (for reviews, see Buser and Imbert, 1992;
Pickles, 1988), was demonstrated in humans with
magnetoencephalography (MEG) (Pantev et al., 1995;
Romani et al., 1982; Tiitinen et al., 1993; Yamamoto et
al., 1992), positron emission tomography (PET) (Lauter
et al., 1985), and functional magnetic resonance imag-
ing (fMRI) (Wessinger et al., 1997). In addition, MEG
recordings indicated that activation caused by phonetic
formant structure depends on the tonotopic organiza-
tion revealed by pure-tone stimulation (Diesch and
Luce, 1997). A very recent MEG study suggests that
there are topographically organized maps in the hu-
man auditory cortices also for the temporal (periodic-
ity) aspect of frequency information (Langner et al.,
1998; see also Pantev et al., 1989).

Furthermore, MEG recordings indicated that the
source location of N1m responses (which peak at about
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100 ms from stimulus onset) for phoneme /a/ differs
from those of consonant-vowel (CV) syllables /na/, /ka/,
and /ha/ in the left but not in the right hemisphere,
indicating both inter- and intrahemispheric specializa-
tion (Kuriki and Murase, 1989; Kuriki er al, 1995). A
more recent study indicated that frequency changes
within repetitive musical stimuli (parallel and serial
chords) are processed in the right hemisphere by a
neuronal population spatially distinct from that process-
ing frequency changes in a pure sinusoidal tone (Alho et
al., 1996). This result was obtained by recording the
magnetic counterpart of the mismatch negativity
(MMNm) event-related potential (ERP), indexing preat-
tentive change detection when a cortical memory trace
representing the features of a repeating stimulus (“stan-
dard”) and the features of the incoming (“deviant”)
stimulus differ (Naatanen, 1992).

The present study was conducted to determine
whether inter- and intrahemispheric mechanisms for
phonetic and nonphonetic auditory information process-
ing differ as early as at the preattentive level. MEG
with excellent temporal and spatial resolution was
utilized to reveal the loci and strengths of MMNm
generators for spectral changes in phonetic and nonpho-
netic information.

MATERIALS AND METHODS

Subjects

Fourteen healthy Finnish-speaking adults volun-
teered as subjects; data from two of them were dis-
carded from further analysis because of the low signal-
to-noise ratio. The remaining 12 subjects (6 males, age
20-31 years; mean 24 years) were all right-handed and
musically untrained.

Stimuli and Procedure

Phonemes and chords were presented in separate
sequences. In the phoneme sequences, a frequently
presented (P = 0.8), “standard” stimulus was the Finn-
ish phoneme /e/ (approximately as in “set”) and a
infrequently occurring “deviant” stimulus (P = 0.2) was
/ol (approximately as in “door”). In the chord sequences,
the standard stimulus was the A major chord and the
deviant stimulus the A minor chord. In both sequences,
the deviant stimuli differed from the standard stimuli
in their second spectral component. The chords were
built so that the physical change from A major to A
minor would approximate the change from /e/ to /o/,
that is, equal to one octave. The frequencies of the
different phoneme formants and chord tones are given
in Table 1. The stimulus duration was 200 ms including
10-ms rise and fall times. The stimulus intensity was
50 dB above to the subjective hearing level. The con-
stant offset-to-onset interstimulus interval was 300 ms.
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TABLE 1

The Frequencies Employed in Constructing the Phoneme
(Upper Panel) and Chord (Lower Panel) Stimulation

Phonemes Formantl Formant2 Formant3 Formant4
Standard /e/ 450 Hz 1866 Hz 2540Hz 3500 Hz
Deviant /o/ 450 Hz 921 Hz 2540 Hz 3500 Hz

Chords Tone 1 Tone 2 Tone 3 Tone 4
Standard A major 440 Hz 1109 Hz 1319 Hz 1760 Hz
Deviant A minor 440 Hz 523 Hz 1319 Hz 1760 Hz

The semisynthetic phonemes were generated based
on the vocal-tract model (Alku, 1992) by synthesizing
the natural glottal excitation (see Naidtdnen et al,
1997). The chords were composed of four sinusoidal
tones with a PC-based NeuroStim-program (NeuroScan
Inc.). Stimuli were delivered with the NeuroStim program
through plastic tubes and earpieces, frequency distortions
being compensated for with a correction filter. Phonemes
and chords were delivered in three conditions either binau-
rally or monaurally to the left or to the right ear, the
experiment thus including altogether six conditions. The
order of conditions was counterbalanced between the sub-
jects. They were instructed to ignore the stimuli while
watching a silent self-selected movie on a monitor at the
distance of about 2 m.

MEG Recordings

The MEG was recorded in a magnetically shielded
room (Euroshield Ltd.) in the BioMag Laboratory of the
Helsinki University Central Hospital with a helmet-
shaped 122-channel whole-head magnetometer (Neuro-
mag Ltd.). The sensor array consists of 61 dual-sensor
units, each with two orthogonal planar gradiometers
recording the maximal signal directly above a source.
Before the experiment, the positions of three marker
coils placed on the scalp were determined in relation to
three anatomical landmark points (the nasion and both
preauricular points) with an Isotrak 3D-digitizer (Pol-
hemus Inc.). The position of the magnetometer with
respect to the head was determined for each condition
by feeding currents to the marker coils and locating
them prior to the beginning of each pair of experimen-
tal conditions: before the binaural phoneme and chord
conditions and again before both monaural phoneme
and chord conditions.

The MEG epochs (passband 0.1-100 Hz and sam-
pling rate 398 Hz), starting 100 ms before (prestimulus
baseline) and ending 500 ms after each stimulus onset,
were on-line averaged separately for standard and
deviant stimuli. Horizontal and vertical eye move-
ments were monitored with electrooculography (EOG)
electrodes placed above and below the left eye and
lateral to the eyes. MEG epochs with deflections larger
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MMNm responses in an individual subject elicited by binaural standard (thin line) and deviant (thick line) phonemes (left panel)

and chords (right panel) and corresponding deviant-standard difference waves recorded above the left and right auditory cortices. MMNm field
gradients (difference between the adjacent lines 2 fT/cm) and ECDs (arrows) are illustrated on bottom.

than 150 pV or 1500 fT/cm in any of the EOG or MEG
channels, respectively, were rejected from the averag-
ing because they were contaminated with extracerebral
artefacts such as eye movement, blinks, or muscle
activity. In each condition, at least 120 deviant re-
sponses were collected.

Data Analysis

The responses for both hemispheres were filtered
digitally with a passband of 0-20 Hz (6 subjects), 1-20 Hz
(2 subjects), and 2-20 Hz (4 subjects). The passband was
selected so that the response returned to the 0 fT/cm
baseline during the epoch which was 500-ms in duration.

For each subject and condition, equivalent current
dipoles (ECDs) were determined for the P1m, which
was the most prominent response to standard stimuli
(due to fast stimulation rate, N1m was of very small
amplitude). The ECDs for the MMNm were determined
from the deviant-stimulus response minus standard-
stimulus response subtraction waves. In ECD model-
ing, a spherical head model was used (Hamaélainen et
al, 1993). The center of the model sphere was placed 45
mm above the origin of the coordinate system defined so

that the x-axis pointed from the left to the right
preauricular point, the y-axis was perpendicular to the
x-axis and passed through the nasion; the zaxis pointed
upwards (see Fig. 3). In auditory MEG studies, this
placement of the sphere is the most commonly used
since such sphere approximately matches the shape of
the head above the region under interest. Although this
model introduces systematic error in the estimated
dipole location, its use does not prevent us from discrimi-
nating different sodurces from each other.

In each condition, one ECD for P1m between 40 and
100 ms and one ECD for MMNm between 100 and 250
ms was fitted separately for the left and right hemi-
spheres using a fixed subset of 30 MEG-channels over
each auditory cortex. Each ECD was determined so
that it explained optimally the recorded magnetic field
and had largest dipole moment during the predefined
time range. All ECDs accepted for statistical analysis
explained over 60% of the measured magnetic field and
were oriented correctly with respect to the correspond-
ing electric component (P1m ECD producing positivity
and MMNm ECD producing negativity at the frontal
and central scalp areas). In the monaural conditions,
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FIG. 2. The mean ECD strengths (12 subjects) of MMNm elicited by phonetic and chord changes in different experimental conditions. The
error bars on the top of each bar indicate the half range of the standard errors of the mean.

some ECDs explained poorly the magnetic fields over
the hemisphere ipsilateral to the stimulated ear. There-
fore, no ipsilateral ECDs for monaural stimulation
were analyzed and only contralateral ECDs from the
monaural condition where included to the analyses of
variance. The mean goodness of fit in each condition is
presented in Table 2. For both P1m and MMNm, 81% of
the confidence volumes were below 4 cm? (of which 68%
for P1m and 50% for MMNm were below 1 cm3).

The strengths and locations of the ECDs and their
latencies were compared in ANOVAs for repeated mea-
sures with factors stimulus type (phoneme/chord),
stimulus location (monaural/binaural), and hemi-
sphere (right/left). Following this 3-way ANOVA, subse-
quent analyses to be specified under Results were
conducted. In addition, a 4-way ANOVA was conducted
to compare the PIm and MMNm ECD locations with
factors component (P1m/MMNm), stimulus type (pho-
neme/chord), stimulus location (monaural/binaural),
and hemisphere (right/left).

RESULTS AND DISCUSSION

Responses recorded over the left and right auditory
cortices of a typical subject are shown in Fig. 1. These
responses demonstrate that both the standard and the
deviant stimuli elicited the P1m response. The PIm
peaked, on the average, between 74 and 83 ms with
phoneme stimulation and between 68 and 83 ms with
chord stimulation (determined as time point of the
maximal dipole strength). The P1m latency was shorter
with monaural than binaural stimulation irrespective

of the stimulus type or hemisphere [F(1, 11) = 7.7,
P <0.05; 3-way ANOVA with factors stimulus type,
hemisphere, and location].

With deviant stimuli, the P1m was followed by the
MMNm. The MMNm peaked, on the average, between
139 and 146 ms with phoneme stimulation and be-
tween 140 and 162 ms with chord stimulation (deter-
mined as time point of the maximal dipole strength).
The MMNm latency was not affected by the type of
stimulation (phoneme vs chord), hemisphere (left vs
right), or stimulus location (monaural/binaural).

MMNm Strength

As Fig. 2 shows, there was a tendency of the MMNm
dipole moment to be stronger with chord stimulation in
the right than in the left hemisphere and with phoneme
stimulation in the left than in the right hemisphere
[stimulus type X hemisphere interaction: F(1, 11) =
3.7, P < 0.08; 3-way ANOVA with factors stimulus type,
stimulus location, and hemisphere; see also Table 2]. A
further analysis indicated that this tendency resulted
from a significantly stronger MMNm dipole moment for
chord change than for phoneme change within the right
hemisphere [main effect of stimulus type, F(1, 11) =
28.7, P<0.001; 2-way ANOVA with factors stimulus
type and location]. In the corresponding ANOVA within
the left hemisphere, there was no significant difference
between MMNm strength between the stimulus types.
In general, the stimulus type had a significant effect on
the MMNm dipole moment, which was, irrespective of
the stimulated ear, stronger for the chords than for the
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TABLE 2

The ECD Strengths, Goodnesses of Fits, and Coordinates of P1m and MMNm with Binaural (Upper Panel)
and Monaural Stimulation (Bottom Panel; Only Ipsilateral Values Are Represented)

Binaural stimulation

Left hemisphere

Right hemisphere

Dipole Goodness Dipole Goodness
moment of fit X z moment of fit X ¥ z
[nAm] (%] [mm] [mm] [mm] (nAm] [%) [mm] [mm] (mm]
Plm
Phoneme 14.6 93.7 —44.4 9.4 57.6 12.5 92.2 50.8 15.9 54.6
Chord 12.2 93.4 —45.5 10.3 56.8 11.5 93.0 52.0 15.6 53.6
MMNm
Phoneme 11.3 85.5 —43.9 7.0 59.1 9.0 76.5 48.4 8.6 57.8
Chord 12.9 81.6 —42.1 8.4 56.6 14.0 85.0 49.0 134 51.6
Monaural stimulation
Plm
Phoneme 12.2 92.4 —44.6 10.2 54.3 10.2 90.5 49.6 16.0 53.3
Chord 9.7 89.7 -45.1 10.9 59.2 8.2 90.5 51.6 16.5 53.2
MMNm
Phoneme 10.3 72.4 —-41.2 7.1 57.2 7.8 78.4 51.8 11.6 554
Chord 12.8 84.0 -45.3 9.9 57.6 15.6 88.6 49.9 12.5 51.6

phonemes [main effect of Stimulus Type, F(1, 11) =
22.6, P <0.001; 2-way ANOVA with factors stimulus
type and location].

According to the present data, chord changes are
processed more vigorously than phoneme changes
within the right hemisphere, whereas within the left
hemisphere there is no such difference. This suggests
that even at the preattentive level, the right hemi-
sphere is specialized in processing musical rather than
nonmusical sound material. In contrast, the left hemi-
sphere seems not to have such preattentively activated
predominance for phonetic material. Very recently,
however, significantly stronger MMNm and MMN were
found in the left hemisphere for phoneme changes and
in the right hemisphere for sinusoidal-tone changes
(Lehtokoski et al., unpublished data; Naaténen et al.,
1997:; Rinne et al., 1997). The difference between those
results and the present data could be caused by differ-
ences in stimulation. The present study used stimuli of
200-ms duration, whereas the studies displaying pre-
dominantly left-hemispheric MMN(m) to phoneme
changes used stimuli of 400-ms duration. Although
natural speech consists of phonemes shorter than 100
ms, isolated semisynthetic stimuli presented in repeti-
tive manner might be processed fully as phonemes only
if sound duration exceeds 200 ms.

Plm and MMNm Generator Loci

Figure 3 presents the mean ECD loci for the P1m and
MMNm for chords and phonemes. The MMNm source
locations were significantly posterior to the P1m source
locations in both hemispheres and with both stimulus

types [main effect of component in a 4-way ANOVA with
factors stimulus type, stimulus location (y axis), hemi-
sphere, and component; F(1, 11) = 11.4, P < 0.01]. More-
over, the phoneme-MMNm source was superior to and
chord-MMNm source inferior to the P1m sources. This
resulted in a significant interaction between stimulus
and component in a 4-way ANOVA with factors stimu-
lus type, stimulus location (z axis), hemisphere, and
component [F(1, 11) = 10.9, P < 0.01]. In contrast, the
source locations between chord-P1lm and phoneme-
P1m did not statistically differ.

The data thus suggest that the generator loci of the
P1m and MMNm components differed from each other,
the MMNm sources being posterior to the P1m sources
for both stimulus types. This pattern of data were not
affected by the site of stimulation (left vs right, monau-
ral vs binaural) or by the hemisphere (left vs right).
Since P1m sources are located at or near the primary
auditory cortex (Liégeois-Chauvel et al., 1994; Makela
et al., 1994; Pantev et al., 1995), this suggests that the
present spectrally complex stimuli activated cortical
areas behind the primary auditory areas. This finding
is in line with the previous evidence especially for the
left hemisphere where Wernicke's area is located poste-
riorly to the primary auditory cortex, its lesions result-
ing in receptive aphasias. Interestingly, it has been
shown that while aphasic patients with left-hemi-
sphere lesions displayed an MMN to frequency change
in a sinusoidal tone irrespective of the position of their
lesioned brain area (anterior/posterior), no MMN to
phonetic changes was observed in patients with poste-
rior lesions causing receptive aphasia while the pa-
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FIG.3. The mean ECD loci (12 subjects) on a sagittal plane modelled for the P1m to standard phonemes and chords and for the MMNm to
deviant phonemes and chords (y axis points to nasion, z axis toward the top of the head). (The error bars indicate the standard errors of the
mean.) The ECD loci for monaural conditions include only the PIm and MMNm ECD loci modelled for contralateral stimulation.

tients with anterior lesions saving the temporal lobe
displayed an MMN to a phonetic change (Aaltonen et
al., 1993). This further confirms the importance of the
posterior areas of the left temporal lobe in processing
phonetic information even at the preattentive level.

Moreover, the present data indicate that while in
both hemispheres the MMNm source for the phoneme
change was superior to that for the chord change, the
P1m source location did not differ between the chords
and phonemes (Fig. 3). This dissociation suggests that
while the earlier processing stages of auditory informa-
tion (as reflected by Plm) are independent of the
stimulus content there are spatially distinct neuronal
populations for representing the phonetic and musical
stimuli (as reflected by MMNm).

Previous evidence has confirmed the tonotopical orga-

nization of the auditory cortex (Lauter et al, 1985;
Pantev et al.,, 1995; Romani et al., 1982; Tiitinen et al.,
1993; Wessinger et al., 1997; Yamamoto et al., 1992). In
addition, it has been shown that a frequency change
within spectrally complex sounds like chords is pro-
cessed by a neuronal population spatially distinct from
that processing a frequency change within pure sinusoi-
dal tones (Alho et al., 1996). The present data extend
these results. Since the present stimuli were matched
in complexity and also the frequency change in both
conditions was of equal magnitude, the encountered
difference in MMNm source location between phonetic and
musical stimuli cannot be accounted for by physical stimu-
lus differences. Instead, the data reveal that even preatten-
tive neuronal processing of auditory information can be
influenced by informational stimulus content.
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