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Abstract: The present magnetoencephalography (MEG) study tested the hypothesis of a phase synchroniza-
tion (functional coupling) of cortical alpha rhythms (about 6-12 Hz) within a “speech” cortical neural network
comprising bilateral primary auditory cortex and Wernicke’s areas, during dichotic listening (DL) of consonant-
vowel (CV) syllables. Dichotic stimulation was done with the CV-syllable pairs /da/-/ba/ (true DL, yielded by
stimuli having high spectral overlap) and /da/-/ka/ (sham DL, obtained with stimuli having poor spectral
overlap). Whole-head MEG activity (165 sensors) was recorded from 10 healthy right-handed non-musicians
showing right ear advantage in a speech DL task. Functional coupling of alpha rhythms was defined as the spec-
tral coherence at the following bands: alpha 1 (about 6-8 Hz), alpha 2 (about 8-10 Hz), and alpha 3 (about 10-12)
with respect to the peak of individual alpha frequency. Results showed an inverse pattern of functional cou-
pling: during DL of speech sounds, spectral coherence of the high-band alpha rhythms increased between left
auditory and Wernicke’s areas with respect to sham DL, whereas it decreased between left and right auditory
areas. The increase of functional coupling within the left hemisphere would underlie the processing of the sylla-
ble presented to the right ear, which arrives to the left auditory cortex without the interference of the other sylla-
ble presented to the left ear. Conversely, the decrease of inter-hemispherical coupling of the high-band alpha
might be due to the fact that the two auditory cortices do not receive the same information from the ears during
DL. These results suggest that functional coupling of alpha rhythms can constitute a neural substrate for the lat-
eralization of auditory stimuli during DL. Hum Brain Mapp 29:253-264, 2008.  ©2007 Wiley-Liss, Inc.
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INTRODUCTION

Dichotic listening is broadly used in measuring cerebral
lateralization of perceptual and cognitive functions in both
clinical and experimental practice. It consists in the simul-
taneous presentation of two different auditory stimuli to
either ear [Bryden, 1988; Hugdahl, 2000; Tervaniemi and
Hugdahl, 2003]. Subjects with left-hemispheric language
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lateralization are faster and more accurate in reporting
dichotic verbal items presented at the right compared to
left ear [Kimura, 1961; Studdert-Kennedy and Shankweiler,
1970], while they exhibit left ear advantage for tasks
involving the recognition of complex tones, music or envi-
ronmental sounds [Boucher and Bryden, 1997; Brancucci
and San Martini, 1999, 2003; Brancucci et al., 2005a; Kall-
man and Corballis, 1975]. Functional neuroimaging studies
of regional cerebral blood flow have elucidated fine spatial
details of brain structures involved in DL such as bilateral
primary auditory areas [Hugdahl et al., 1999, 2000; Jancke
and Shah, 2002; Jancke et al., 2003; Lipschutz et al., 2002],
orbitofrontal and hippocampal paralimbic belts [Pollmann
et al., 2004], prefrontal cortex [Hugdahl et al., 2003a; Lip-
schutz et al., 2002; Thomsen et al., 2004], and splenium of
the corpus callosum [Plessen et al., 2007; Pollmann et al.,
2002; Westerhausen et al., 2006].

It has been shown that “true” DL occurs when the stimuli
constituting the dichotic pair have high overlap in spectral
contents. This claim is based on both behavioral and physio-
logical evidence. Springer et al. [1978] have shown that while
report of consonant-vowel syllables presented to the left ear
during dichotic testing was at chance, report of left ear digits
under the same conditions was greater than 80% in four out
of five split-brain patients. As the acoustic overlap is greater
between consonant-vowel syllables than between digits, they
concluded that the availability of information from the ipsi-
lateral auditory pathway is a function of the spectral acoustic
overlap between competing dichotic stimuli. This indicates
that noncompeting pairs (digits in that study) do not make
up true DL stimuli. Sidtis [1981] demonstrated a nearly
threefold difference in the magnitude of the laterality mea-
sure when dichotic tones with similar vs. different funda-
mental frequencies were employed. The musical fifth interval
(low spectral overlap) yielded minimal laterality effects,
whereas intervals of a second, a minor third, or an octave
(higher spectral overlap) yielded maximal laterality effects.
More recently using MEG during DL of non-verbal stimuli,
we demonstrated that, according to Kimura [1967], the neu-
rophysiological interactions that allow the lateralization of
the dichotic input were especially evident when the dichotic
pair is composed by complex tones having similar funda-
mental frequency and spectral content [Brancucci et al,
2004]. The same is true when the dichotic pair was com-
posed by consonant-vowel syllables (CV-syllables) having
high spectral overlap [Della Penna et al., in press]. On the
whole, it can be argued that when the dichotic pair is com-

Abbreviations

ANOVA analysis of variance
CV-syllables consonant-vowel syllables
DL dichotic listening

ECD equivalent current dipole
ErCoh event-related coherence
MEG magnetoencephalography
PAC primary auditory cortex

posed by stimuli having scarce spectral overlap, they reach
both auditory cortices without significant loss of information.
Conversely, when the dichotic pair is composed by stimuli
having high spectral overlap, they compete to reach the corti-
cal level, due to the organization of the cortex that is based
on spectral cues, i.e. tonotopy, [Bilecen et al., 1998; Formisano
et al., 2003; Romani et al., 1982]. It can be speculated that this
competition actually favors stimulus lateralization beyond
the fact that the input to each ear is generally better repre-
sented in the contralateral auditory cortex [Ackermann et al.,
2001; Eichele et al., 2005; Makela, 1988].

At the present stage of research, an open issue remains
the investigation of the cooperation between auditory cort-
ical areas during DL of speech sounds. In fact, a conse-
quence of the DL paradigm—where the two auditory corti-
ces do not receive the same information from the ears—is
that cortical areas do not respond with the same features
to the stimulation. It is conceivable that this different activ-
ity of left and right auditory areas is associated with a
reduced coordination or functional coupling between
them, possibly due to a major involvement of left (domi-
nant for verbal sounds) compared with right auditory cort-
ical areas. Such a functional coupling would be allowed by
direct inter-hemispherical connections between auditory
cortices, as revealed by several studies in the cat, rat, mon-
key, and man [Arnault and Roger, 1990; Bozhko et al.,
1988; Code and Winer, 1986; Diamond et al., 1968; Pandya
et al., 1969], and has been observed in electroencephalogra-
phy recordings during DL of complex tones (non-speech
sounds, Brancucci et al., 2005b).

The spectral band of the human encephalogram, which
is most directly involved in the type of processes investi-
gated by the present study, is alpha frequency band (about
6-12 Hz). Alpha frequency contains the dominant compo-
nent of the human encephalogram and is retained to repre-
sent the main element of talamo-cortical and cortico-
cortical connectivity [Lopes da Silva et al.,, 1980]. Alpha
rhythms are strictly related to attentional level and cortical
information processing in that enhancement or increase of
alpha power reflects elaboration or inhibition of sensory
stimuli [Nunez, 1995; Pfurtscheller and Lopes da Silva,
1999]. Field research in the last years has indicated that a
deep investigation of alpha rhythms requires its division
in sub-bands. Noteworthy, low-band (about 6-8 Hz, alpha
1 and 8-10 Hz, alpha 2) alpha rhythms reflect unspecific
“alertness” and/or “expectancy” processes [Klimesch
et al., 1996, 1998], whereas high-band (about 10-12 Hz,
alpha 3) alpha rhythms depend on task-specific sensory
processes [Klimesch et al., 1994, 1996]. Regarding specifi-
cally the auditory cortex, it has been shown the existence
of a distinct, reactive auditory rhythm around 10 Hz in the
human temporal cortex, also called “tau” rhythm [Lehtela
et al., 1997]. Many studies observed a modulation of oscil-
lations in the alpha range involving the auditory cortex
during lexical decision task with words and pseudowords
[Krause et al., 2006], auditory-verbal encoding or retrieval
working memory task [Ellfolk et al., 2006], and other audi-
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tory memory tasks [Fingelkurts et al., 2003; Pesonen et al.,
2006].

The earliest DL findings recognized that attentional
processes play an important role in this topic [Kinsbourne,
1970]. More recently, functional neuroimaging studies
have shown that attentional shifts during DL are accompa-
nied by specific modulations of neural activity possibly
with a facilitating effect for auditory processing [Alho
et al, 2003; Hugdahl et al.,, 2000; O’Leary et al., 1996].
Selective attention to the right ear leads to increased
activity in the left auditory cortex whereas selective
attention to the left ear increases activity in the right
auditory cortex. In particular the area showing such an
asymmetric pattern of activation linked to attention is the
planum temporale [Jancke et al., 2001, 2003; Lipschutz
et al., 2002].

We aim here at extending previous evidence [Brancucci
et al., 2005b] to speech sounds, in order to elucidate
whether synchronization of alpha rhythms within a net-
work of speech auditory areas including bilateral primary
auditory cortex (PAC) and Wernicke’s area can be affected
by DL. The hypothesis is that the different activity of left
and right PAC elicited by “true” DL is associated with a
reduced functional coupling between the two areas, as an
outcome of the major involvement of left (dominant for
speech sounds) compared with right auditory cortex. On
the contrary, we expect an increase of functional coupling
within left hemispheric speech cortical areas (left PAC and
Wernicke’s area), at the basis of the processing of the CV-
syllable presented at the right ear, which arrives to the left
PAC with a reduced interference of the CV-syllable pre-
sented dichotically to the left ear. To face this issue we
used an approach based on magnetoencephalography
(MEG) and analysis of spectral coherence of the alpha
rhythms generated during passive DL of CV-syllables with
distributed attention (i.e. no lateral attentional shifts). The
computation of spectral coherence on MEG recordings is
particularly suited for the study of functional coupling
thanks to both high temporal resolution of MEG, which
allows the study of neural synchronization in the millisec-
ond scale, and to the fact that the tissues which are among
the neural sources and the sensors are transparent to mag-
netic signals. This avoids that the recorded signal is
blurred, which can introduce artifacts in the analysis of
spectral coherence. Moreover, MEG is a silent neuroimag-
ing technique, which has been successfully used to model
the activation of auditory cortical areas [Hari, 1990].

MATERIALS AND METHODS

Subjects

Ten right-handed (Edinburgh Inventory: mean * stand-
ard error = 67.94 * 7.39) healthy volunteers were
recruited (seven females, age range 20-31 years, average
25 years). All subjects gave their written informed consent
according to the Declaration of Helsinki and could freely

request an interruption of the investigation at any time.
The general procedures were approved by the local Insti-
tutional Ethics Committee. None of them had auditory
impairments as shown by auditory functional assessment.
No differences (=5 dB) of hearing threshold at 500 and
1,000 Hz were found between left and right ears in all sub-
jects.

Behavioral Test

In a separate session, subjects underwent a behavioral
verbal DL task. The verbal DL task consisted of 60 items,
which were continuously generated by a computer, with
3 s inter-item interval. Subjects were provided with an ear-
phone, a pencil, and a grid printed on a sheet of paper.
He/she comfortably sat in front of the computer. After 30
items the positions of the earphones was switched between
left and right ears, to avoid any bias due to the output
channels. Each item consisted in a dichotic pair composed
by two of the CV-syllables /ba/, /ka/, /da/, /ga/, /pa/,
/ta/. The task of the subject was to indicate on the grid
which CV-syllable he/she perceived at best, among the
ones listed above. Subjects were asked to pay attention at
both ears simultaneously, i.e. without privileging one ear
[Hugdahl et al., 2000, 2003b; Jancke et al., 2003]. Data anal-
ysis was based on the number of correct reported syllables
that were presented at the left vs. right ear. That is, when
the subject reported a syllable that was actually present in
the dichotic pair, a point was ascribed to the left (right)
ear if the reported syllable was presented at the left (right)
ear [Eichele et al.,, 2005]. One-way ANOVA analysis with
Ear of input (left, right) as a factor was carried out on ear
scores (dependent variable).

Stimulation for MEG Recordings

Dichotic stimuli consisted of three CV-syllables (/da/,
/ba/, /ka/) recorded from a natural female voice. The in-
tensity of the stimuli was adjusted at 60 dBA (auditory dec-
ibel). The CV-syllables were recorded and handled with a
sampling rate of 44,100 Hz and an amplitude resolution of
16 bit. Stimulus recording and handling was performed by
using the software “Wave 2.0” (Voyetra Turtle Beach Sys-
tems, Yonkers, NY) for Microsoft Windows on a PC Pen-
tium III 550 MHz with audio card Sound Blaster AWE 32.
Waveforms of the CV-syllables are plotted in Figure 1 (left
panel). Verification of the actual sound intensity was done
by means of a Phonometer (Geass, Delta Ohm HD2110,
Torino, Italy). The normalized power spectrum densities of
the consonant forming the CV-syllables are shown in Figure 1
(right panel). The spectra were computed in the time win-
dow of the consonant using 1024 points and a Hamming
window. The three syllables were arranged in the following
four dichotic stimuli: two “true dichotic” competing CV-syl-
lable pairs (/da/ at the left ear + /ba/at the right ear and
viceversa /ba/at the left ear + /da/ at the right ear) having
high spectral overlap and two “dichotic sham” non-compet-
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ing CV-syllables pairs (/da/ at the left ear + /ka/ at the
right ear and viceversa/ka/at the left ear + /da/ at the
right ear) having low spectral overlap (control condition).

The amount of spectral overlap between the consonants
of the CV-syllables forming the dichotic stimuli was esti-
mated by computing the Euclidean distance between con-
sonant spectra. We obtained a spectral overlap of about
93% when comparing /d/ versus /b/ (two voiced conso-
nants) and about 23% for /d/ versus /k/ (a voiced versus
a voiceless consonant). Each of the four stimuli was pre-
sented 80 times in a pseudorandomized sequence to avoid
expectancy effects that could affect the neuromagnetic
measures. The interstimulus interval varied randomly
between 2,500 and 3,500 ms.

MEG Recordings

Whole-brain activity was recorded using the 165 channel
MEG system installed at the University of Chieti inside a
high-quality magnetically shielded room [Della Penna
et al., 2000]. The system consists of 153 dc SQUID inte-
grated magnetometers arranged on a helmet surface cover-
ing the whole head and 12 reference channels. The acous-
tic stimulation was provided by Sensorcom plastic ear
tubes connected to an artifact-free transducer. During the
magnetic recordings the subjects passively listened to the

fdf

Figure I.

Left: Waveforms of the CV-sylla-
bles /da/, /ba/, and /ka/ which
constituted the dichotic stimuli.
Right: power spectrum densities
of the consonants /d/, /b/ and
/k/ forming the CV-syllables. The
spectral overlap between/d/and/
b/was estimated to be about
93%, so that the CV-syllables
/da/ and /ba/ were named as
“competing”. The overlap was
reduced to 23% for /d/ and /k/,
forming the noncompeting sylla-
bles /da/ and/ ka/ which con-
stituted the control stimuli in
the present study (dichotic sham
condition).
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stimuli and did not perform any task. They were asked to
pay attention at both ears at the same time, i.e. without
privileging one side [Hugdahl et al., 2000; Jancke et al.,
2003]. Simultaneously with magnetic recordings, ECG was
acquired as a reference for the rejection of the heart arti-
fact. All signals were band-pass filtered at 0.16-250 Hz
and recorded at 1 kHz sampling rate.

The position of subjects” head with respect to the sensors
was determined by recording and fitting the magnetic field
generated by four coils placed on the scalp before and af-
ter each recording. The coil positions on the subject scalp
were digitized by means of a 3D digitizer (Polhemus,
3Space Fastrak), together with anatomical landmarks defin-
ing a coordinate system. A set of high resolution magnetic
resonance images (MRIs) of subjects” heads were obtained
by a Siemens Magnetom Vision 1.5 Tesla using an
MPRAGE sequence (256’ 256, FoV 256, TR = 9.7 ms, TE
= 4 ms, Flip angle 128, voxel size 1 mmS).

Dipole Source Analysis

We studied the coherence between sources representing
the evoked activity of the bilateral PAC and of Wernicke’s
area (Fig. 2). Indeed, the aim of the present study was to
investigate the functional coupling among the major areas
involved in the perception of simple speech stimuli [Jancke
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Figure 2.
Three ECDs have been considered for the analysis of functional
coupling. They are localized in the left PAC, right PAC, and Wer-
nicke’s area. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

et al., 2002], which are also the first cortical stations
reached by auditory speech signals. It should be however
considered that DL involves a distributed network of areas
comprising, other than audiory cortex, the prefrontal cor-
tex, the orbitofrontal and hippocampal paralimbic belts,
and the splenium of the corpus callosum.

Wernicke’s area and the left PAC are few centimetres
apart. For our recordings we used magnetometers, which
feature a spread lead field so that the detected signal com-
prises the contribution of nearby laying sources even if it
is small. So, to separate the activity of Wernicke’s area
from the left primary auditory area we studied coherence
between those brain sites that gave rise to the evoked
fields, instead of channel coherence. At this aim we recon-
structed the specific source waveforms from the raw wave-
forms of all channels throughout all the trials, i.e. the
source raw activities. Thus, the oscillations observed in the
present study are directly generated at the level of the cor-
responding sources.

First, we localized the sources based on the analysis of the
auditory evoked magnetic fields (AEFs). For each dichotic
pair, about 70 artifact-free AEF trials were band-pass filtered
(1-70 Hz) and averaged in a time period of 600 ms, includ-
ing a 50 ms pre-stimulus epoch. For each channel, the base-
line level was set as the mean value of the magnetic field in
the time interval —10 <+ 10 ms across the stimulus onset.
Before averaging, the heart artifact was removed from all
the channels by an adaptive algorithm utilizing the QRS
peak recorded by the ECG channel as a trigger.

Second, we used multiple source analysis provided by the
BESA software (MEGIS Software GmbH, Germany) based on
the Equivalent Current Dipole (ECD) as source model and a
homogeneous sphere to model the subject’s head. The fitting
interval was 70 <+ 360 ms poststimulus. In this time interval,
the position, orientation, and amplitude of two free ECDs
were fitted to model the sources in the primary auditory cor-
tices using the dichotic pair comprising noncompeting sylla-
bles /da/-/ka/, since the signal to noise ratio was higher in
this condition. No regional constraints were applied to the fit
of the two ECDs. For the other conditions the locations of the
auditory ECDs found in the noncompeting condition /da/-/
ka/ were held fixed during the fit. A third source was posi-
tioned in the Talairach coordinates (—52, —40, 8) to represent
the Wernicke’s area in the left hemisphere (see Fig. 2). The
orientation and amplitude of this dipole source could change
to fit AEFs in the time interval 150 + 400 ms poststimulus.
We also checked whether other sources could explain the
evoked data by adding free ECDs. Since we did not obtain
sets of sources fitting the residual field (after fitting the ECDs
in the primary auditory cortex), which were reproducible
across subjects and conditions, we considered only the two
ECDs in the bilateral primary auditory cortex and the one in
Wernicke’s area for further analysis. For each subject, the
ECD locations were checked on the MRI with the Brain-Voy-
ager software (Brain Innovation B.V., The Netherlands). We
selected a goodness of fit of 80% as the lower threshold to
accept an ECD configuration. Because of the low amplitude
of the evoked signal, possibly caused by the interference
between auditory pathways during DL [Brancucci et al., 2004;
Della Penna et al,, in press], a 20% of residual variance was
assumed to be related to nonphase-locked signals. The mean
across subjects of the explained variance was 86%.

Third, the source raw activities for the two ECDs in the
PAC and for the one in Wernicke’s area that are the ECD
amplitudes at each sampling time were obtained by means
of BESA software. The ECD positions and orientations
were held fixed while an inverse operator was applied to
the instantaneous raw field distribution over the helmet
throughout the whole recording session.

Analysis of Spectral Coherence

The source raw activities reconstructed from continu-
ously recorded MEG data were segmented in single trials
each spanning from —1000 to +1000 ms, the zerotime
being the onset of auditory stimulus. ECD single trials
were discarded when associated with artefacts. About 70
MEG trials were accepted for each stimulus condition and
for each subject. To perform spectral coherence analysis of
the artifact-free data, we preliminarily removed phase-
locked activity (i.e., average evoked auditory source activ-
ity) with a mathematical technique based on weighted
inter-trial variance calculation. It is indeed well known
that phase-locked activity (evoked activity) can interfere
with the study of power density or functional coupling of
cerebral rhythms [Kalcher and Pfurtscheller, 1995]. Briefly,
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the procedure of phase-locked activity removal was the
following. For each source, a correction factor was calcu-
lated for each single trial by cross-correlation between the
average source AEFs and the on-going raw source
activity of that trial. This factor was used to weight the
removal of source AEFs from the on-going source activity
of that trial. A similar technique has been successfully
used in previous studies focused on the analysis of
cerebral rhythms [Brancucci et al., 2005b; Kalcher and
Pfurtscheller, 1995].

Spectral coherence is a normalized measure of the cou-
pling between two signals at any given frequency [Hal-
liday et al.,, 1995; Rappelsberger and Petsche, 1988] and
can be used to study the functional coupling between
cortical areas [Babiloni et al., 2006; Brancucci et al., 2005b].
The coherence values were calculated for each frequency
bin by:

2
Conyr) =

 foaMfyy(N)

which is the extension of the Pearson’s correlation coeffi-
cient R to complex number pairs. In this equation, f
denotes the spectral estimate of two source raw signals x
and y for a given frequency bin (\). The numerator con-
tains the cross-spectrum for x and y (fi,), while the denom-
inator contains the respective auto-spectra for x (fi) and y
(fyy). For each frequency bin (N), the coherence value
(Coh,y) is obtained by squaring the magnitude of the com-
plex correlation coefficient R. This procedure returns a real
number between 0 (no coherence) and 1 (maximal coher-
ence). For each subject and each source pair, a statistical
threshold level for coherence was computed according to
Halliday et al. [1995], taking into account the number of
single valid trials used as an input for the analysis of spec-
tral coherence. Of note, for each subject and each source
pair, coherence values were all above statistical threshold
posed at P < 0.05.

As mentioned above, here spectral coherence was com-
puted among time series of the activity arising from ECDs,
which were located in the left and right PAC and in Wer-
nicke’s area. The between-ECDs coherence was calculated
at “baseline” period (from —1,000 ms to zerotime, defined
as the auditory stimulus onset) as well as at “event” pe-
riod (from zerotime to +1,000 ms). The computation of
source coherence from data segments of 1,000 ms yielded
a frequency resolution of 1 Hz. Frequency bands of inter-
est were alpha 1, alpha 2, and alpha 3, which were assessed
subjectively, on the basis of the individual alpha peak (IAF).
These alpha sub-bands were determined according to a
standard procedure based on the peak of individual alpha
frequency at the power density spectrum [IAF; Klimesch,
1996, 1999; Klimesch et al., 1996]. With respect to the IAF,
the alpha sub-bands were defined as follows: (i) alpha 1 as
the TAF-4 Hz to IAF-2 Hz, (ii) alpha 2 as IAF-2 Hz to IAF,
and (iii) alpha 3 as IAF to IAF +2 Hz. Of note, mean
(= standard error) IAF was 10.1 = 0.4 Hz.

Statistical Analysis

For the statistical analysis, maximal event-related MEG
source coherence (ErCoh) within each alpha sub-band was
used as a dependent variable. ErCoh is the mean differ-
ence between coherence at event and baseline periods. It
should be stressed that the magnitude of ErCoh is usually
smaller than the absolute coherence values. However, it
has the advantage to take into account the inter-subject
variability of baseline coherence.

Statistical evaluation of the data was done by means of
three 2 x 2 repeated measures analysis of variance
(ANOVA), one for each alpha sub-band (alpha 1, alpha 2,
alpha 3). Tukey’s post-hoc comparisons were applied and
Mauchley’s test evaluated the sphericity assumption. Cor-
rection of the degrees of freedom was made by the Green-
house-Geisser procedure. ANOVA factors were (a) ECD
pair, with two levels, namely coherence between ECDs in
the left and right PAC and coherence between left PAC
and Wernicke’s area and (b) spectral overlap of the
dichotic stimuli, with two levels, namely high spectral
overlap (true dichotic condition) and low spectral overlap
(sham dichotic condition). Of note, the level “high spectral
overlap” contained averaged data from both dichotic stim-
uli composed by /da/ at the left ear + /ba/ at the right
ear and /ba/ at the left ear + /da/ at the right ear. Simi-
larly, the level “low spectral overlap” contained averaged
data from both stimuli composed by /da/ at the left ear +
/ka/ at the right ear and /ka/ at the left ear + /da/ at
the right ear.

RESULTS
Behavioral Test

All subjects showed a right ear advantage in the verbal
DL task. Laterality index (LI) was computed as follows: LI
= (R — L)/(R + L) x 100, where R is the number of correct
reports of the right ear and L the number of correct reports
of the left ear. Mean (*+standard error) laterality index was
18.6 = 2.9, the range spanned from 11.1 to 30.0. ANOVA
analysis indicated a statistically significant effect in favor
of the right ear (F = 37.58, P < 0.001). This result indicates
that the subjects perceived preferentially the syllable pre-
sented at the right ear which, in DL conditions, sends its
inputs mainly to the left hemisphere [Brancucci et al.,
2004].

Control Analysis on the Behavioral Test: Dichotic
“True” vs. “Sham” Laterality Effects

With the aim to check whether dichotic pairs composed
by stimuli having high spectral overlap yielded stronger
laterality effects than dichotic pairs having scarce spectral
overlap we analyzed the behavioral results by dividing the
trials in two categories: “true” dichotic stimuli (those com-
posed by the CV-syllables having high spectral overlap,
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ie. /ba/-/da/, /ba/-/pa/, /ba/-/ta/, /da/-/pa/, /da/-
/ta/, /ka/-/ga/, /pa/-/ta/, and vice versa) and “sham”
dichotic stimuli (those composed by CV-syllables having
low spectral overlap, ie. /ba/-/ka/, /ba/-/ga/, /da/-
/ga/, /da/-/ka/, /ga/-/pa/, /ga/-/ta/, /ka/-/ta/,
/ka/-/pa/, and vice versa). Laterality index for “true”
dichotic stimuli was 26.1 * 3.7, whereas laterality index
for “sham” dichotic stimuli was 12.3 * 3.8. One-way
ANOVA with laterality index as a dependent variable
showed that the laterality effect (right ear advantage) was
stronger for “true” than “sham” dichotic stimuli (F = 7.54,
P =0.03).

Coherence Spectra

Figure 3 illustrates baseline (upper part of the figure) and
event (bottom) mean coherence spectra around the alpha
frequency range between both MEG source pairs (left «
right PAC and left PAC — Wernicke’s area) for both
dichotic competing (/da/-/ba/) and dichotic noncompeting
(/da/-/ka/) CV-syllables along with statistical threshold of
coherence [Halliday et al., 1995]. Mean (*standard error)
statistical threshold was 0.038 = 0.002 for the source pair
left-right PAC and 0.037 = 0.002 for the source pair left
PAC-Wernicke’s area. Absolute coherence values were rela-
tively low in magnitude especially for left < right PAC,
which are two distant sources [Thatcher et al., 1986]. How-
ever, all band values were above the corresponding statistical
thresholds (P < 0.05) at both baseline and event periods in
each subject. This was true for all alpha frequency bands.

T
Alpha? Alpha 3

00112 13 14 15

'12‘|3'14'15‘ 415'61?rB g
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Frequency (Hz)

Comparing event with baseline coherence spectra, it can be
observed that, especially evident at higher alpha bands
(alpha 2 and alpha 3), MEG source coherence decreased
between bilateral PAC when competing compared with non-
competing CV-syllables were presented. Conversely, MEG
source coherence increased within the left hemisphere
between left PAC and Wernicke’s area during dichotic listen-
ing of competing compared to noncompeting CV-syllables.
Table I reports mean ErCoh values for the three alpha
sub-bands (alpha 1, alpha 2, and alpha 3) between left and
right PAC and between left PAC and Wernicke’s area in

TABLE |I. Maximal ErCoh values and standard errors (in
brackets) in the three alpha sub-bands (alphal, alpha2,
and alpha3) between the two ECD pairs (left PAC«—right
PAC and left PAC—Wernicke’s area) for competing (true
dichotic) and non-competing (sham diachotic) syllables

Left PAC- Left PAC-
Right PAC Wernicke

ALPHA1
Competing (/da/-/ba/) 0.027 (0.008) 0.061 (0.01)

Non-competing (/da/-/ka/)
ALPHA2

Competing (/da/-/ba/)

Non-competing (/da/-/ka/)
ALPHA3

Competing (/da/-/ba/)

Non-competing (/da/-/ka/)

0.024 (0.010) 0.042 (0.017)

0.029 (0.009)
0.038 (0.007)

0.093 (0.025)
0.054 (0.018)

0.023 (0.006)
0.050 (0.016)

0.068 (0.017)
0.028 (0.018)
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the two experimental conditions (competing and noncom-
peting CV-syllables).

Statistical Results

Two-way repeated measures ANOVA of ErCoh values
having ECD pairs (left < right PAC, left PAC <
Wernicke’s area) and spectral overlap (high /da/+/ba/,
low /da/+/ka/) as factors yielded no statistically signifi-
cant effects at the two low alpha sub-bands (i.e. alpha 1
and alpha 2) but a statistically significant interaction effect
(F = 9.88, P = 0.013) at the high alpha sub-band (i.e. the
alpha 3 sub-band). This indicated (Fig. 4) an inverse pat-
tern of functional coupling at high-band alpha rhythms;
whereas MEG source ErCoh between left and right PAC
decreased with dichotic stimuli having high frequency
overlap compared with sham DL (based on stimuli with
poor spectral overlap), MEG source coherence between left
PAC and Wernicke’s area increased. Tukey’s post-hoc
comparisons indicated that the increase of MEG source
ErCoh (left PAC «— Wernicke’s area) during DL of verbal
stimuli having high spectral overlap was statistically sig-
nificant (P = 0.03).

Control Analysis for Possible Attentional Biases

With the aim to check whether in the present experi-
ment spectral coherence was affected by uncontrolled var-
iations of the attentional level during the MEG recordings,
we analyzed the alpha power (in the whole alpha band,
based on the IAF) of all parietal MEG channels in the pe-
riod of 1 s immediately preceding the auditory stimula-
tions. Parietal alpha power is retained to be a reliable indi-
cator of the attentional level [Brancucci et al., 2005b; Kli-
mesch et al., 1998]. Normalized mean (*standard error)
alpha power preceding “true” dichotic stimuli was 0.35 *
0.03 whereas alpha power preceding “sham” dichotic stim-
uli was 0.34 = 0.02. Paired t-test showed that the atten-
tional level did not significantly differ (P = 0.30) between
the two conditions.

DISCUSSION

The present study was designed to test whether func-
tional coupling of alpha rhythms decreases during DL of
verbal sounds. To this purpose, we performed coherence
analysis of MEG data recorded during the presentation of
dichotic speech stimuli on subjects showing right ear
advantage in a speech DL task. The three principal areas
involved in the perception of speech stimuli were taken in
account, that is, left and right PAC, and Wernicke’s area.
An increase of functional coupling within the high-band
alpha range in the left hemisphere, specifically between
left PAC and Wernicke’s area, i.e. the two main brain areas
of the left hemisphere implicated in the perception of

MEAN ERCOH VALUES

0.09
0.06
£
(=]
Q
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Figure 4.

Across subjects mean (*standard error) event-related coher-
ence (ErCoh) values in the alpha 3 frequency band. Statistical
results showed a significant interaction (P = 0.013) between the
two factors (ECD pair and spectral overlap of CV-syllables) indi-
cating that, compared to sham DL, during DL (/da/-/ba/) there
was an inverse pattern of functional coupling: whereas interhe-
mispheric high-band alpha (alpha 3) ErCoh between left and right
PAC was reduced, intrahemispheric high-band alpha ErCoh
within the left hemisphere (left PAC < Wernicke’s area) was
increased.

speech was observed [Price, 2000]. Moreover, an inverse
pattern (i.e. a decrease) of functional coupling was ob-
served between left and right PAC. No significant modula-
tion of functional coupling in the low alpha band was
observed. Of note, the attentional level between “true” and
“sham” dichotic stimuli showed negligible variations as
reflected by the analysis of alpha power during the MEG
recordings. Alpha power is a reliable indicator of atten-
tional level [Brancucci et al., 2005a,b; Klimesch et al., 1998].
No significant modulation of low-band alpha rhythms was
observed.

The present observations of a functional coupling modu-
lation of high- but not low-alpha rhythms can be inter-
preted considering that the alpha band of the human en-
cephalogram reflects quite different cognitive processes. It
has been shown that, depending on the specific frequency,
modulation of brain rhythms within the alpha band is
related to different types of cognitive activity. Unspecific
alertness processes (i.e. global attention) are reflected by
changes in the low alpha band, whereas specific sensory
processes are reflected by changes in the high alpha band
[Klimesch et al., 1998]. This interpretation is supported by
the findings of a recent study, which has demonstrated
that functional coupling of alpha rhythms can reflect atten-
tional processes. In particular, focused attention to one ear
increased high alpha band synchronization likelihood in
the ipsilateral frontal region [Gootjes et al., 2006]. In the
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light of these considerations, the results of the present
study showing phase synchronization effects in the high
alpha band are interpretable considering the fact that the
present experimental design typically involved sensory
specific, rather than global attentional processes.

The present results extend previous DL evidence [Bran-
cucci et al., 2004; Hugdahl et al., 1999; Mathiak et al., 2000;
Milner et al., 1968; Pollmann et al.,, 2002; Sparks and
Geschwind, 1968; Springer and Gazzaniga, 1975] by show-
ing the modulation of functional coupling of auditory cort-
ical areas implicated in speech perception. The investiga-
tion of functional coupling of cortical rhythms comple-
ments the evaluation of amplitude and latency of EEG or
MEG activity evoked by dichotic stimuli. Furthermore, it
confirms and complements previous behavioral evidence
demonstrating that small changes in the degree of compe-
tition (i.e. spectral overlap) between the dichotic tones sig-
nificantly affect the magnitude of perceptual asymmetry.
We observed here that the right ear advantage was stron-
ger for “true” than “sham” dichotic stimuli, having “true”
dichotic stimuli higher spectral overlap than “sham” ones.
According to previous evidence on complex tones [Sidtis,
1981, 1988] and linguistic sounds [Springer et al., 1978] it
can be stated that laterality effects are related to the spec-
tral composition of the stimuli constituting the dichotic
pair. The higher the spectral overlap in the dichotic pair,
the stronger the ear advantage. Thus, the modulation of
neuromagnetic functional coupling disclosed in the present
study could have been blurred, as suggested by the behav-
ioral results, which showed that even “sham” dichotic
stimuli yield (minor) laterality effects.

In the present study, dichotic stimuli with high spectral
overlap were obtained by simultaneous presentation of
two CV-syllables with voiced consonant (/da/ and /ba/)
whereas dichotic stimuli with low spectral overlap were
obtained by simultaneous presentation of a CV-syllable
with voiced consonant (/da/) and a CV-syllable with
voiceless consonant (/ka/). In this context, the present
results are in accord with the outcome of a recent fMRI
report, which showed that the left auditory cortex (in par-
ticular the left medial planum temporale) is highly sensible
to the phonological differences between voiceless and
voiced consonants [Jancke et al., 2002].

In particular, the present findings confirm and extend
evidence from a precedent EEG study on functional cou-
pling of cortical rhythms between bilateral auditory corti-
ces during DL of harmonic complex nonverbal tones
[Brancucci et al., 2005b]. In that study, it was demonstrated
that functional coupling of EEG rhythms at left and right
and scalp sites roughly overlying auditory cortices, was
significantly lower during DL of competing (i.e. having
similar fundamental frequencies and high spectral overlap)
than noncompeting (i.e. having dissimilar fundamental fre-
quencies and low spectral overlap) tone pairs. Moreover, it
was suggested that this decrease of functional coupling
could be a possible neural substrate for the lateralization
of auditory stimuli during DL. In the present study, the

methodological advancements allowed us to observe the
modulation of functional coupling at cortical areas and to
specify the individual sub-band of alpha rhythms sensitive
to that modulation. Moreover, the present study expands
to speech stimuli and to a network of cortical areas
devoted to speech perception.

It should be stressed that the absolute coherence values
were somewhat low, especially for that what concerned
the interhemispheric source pair (left < right PAC). This
might be ascribed to the large distance between the two
sources of the MEG signals and to the preliminary re-
moval of the auditory evoked magnetic fields (i.e. neural
activity phase locked to the auditory stimulus) before the
computation of coherence, which was done in order to
investigate brain rhythms nonphase-locked to the stimu-
lus [Pfurtscheller and Lopes da Silva, 1999]. Previous
findings have shown that coherence values are inversely
proportional to the distance of the recorded sites
[Thatcher et al., 1986]. Furthermore, the preliminary re-
moval of evoked activity is in line with recent guidelines
on the study of brain rhythmicity [Pfurtscheller and
Lopes da Silva, 1999] and provides absolute and event-
related coherence values lower than those obtained com-
puting the coherence from event-related potentials [Kaiser
et al., 2000; Yamasaki et al., 2005]. Finally, it should be
also stressed that the individual coherence values were
statistically significant (P < 0.05). Indeed, the coherence
values of each subject were higher than statistical thresh-
old as computed with the procedure suggested by Halli-
day et al. [1995]. Obviously, event-related coherence val-
ues are usually even smaller than absolute coherence val-
ues as they represent a difference between coherence
levels in two different time periods.

On the whole, the present results agree with the “struc-
tural theory” proposed originally by Kimura [1967]. On
the basis of neuropsychological results, it was suggested
that the contralateral neural pathway suppresses the ipsi-
lateral one during DL. In line with this theory, commisuro-
tomized patients had no difficulty reporting words or con-
sonants-vowel syllables presented monaurally [Milner
et al., 1968; Sparks and Geschwind, 1968; Springer and
Gazzaniga, 1975]. In contrast, they failed to report items
presented to left ear when the same stimuli were pre-
sented dichotically. The lesion of the posterior part of the
corpus callosum (splenium) prevented dichotic sounds to
left ear from reaching the left hemisphere via the indirect
contralateral route [Pollmann et al., 2002; Westerhausen
et al.,, 2006]. This route going through the splenium would
permit normal subjects to hear dichotic items in both ears,
even if the ear contralateral to the dominant hemisphere is
preferred. The present results on MEG source coherence
extend the aforementioned “structural theory”, in that the
suggested inhibition of the ipsilateral pathway may be
associated with a drop of the functional coordination
between the two auditory cortical areas at the dominant
human encephalographic rhythm, in particular in the high
alpha band.
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CONCLUSION

The present study focused on functional coupling of corti-
cal alpha rhythms within a neural network of cortical areas
comprising bilateral auditory cortices and Wernicke’s area
during DL of speech sounds (CV-syllables). Results showed
that, during DL of speech sounds, functional coupling of
high-band alpha rhythms between left and right PAC
decreased, whereas it increased within auditory speech areas
of the left hemisphere. The decrease of inter-hemispherical
functional coupling of high-band alpha rhythms is possibly
because of the fact that, during DL of speech sounds, pre-
dominant information processing is performed by the speci-
alized left hemisphere and the level of coordination between
the two hemispheres declines. Instead, the increase of intra-
hemispherical functional coupling of high-band alpha
rhythms within the left hemisphere would underlie the stim-
ulus-specific processing of the syllable presented to the right
ear, which arrives to the left PAC with reduced “dichotic in-
terference” of the other syllable, presented to the left ear.
These results suggest that functional coupling of alpha
rhythms might constitute a neural substrate for lateralization
of auditory stimuli during DL, at least regarding the audi-
tory cortices. Indeed, DL involves a distributed network of
areas comprising, other than the auditory cortices, the pre-
frontal cortex, the orbitofrontal and hippocampal paralimbic
belts, and the splenium of the corpus callosum. Specifically,
it has been recently shown that frontal areas play an impor-
tant role in DL [Jancke et al., 2001, 2002, 2003; Karino et al.,
2006; Lipschutz et al., 2002; Thomsen et al., 2004]. Future
studies should investigate functional coupling among these
brain areas during DL, possibly by using localization meth-
ods based on extended sources as models, as well as the
role of other spectral frequencies and the influence of atten-
tional constraints.
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