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ECREASE OF FUNCTIONAL COUPLING BETWEEN LEFT AND
IGHT AUDITORY CORTICES DURING DICHOTIC LISTENING:

N ELECTROENCEPHALOGRAPHY STUDY
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bstract—The present study focused on functional coupling
etween human bilateral auditory cortices and on possible in-
uence of right over left auditory cortex during dichotic listen-

ng of complex non-verbal tones having near (competing) com-
ared with distant non-competing fundamental frequencies. It
as hypothesized that dichotic stimulation with competing

ones would induce a decline of functional coupling between
he two auditory cortices, as revealed by a decrease of electro-
ncephalography coherence and an increase of directed trans-
er function from right (specialized for the present stimulus
aterial) to left auditory cortex. Electroencephalograph was

ecorded from T3 and T4 scalp sites, overlying respectively left
nd right auditory cortices, and from Cz scalp site (vertex) for
ontrol purposes. Event-related coherence between T3 and T4
calp sites was significantly lower for all electroencephalogra-
hy bands of interest during dichotic listening of competing
han non-competing tone pairs. This was a specific effect, since
vent-related coherence did not differ in a monotic control con-
ition. Furthermore, event-related coherence between T3 and
z and between T4 and Cz scalp sites showed no significant
ffects. Conversely, the directed transfer function results
howed negligible influence at group level of right over left
uditory cortex during dichotic listening. These results suggest
decrease of functional coupling between bilateral auditory

ortices during competing dichotic stimuli as a possible neural
ubstrate for the lateralization of auditory stimuli during di-
hotic listening. © 2005 Published by Elsevier Ltd on behalf of
BRO.

Corresponding author. Tel: �39-06-49910989; fax: �39-06-49910917.
-mail address: Alfredo.Brancucci@uniroma1.it (A. Brancucci).
bbreviations: ANOVA, analysis of variance; dBA, audio decibel; DL,
ichotic listening; DTF, directed transfer function; EEG, electroen-
t
ephalography; ErCoh, event-related electroencephalographic coher-
nce.

306-4522/05$30.00�0.00 © 2005 Published by Elsevier Ltd on behalf of IBRO.
oi:10.1016/j.neuroscience.2005.06.046
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ey words: dichotic listening, complex tones, electroen-
ephalography (EEG), spectral coherence, directed transfer
unction (DTF), functional coupling.

ichotic listening (DL) consists in the simultaneous pre-
entation of two different auditory stimuli to either ear
Bryden, 1988). This technique has been successfully
sed in the study of hemispheric functional asymmetries
Tervaniemi and Hugdahl, 2003). It has been shown that
ubjects with left-hemispheric language lateralization are
aster and more accurate in reporting verbal items pre-
ented at right than left ear (Kimura, 1961; Studdert-
ennedy and Shankweiler, 1970), while they exhibit a left
ar advantage for tasks involving the recognition of com-
lex tones, music or environmental sounds (Kallman and
orballis, 1975; Boucher and Bryden, 1997; Brancucci and
an Martini, 1999, 2003).

Functional neuroimaging studies of regional cerebral
lood flow have elucidated fine spatial details of brain
tructures involved in DL such as bilateral primary auditory
reas (Hugdahl et al., 1999, 2000; Lipschutz et al., 2002;
äncke et al., 2003), orbitofrontal and hippocampal para-

imbic belts (Pollmann et al., 2004), prefrontal cortex (Lip-
chutz et al., 2002; Thomsen et al., 2004), and splenium of
he corpus callosum (Pollmann et al., 2002).

In parallel, electroencephalographic (EEG) and mag-
etoencephalographic studies have shown fine time evo-

ution of activity in auditory areas during DL (Ahonniska et
l., 1993; Yvert et al., 1998; Wioland et al., 1999; Mathiak
t al., 2000, 2002; Greenwald and Jerger, 2003). It has
een observed that auditory event-related potentials are
elated to ear advantage for dichotic complex tones (Tenke
t al., 1993). Namely, subjects with strong left ear advan-
age for dichotic stimuli had late positive event-related
otentials (P350 and P550, about 300–600 ms post-stim-
lus) with greater amplitude over right than left auditory
rea. On the contrary, these potentials had greater ampli-
ude over left than right auditory area in subjects with little
r no left ear advantage for dichotic stimuli. More recently,
arlier auditory evoked magnetic fields (M100, about 90–
20 ms post-stimulus) have been found to be modulated
uring DL. In particular, M100 amplitude over right auditory
ortex progressively increased when complex monotic
ones of increasing intensity were given to ipsilateral (right)
ar (Brancucci et al., 2004). The increase of ipsilateral
100 was abolished when a competing complex tone of

onstant intensity was delivered dichotically to the con-

ralateral (left) ear. Remarkably, the inhibition of ipsilateral
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100 was not observed when contralateral and ipsilateral
ones were not competing, i.e. when they had distant fun-
amental frequencies. This might be due to a possible

nhibitory effect of contralateral over ipsilateral sensory
athway. Such an occlusion mechanism would be exerted

n cortical auditory areas, as the dichotic effects were
bserved at M100 but not earlier M50 component. This
xplanation is in line with the structural theory of DL
Kimura, 1967) and previous behavioral evidence (Sidtis,
981, 1988) demonstrating that ear advantage for dichotic
timuli is a function of the spectral overlap of the two
timuli. Namely, stimulus pairs having high spectral over-
ap (i.e. competing tones having near fundamental fre-
uencies) yield stronger ear effects when compared with
timulus pairs having low spectral overlap (i.e. distant fun-
amental frequencies).

Taken together, the mentioned results suggest that the
wo auditory cortices do not respond with the same fea-
ures during DL of competing tones. Therefore, it is con-
eivable that this different activity of auditory cortices dur-
ng DL of complex non-verbal tones is associated with a
educed coordination or coupling between them, possibly
ue to an increased influence of right (dominant for non-
erbal tones) over left auditory cortex. Such a functional
oupling would be allowed by direct inter-hemispherical
onnections between auditory cortices, revealed by sev-
ral studies in the cat, rat, monkey and man (Diamond et
l., 1968; Pandya et al., 1969; Cipolloni and Pandya, 1985,
989; Vaughan, 1983; De Lacoste et al., 1985; Code and
iner, 1986; Alexander and Warren, 1988; Bozhko and
lepchenko, 1988; Arnault and Roger, 1990).

The present study focused on functional coupling be-
ween bilateral auditory cortices and on possible influence
f right over left auditory cortex during DL. The experimen-

al design included dichotic and (control) monotic pairs of
omplex tones, which were presented during EEG record-
ngs. These tone pairs were formed by either near (i.e.
ompeting) or distant (i.e. non-competing) fundamental
requencies. Functional coupling between auditory cortical
reas was evaluated by two different techniques, namely
pectral coherence and directed transfer function (DTF).
he analysis of EEG coherence is a method to quantita-

ively measure the linear dependency between the activi-
ies of two brain regions. It is a large-scale measure, which
epicts dynamic functional interactions between electrode
ignals. High coherence between two EEG signals would
ndicate an increased functional interplay between the un-
erlying cortical sources (Walter, 1968; Shaw, 1984; Rap-
elsberger, 1998; Petsche and Etlinger, 1998). It has been
irectly shown that functional connectivity between the
uditory cortices is supported by the corpus callosum, in
hat inter-hemispheric coherence decreases in patients
ith agenesia of the corpus callosum when compared with
ealthy subjects (Quigley et al., 2003). Compared with
EG coherence analysis, the analysis of DTF is a method

o estimate from EEG data the direction of the modeled
nformation flow between two brain regions (Kaminski and
linowska, 1991; Kaminski et al., 1995; Korzeniewska et

l., 2003). This technique has been previously used to s
tudy the propagation direction of temporal epileptic activ-
ty (Franaszczuk et al., 1994), the information flow direction
uring voluntary movements (Babiloni et al., 2004c), short-
erm memory (Babiloni et al., 2004a), and sleep (De
ennaro et al., 2004), as well as the functional relation-

hips among hippocampus, entorhinal-piriform area, sub-
culum and lateral septum in the rat (Korzeniewska et al.,
997).

The specific working hypothesis of the present study
as that dichotic stimulation with competing tones induced
n atypical functional coupling between the two auditory
ortices, as revealed by a decrease of EEG coherence and
n increase of DTF from right to left auditory cortex during
ichotic stimulation with near compared with distant com-
lex tones.

EXPERIMENTAL PROCEDURES

ubjects

ifteen healthy volunteers were recruited (age range of 26–31
ears, five females). They were right-handed (Edinburgh Inven-
ory). None of them had auditory impairments as shown by audi-
ory functional assessment. No differences (�5 dB) of hearing
hreshold at 250 and 400 Hz were found between left and right
ars. All subjects gave their written informed consent according to
he Declaration of Helsinki and could freely request an interruption
f the investigation at any time. The general procedures were
pproved by the local Institutional Ethics Committee.

uditory stimuli

wo dichotic and two monotic complex tone pairs were used
Table 1). The two dichotic stimuli were constituted by i) tone A
261 Hz, middle C; 60 dBA) delivered at the left ear and tone B
293 Hz, middle D; 60 dBA) delivered at the right ear (A and B
ave ‘near’ fundamental frequencies) and by ii) tone A delivered at
he left ear and tone E (391 Hz, middle G; 60 dBA) delivered at the
ight ear (A and E have ‘distant’ fundamental frequencies). Simi-
arly, the two monotic stimuli (delivered at the right ear) were
onstituted by i) tones A and B and by ii) tones A and E. These
ones were synthesized on a Pentium 166 PC with Sound Blaster
udio card (Creative, Model AWE 32; Microwave, Rome, Italy), by
eans of CSound language (Vercoe, 1992) for sound synthesis.
ampling rate was 44100 Hz and amplitude resolution 16 bit.
pectral composition and amplitude envelope were the same for
ll tones. Spectrum was composed by eight harmonic compo-
ents with the following relative amplitudes: 1, 0.8, 0.6, 0.5, 0.4,
.3, 0.2, and 0.1. The tones lasted 500 ms and had a rise and
all-time of 50 ms. To ensure that no transients or undesired

able 1. The stimuli used in the present experiment

ondition ear Dichotic Monotic, Right

Left Right

ear fundamental
frequencies

Tone A Tone B Tones A and B
261 Hz 293 Hz 261 and 293 Hz

istant fundamental
frequencies

Tone A Tone E Tones A and E
261 Hz 391 Hz 261 and 391 Hz

They are complex tones (eight harmonic components) presented at
0 dBA. Tone pairs with near fundamental frequencies are considered
s ‘competing,’ whereas tone pairs with distant fundamental frequen-
ies are considered as ‘non-competing.’ Monotic stimuli were pre-

ented at the right ear.
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lterations were present in the stimuli, they were recorded from
he earphones and re-analyzed.

xperimental procedure

ithin an electrically shielded and soundproof chamber, subjects
ay on a bed and listened passively to a pseudo-randomized
equence of four stimulus pairs (Fig. 1). The pseudo-randomiza-
ion was performed in order to reduce possible sequence effects
nd changes of attention across the experiment. Experimenters
scertained by an interview that all subjects could clearly distin-
uish the near compared with distant dichotic and monotic tone
airs. No recognition task was required of the subjects during the
EG recordings. Each of the four stimuli was presented 80 times

or a total of 320 presentations. Inter-stimulus interval varied ran-
omly between 2500 and 3500 ms. The recording session was
egmented in four blocks of 80 stimuli (1 min inter-block pause).
efore each recording block, subjects were asked to maintain a
onstant level of attention during the whole session.

Subject’s attentional level across the different conditions
ould be a possible confound. Therefore, we estimated it by
eans of calculation of baseline alpha power across conditions

baseline alpha power is considered as sensitive to subject’s
ental state; Klimesch 1999). Values of baseline alpha power
ere statistically analyzed by repeated measures ANOVA with
ondition as factor (monotic near, monotic distant, dichotic near,
ichotic distant).

EG recordings and preliminary data analysis

uring the mentioned auditory stimulations, EEG data were re-
orded from T3, T4 and Cz electrode sites placed according to an
ugmented 10–20 system (bandpass: 0.05–100 Hz, sampling
ate: 256 Hz). Linked-ears served as a reference. Electrode im-
edance was kept lower than 5 kOhm. Two electro-oculographic
hannels were used to monitor eye movements and blinking
same recording features of EEG data). All data were recorded in
ontinuous mode.

Collected EEG data were segmented in single trials each
panning from �1000 to �4000 ms, the zerotime being the onset

ig. 1. Sketch of the experimental paradigm. A series of dichotic and
onotic tone pairs, having near or distant fundamental frequencies,
as presented to the subjects in a pseudorandomized order. Duration
f the stimuli was 500 ms. Inter-stimulus interval varied randomly
etween 2500 and 3500 ms.
f auditory stimulus. Single trials were discarded when associated i
ith head movements, eye movements or blinking. About 70 EEG
rials were accepted for each stimulus condition and for each
ubject.

To perform coherence and DTF analysis of the artifact-free
EG data, we preliminarily removed phase-locked activity (i.e.
uditory evoked potential) with a mathematical technique based
n weighted inter-trial variance calculation. Briefly, the procedure
as the following. A correction factor was calculated for each EEG
ingle trial by cross-correlation between the evoked potential and
he ongoing EEG of that single trial. This factor was used to weight
he subtraction of the auditory evoked potential from that EEG
ingle trial. A similar technique has been successfully used in
revious studies (Kalcher and Pfurtscheller 1995; Babiloni et al.,
004b).

stimation of functional coupling: analysis of EEG
oherence

EG coherence is a normalized measure of the coupling between
wo signals at any given frequency (Rappelsberger and Petsche,
988; Halliday et al., 1995; Babiloni et al., 2004a,c). The coher-
nce values were calculated for each frequency bin by:

Cohxy(�) � �fxy(�)�2

fxx(�)fyy(�)

hich is the extension of the Pearson’s correlation coefficient to
omplex number pairs. In this equation, f denotes the spectral
stimate of two EEG signals x and y for a given frequency bin (�).
he numerator contains the cross-spectrum for x and y (fxy), while

he denominator contains the respective auto-spectra for x (fxx)
nd y (fyy). For each frequency bin (�), the coherence value
Cohxy) is obtained by squaring the magnitude of the complex
orrelation coefficient R. This procedure returns a real number
etween 0 (no coherence) and 1 (maximal coherence). According
o current standards, the EEG coherence values were subjected
o hyperbolic tangent transformation to make the coherence val-
es Gaussian. Of note, the statistical analysis considered only
EG data from subjects showing coherence values above statis-

ical threshold posed at P�0.05, i.e. statistically significant coher-
nce values. The calculation of the statistical threshold level for
oherence was made according to Halliday and collaborators
1995), taking into account the number of single valid EEG trials
sed as an input for the analysis of EEG coherence.

Here EEG coherence was computed among EEG data recorded
t T3, T4 and Cz electrode sites (‘10–20’ international system). The
etween-electrode EEG coherence was calculated at ‘baseline’ pe-
iod (from �1000 ms to zerotime, zerotime being the auditory
timulus onset) as well as ‘event’ period (from zerotime to �1000
s). The computation of EEG coherence from data segments of
000 ms yielded a frequency resolution of 1 Hz. Frequency bands
or EEG coherence analysis were delta (1–3 Hz), theta (4–7 Hz),
lpha (8–12 Hz), beta (13–30 Hz), and gamma (31–42 Hz),
ccording to previous studies (Tiihonen et al., 1989; Gerloff et al.,
998; Mima and Hallett, 1999; Tecchio et al., 2003). For the
tatistical analysis, mean event-related EEG coherence (ErCoh)
ithin each band was used, namely the mean difference between
oherence at event and baseline periods. It should be stressed
hat the magnitude of ErCoh is usually smaller than the absolute
oherence values. However, it has the advantage to take into
ccount the inter-subject variability of baseline coherence.

stimation of the direction of functional coupling:
TF analysis

TF was used to estimate the direction of the information flow
etween left (T3) and right (T4) auditory cortices in the frequency
ands of interest. DTF is a multivariate autoregressive mathemat-
cal model that probes both spectral and directional features of the
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unctional coupling between two EEG electrodes (Kaminski and
linowska, 1991; Kaminski et al., 1995; Korzeniewska et al.,
003). For each possible direction, DTF yields a normalized value
anging from 0 (no directed information flow) to 1 (maximally
irected information flow). In the present study, two directions
ere considered: T3 toward T4 and T4 toward T3. DTF data
nalysis was performed in four steps: (i) computation of DTF for
ach direction in the baseline and event periods, (ii) computation
f event-related DTF, i.e. the difference between DTF during
aseline and event periods for each direction (event-related DTF),
iii) computation of the difference between the two event-related
TF directions (dependent variable used for statistical analysis),

iv) statistical analysis (see next section).

tatistical analysis

rCoh (dependent variable) between T3 and T4 sites for each
ubject was used as an input for two ANOVAs for repeated
easures. The first ANOVA analysis was focused on ErCoh as-

ociated with dichotic stimuli. The second (control) ANOVA anal-
sis was focused on ErCoh associated with monotic stimuli. The
actors for each ANOVA analyses were ‘Frequency distance’
near fundamental frequencies formed by A and B tones; distant
undamental frequencies formed by A and E tones) and ‘Band’
delta, theta, alpha, beta, and gamma). For control purposes, the
ame analyses were performed on ErCoh at T3-Cz and T4-Cz
lectrode pairs. The working hypothesis predicted a specific effect
n T3-T4 ErCoh of ‘Frequency distance’ for dichotic but not
onotic stimuli. We did not perform an overall ANOVA including
ll three electrode pairs and both dichotic and monotic stimula-
ions for two reasons: in the present case, the global number of
actors (3) and levels (2�2�5) would be too high with reference to
he amount of subjects (n�15). Furthermore, a unique ANOVA
ould have compared EEG variables related to the unpaired
ondition ‘number of ears stimulated,’ namely one in the monotic
ondition and two in the dichotic condition.

Event-related DTF (dependent variable) between T3 and T4
ites for each subject was used as an input for ANOVA for repeated
easures. The ANOVA design had two factors: ‘Dichotic stimuli’

near, distant) and ‘Bands’ (delta, theta, alpha, beta, and gamma).

RESULTS

oherence spectra

able 2 reports baseline and event absolute EEG coher-
nce values (T3–T4 electrode pair) and statistical thresh-

able 2. Statistical thresholds of coherence and mean coherence val

oherence at baseline Thre

elta Theta Alpha Beta Gamma Mea

ichotic near
.210 0.128 0.147 0.089 0.112 0.04
.020 0.014 0.019 0.016 0.015 0.00
ichotic distant
.192 0.152 0.137 0.098 0.100 0.04
.029 0.019 0.009 0.012 0.024 0.00
onotic near
.228 0.150 0.146 0.080 0.105 0.04
.019 0.019 0.007 0.006 0.005 0.00
onotic distant
.228 0.181 0.163 0.103 0.086 0.04
.033 0.030 0.017 0.012 0.019 0.00
Values refer to the four experimental conditions and to the five EEG bands.
lds (P�0.05, computed according to Halliday et al., 1995)
n the four experimental conditions (dichotic near, dichotic
istant, monotic near, and monotic distant). Mean baseline
oherence values were 0.215�0.025 in the delta band,
.153�0.021 in the theta band, 0.148�0.013 in the alpha
and, 0.092�0.011 in the beta band, and 0.101�0.016 in
he gamma band. On the whole, absolute coherence val-
es were relatively low in magnitude but above the corre-
ponding statistical thresholds (P�0.05) at both baseline
nd event periods. This was true for all EEG frequency
ands (see Table 2).

Fig. 2 illustrates across subjects (n�15) mean EEG
oherence spectra in baseline and event periods for the
ichotic and monotic conditions and for both near and
istant complex tones (T3–T4 electrode pair). Compared
ith the baseline, event EEG coherence increased at all

requency bands when the dichotic tone pair was consti-
uted by stimuli having distant fundamental frequencies
261 and 391 Hz, see left down panel), but not when the
ichotic tone pair was constituted by competing stimuli
aving near fundamental frequencies (261 and 293 Hz,
ee left up panel). In the monotic condition, there was a
lobal increase of EEG coherence in event period when
ompared with baseline period. This was true for both
istant and near fundamental frequencies of the tone pairs.

tatistical results relative to ErCoh values

epeated measures ANOVA analysis for dichotic stimuli
ointed to a main effect of ‘Frequency distance’ (F1,14�
.620; P�0.05) indicating that ErCoh between T3 and
4 electrode sites was lower with near (competing) than
istant fundamental frequencies of the tone pairs, re-
ardless frequency band. This result emerges in Fig. 3
howing across subjects (n�15) mean ErCoh values in
he dichotic and monotic conditions at all frequency bands.
f note, these ErCoh values were small in amplitude, as
xpected by the fact that they result from a difference
etween absolute coherence values at baseline and
vent.

seline and event

Coherence at event

ror Delta Theta Alpha Beta Gamma

0.188 0.122 0.135 0.080 0.120
0.021 0.021 0.021 0.018 0.006

0.214 0.189 0.151 0.104 0.117
0.021 0.022 0.008 0.021 0.017

0.240 0.152 0.141 0.093 0.103
0.016 0.022 0.012 0.003 0.003

0.195 0.163 0.145 0.118 0.104
0.029 0.030 0.020 0.021 0.022
ues at ba

shold

n�st. er

6
3

6
3

5
3

5
3

Second row for each condition reports standard errors.
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The specificity of the above statistical result was con-
rmed by no statistically significant effect found in the
NOVA analysis for the monotic stimuli (P�0.05).

As a control analysis of subjects’ attentional state,
epeated measures ANOVA with baseline alpha power as

dependent variable and ‘Condition’ as factor (monotic

ig. 2. Across subjects mean EEG coherence spectra (T3–T4) in the
ear and distant stimuli. Frequency bands of interest for further analys
amma (31–42 Hz). The subsequent statistical analysis was perfor
oherence.

ig. 3. Across subjects mean (�standard error) ErCoh values in
ichotic and monotic conditions. Each graph includes ErCoh values
btained presenting tone pairs having distant (non-competing) vs.
ear (competing) fundamental frequencies. Statistical analyses
howed that, in the dichotic but not monotic condition, there was a
s
ecrease of ErCoh when the dichotic stimulus was composed by
ompeting compared with non-competing tone pairs.
ear, monotic distant, dichotic near, dichotic distant)
howed no statistically significant effects (P�0.05). These
esults indicated that baseline spectral power in the alpha
ange did not significantly differ among the mentioned
xperimental conditions.

ontrol analysis for spatial specificity

n order to control for spatial specificity of the present
esult, we calculated coherence and ErCoh also for T3–Cz
nd T4–Cz electrode pairs. Fig. 4 shows coherence spec-
ra and mean ErCoh values between T3 and Cz as well as
etween T4 and Cz electrode pairs. It can be observed that
bsolute coherence values are higher than those between
3 and T4, due to a reduced distance between the elec-

rodes. However, no significant effects (P�0.05) were
ound in the ANOVA for either electrode pair.

escriptive and statistical results of DTF

egarding near dichotic stimuli, event-related DTF data
howed that, in seven subjects, T4 toward T3 direction
revailed over the opposite direction, especially at beta
nd gamma bands. In four subjects, the prevailing direc-
ion was that from T3 to T4 with a complex inter-individual
attern relative to the different EEG bands. The remaining
our subjects showed no prevailing direction between T3
nd T4 at most EEG bands.

Distant dichotic stimuli were associated with event-
elated DTF data showing that, in two subjects, T4 toward
3 direction prevailed over the opposite direction. In three
ubjects, the prevailing direction was from T3 to T4. In the
emaining 10 subjects, no prevailing direction was shown.
n all cases, there was a complex inter-individual pattern
elative to the different EEG bands.

The ANOVA analysis including the factors ‘Dichotic

and event periods for the dichotic and monotic conditions and for both
elta (1–3 Hz), theta (4–7 Hz), alpha (8–12 Hz), beta (13–30 Hz), and
ErCoh values, i.e. on the differences between event and baseline
baseline
is were: d
timuli’ (near, distant) and ‘Bands’ (delta, theta, alpha,
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eta, and gamma) showed no statistically significant re-
ults (P�0.05).

DISCUSSION

n the present study, we tested whether the inter-hemi-
pheric functional coupling between auditory cortices de-
reases during DL, as revealed by EEG coherence and
TF analyses. Results showed a decrease of inter-hemi-
pheric functional coupling across all frequency bands of
nterest when the dichotic pair was composed by tones
aving near (competing) than distant fundamental frequen-
ies tones. This was a specific effect, since no change of
nter-hemispheric functional coupling was seen when

onotic pairs with tones having distant or near fundamen-
al frequencies were presented and no change of coher-
nce was observed between control electrode pairs

ig. 4. Control analyses. Top: Across subjects mean EEG coherence
ear and distant stimuli. Bottom: across subjects mean (�standard erro
or the dichotic near and distant stimuli. No statistically significant effe
f the results regarding the T3–T4 electrode pair.
T3–Cz and T4–Cz). Furthermore, these results were not v
ue to uncontrolled changes of subject’s motivation and
ttention across the different conditions (i.e. dichotic near,
ichotic distant, monotic near, and monotic distant). In-
eed, the dichotic and monotic stimuli were pseudo-ran-
omized across the experiment. In addition, we observed
hat baseline alpha power (a reliable indicator of subject’s
ental state) remained stable throughout the conditions.
inally, the present results were not biased by uncontrolled
ariations of reference electrode. In the present study, the
timuli of the different conditions were intermingled, with
rief inter-stimulus intervals of 2500–3500 ms during EEG
ecordings. Therefore, it is unlikely that uncontrolled vari-
tions of the reference electrode occurred systematically
nd specifically together with dichotic and competing
timuli.

It should be stressed that the present EEG coherence

eft: T3–Cz; right T4–Cz) at baseline and event periods for the dichotic
values for T3–Cz electrode pair (left) and T4–Cz electrode pair (right)
own by these control analyses, thus confirming the spatial specificity
spectra (l
r) ErCoh
alues at baseline and event were somewhat low. This
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as due to the large distance between the two temporal
ecording sites at which EEG data for the coherence anal-
sis were recorded. It was also due to the preliminary
emoval of the auditory evoked potentials (i.e. neural ac-
ivity phase locked to the auditory stimulus) before the
omputation of the coherence, in order to investigate brain
hythms non-phase-locked to the stimulus (Pfurtscheller
nd Lopes da Silva, 1999). Previous findings have shown
hat EEG coherence between electrodes is inversely pro-
ortional to the inter-electrode distance (Thatcher et al.,
986). Furthermore, the preliminary removal of the evoked
otential is in line with recent guidelines on the study of
rain rhythmicity (Pfurtscheller and Lopes da Silva, 1999)
nd provides absolute and event-related coherence values

ower than those obtained computing the coherence from
vent-related potentials (Yamasaki et al., 2005). Finally, it
hould be also stressed that the present coherence values
ere low but statistically significant (P�0.05). Indeed, the
oherence values of each subject were significantly higher
han statistical threshold as computed with the procedure
uggested by Halliday et al. (1995).

In the present study, the dichotic effects on coherence
ere not specific for EEG frequencies. From a statistical
oint of view, the coherence at all frequency bands simi-

arly decreased during the DL of competing than non com-
eting tones. This result is at odds with the idea that the
ower of EEG at different frequency bands is associated
ith peculiar cognitive functions. In reality, there is no
eneral consensus on that idea. Previous evidence has
hown that sensorimotor, attentional, and memory pro-
esses are all related to the modulation of gamma power at
bout 40 Hz (Basar et al., 2001; Engel and Singer, 2001;
ecchio et al., 2003), but also to the modulation of beta,
lpha, and theta power (Klimesch, 1999; Pfurtscheller and
opes da Silva, 1999; Stam et al., 2002). It can be spec-
lated that cognitive processes are associated with the
arallel modulation of different EEG rhythms within proper
eural networks. The functional specificity of these differ-
nt EEG rhythms might be affected by the extension and
ind of the neural networks engaged (Pfurtscheller and
opes da Silva, 1999; Von Stein and Sarnthein, 2000. At

he present stage of research, it should be stressed that
ariations of EEG band power across the physiological
vents do not directly indicate the level of cooperation
mong nodes of the neural networks. Conversely, estima-
ion of functional coupling by EEG coherence or non-linear
echniques can roughly disclose the level of cooperation
mong cerebral areas (Babiloni et al., 2004a, 2004d). On

he whole, the present results indicate that DL is correlated
ith the functional coupling of right and left auditory corti-
es (functional coupling) as a function of the features of the
timuli (competing vs. non competing) and that such a
unctional coupling reflects a modulation of the EEG
hythms at all main frequency bands.

The present results extend previous DL evidence (Mil-
er et al., 1968; Sparks and Geschwind, 1968; Springer
nd Gazzaniga, 1975; Hugdahl et al., 1999; Pollmann et
l., 2002; Brancucci et al., 2004) by quantifying the func-

ional coupling of two auditory cortices for all main fre- w
uency bands of EEG spectrum. This represents a step
orward with respect to the simple evaluation of amplitude
nd latency of EEG or magnetoencephalographic activity
voked by dichotic stimuli. Furthermore, the present re-
ults complement previous behavioral evidence demon-
trating that small changes in the degree of competition
i.e. spectral overlap) between the dichotic tones signifi-
antly affect the magnitude of perceptual asymmetry.
amely, the higher the spectral overlap of the dichotic
timulus, the stronger the left ear advantage for complex
ones (Sidtis 1981, 1988) and the stronger the right ear
dvantage for linguistic sounds (Springer et al., 1978).
onsistent results have been obtained with subjects who
nderwent to temporal lobectomy and hemispherectomy
Berlin et al., 1973).

In the present study, we used DTF technique to inves-
igate whether the direction of estimated information flow
etween right and temporal electrodes was affected during
L. This technique has been successfully used for the
tudy of functional brain connectivity in previous studies
Kaminski and Blinowska, 1991; Kaminski et al., 1995;
orzeniewska et al., 2003). We observed no statistically
ignificant result at group level when event-related DTF for
ear (competing) vs. distant dichotic stimuli was com-
ared. During DL of near (competing) vs. distant dichotic
timuli, event-related DTF showed a prevailing direction
rom T4 (overlying right auditory cortex dominant for com-
lex non-verbal stimuli) to T3 in only seven of 15 subjects.
he remaining subjects presented opposite or no preferred
irection. At this stage of research, we had to reject the
orking hypothesis that directionality of information flow

rom T4 to T3 reflects the prevalence of right (dominant)
ver left auditory cortex during DL of competing dichotic
on-verbal stimuli. Indeed, such a prevalence of right
emisphere has been repeatedly demonstrated in several
ehavioral studies on DL of complex non-verbal tones
imilar to those used in the present study (Brancucci and
an Martini, 1999, 2003; Brancucci et al., 2005) but its final
eural substrate is an open issue. Future studies should
e-evaluate this issue using more sophisticated methodol-
gy for the estimation of rhythmical activity in auditory
ortex, such as high-resolution EEG or magnetoencepha-

ographic techniques.
On the whole, the present results agree with the ‘struc-

ural theory’ proposed originally by Kimura (1967). On the
asis of neuropsychological results, she suggested that,
uring DL, the contralateral neural pathway suppresses
he ipsilateral one. In line with this theory, commissuroto-
ized patients had no difficulty reporting words or conso-
ant–vowel syllables presented monaurally to each ear
Milner et al., 1968; Sparks and Geschwind, 1968;
pringer and Gazzaniga, 1975). In contrast, they failed to

eport items presented to left ear when the same stimuli
ere presented dichotically. The lesion of the posterior
art of the corpus callosum (splenium) prevented dichotic
ounds to left ear from reaching the left hemisphere via the

ndirect contralateral route (Pollmann et al., 2002). This
ndirect contralateral route going through the splenium

ould permit normal subjects to hear dichotic items in both
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ars, even if there is the typical advantage favoring the ear
ontralateral to the dominant hemisphere for that kind of
timulus. The present EEG coherence results extend the
forementioned ‘structural theory,’ in that the suggested

nhibition of the ipsilateral pathway may be associated with
drop of the functional coordination between the two

uditory cortical areas.

CONCLUSION

he present study focused on functional coupling between
ilateral auditory cortices and on possible influence of right
ver left auditory cortex during DL of near (competing)
ompared with distant complex non-verbal tones. It was
ypothesized that dichotic stimulation with competing
ones would induce an irregular functional coupling be-
ween the two auditory cortices, as revealed by a decrease
f EEG coherence and an increase of DTF from right
dominant) to left auditory cortex. The coherence results
howed that ErCoh between left and right auditory cortices
as generally low in magnitude, as expected by the fact

hat it derives from the difference between EEG coherence
t baseline and event-period. As a main result, ErCoh was
ignificantly lower for all EEG bands of interest during DL
f competing than non-competing tone pairs. This was a
pecific effect, since ErCoh did not differ with monotic
ompeting vs. non-competing stimuli. Conversely, the DTF
esults showed no influence at group level of right over left
uditory cortex during DL. These results suggest a de-
rease of functional coupling between bilateral auditory
ortices during DL of competing non-verbal complex tones,
s a possible neural substrate for the lateralization of
uditory stimuli during DL.

Future pieces of research should (i) test the generali-
ation of the present findings to other auditory stimuli such
s speech, environmental sounds or noise, and (ii) im-
rove the spatial sampling of EEG data for a source anal-
sis aimed at disentangling the role of primary and sec-
ndary auditory areas.
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