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Enhanced phase synchrony in the electroencephalograpp band for musicians
while listening to music
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Multichannel electroencephalograph signals from two broad groups, 10 musicians and 10 nonmusicians,
recorded in different statg resting states or no task condition, with eyes opened and eyes closed, and with
two musical tasks, listening to two different pieces of musiere studied. Degrees of phase synchrony in
various frequency bands were assessed. No differences in the degree of synchronization in any frequency band
were found between the two groups in resting conditions. Yet, while listening to music, significant increases of
synchronization were founahly in the y-frequency range>X 30 Hz) over large cortical areas for the group of
musicians. This high degree of synchronization elicited by music in the group of musicians might be due to
their ability to host long-term memory representations of music and mediate access to these stored represen-
tations.
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A major focus of the study of neuroscience is synchroni-tions in cognitive studie§4,8], but the results based on co-
zation between neurons, ranging from individual neurons tdierence depend on several factors like stationarity of the sig-
neuronal assemblies, within one or several areas of the braimal, segment length, number of segments, and reference
[1]. Any cognitive or higher information processing task is electrodes, to name only a fel@-11]. Since determining
invariably associated with the activation and cooperation ofhase synchronization between two electrodes is sufficient to
immense numbers of neuronal assemblies widely distributetifer whether the two cortical regions interact, we applied a
over the cerebral cortdi2]. Although modern imaging stud- different approach to measure the degree of phase syn-
ies are found to be extremely popular and useful in the lo€hrony, which was found to be useful for nonstationary neu-
calization of brain functiong3], they are not ideally suitable rophyS|.oIog|caI S|gnali.§1.2]. ) i
to detect cooperation among physically distant cortical areas. Music plays a very |mportan't and umver'sal role n our
ElectroencephalografiEEG) or magnetoencaphalogram sig- culture across races and countries. Yet music perception is a
nals have the potential to assess higher brain functionin omplex cognitive process involving different brain struc- .

. res dependent on various factors such as the type of musi-
especially when the measurement of the degree of synchr%—

RN . i al stimulus, musical experience, mode of listening, etc.
mzauon is of primary concer[ﬂ]. In general, an EEG §|gnal [13,14). Music, like other forms of expression, requires spe-
mvolyes a state-dependent mixture of Io(:adorg dominant cific skills for its perception and production. Both the orga-
functional segregationand global (more dominant func- i, 4tion and representation of these skills in the human brain

tional integration processes and is a reflection of cortical 5r¢ far from being understood. In this paper, we address this

neuronal assemblies showing a high degree of in-phase SYBroblem by comparing the degree of phase synchrony in

chronized firing[5]. Local phase synchrony can be detectedeeG signals between musicians and nonmusicians while

with microelectrodes by computing cross correlograms bethey were attentively listening to different musical pieces.

tween spike dischargefl]; global interaction has been The same type of analysis was performed during resting con-

shown to exist in the EE(#]. Recently, single-unit evidence ditions. Phase synchrony was measured for different stan-

for phase locking of oscillatory responses between widelylard frequency bands, which may reflect functionally differ-

separated cortical regions has also been repgfiedrhese  ent components of information processirid].

findings led to the hypothesis that phase synchrony might Here, we briefly summarize the essential facts related to

provide a platform for binding together different sensory at-phase synchrony and refer the interested reader to[ R&i.

tributes and for large-scale cognitive integrat[af. for detailed discussions. For two mutually coupled periodic

Detection of synchrony between two cortical regions fromoscillators, the phase dynamics can be formulated as

EEG signals is not trivial. It requires methods that are differ-

ent in principle from the correlation analysis applicable tod¢, do,

microelectrode studies. The popular way to detect synchro=g; — @1F 71f1(@1,¢2), = =wat mafa(da, 1), (D)

nization from multichannel EEG signals is coherence, which

measures the degree of linear association in the frequengyhere ¢, , are the phases of two oscillators, the coupling

domain. The coherence function finds many useful applicatermsfl’2 are 2 periodic, andz, , are the coupling coeffi-
cients. The generalized phase difference or relative phase is
defined as
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where F(-) is also 27 periodic. Generally, phase locking and the analog-to-digital precision was 12 bit.

requireg me,(t) —ne,(t) — | <const., where corresponds First, signals were detrended by fitting a polynomial of
to the average phase shift. Since in the present study signadgcond order and were divided into six frequency bamds:
came from the same physiological system, i.e., the brain(0.025-4 Hz, 6 (4—7 H2, « (7—13 H2, B8 (13—-30 H3, and

only 1:1 synchronization was considered here; thusn v (30-50 Ha. A sixth order IIR Butterworth filter was used
=1 and they are dropped for clarity. It is to be noted thatfor band-pass filtering. For each filtered signal, a nonover-
even for the synchronized state the relative ph@sis not  lapping window 6 6 s duration was used and, for each win-
constant but oscillates arourdand this oscillation ceases if dow, values ofp were measured considering all possible
the coupling functiorF depends ord only. combinations between the 19 electrodes. To compare the de-

For noise-free coupled oscillators, phase synchrony igrees of phase synchrony between the two groups of sub-
synonymous with frequency locking, but this is not the casgects, a normalization procedure was carried out to obtain
for coupled noisy and/or chaotic systems. Recently, it hasynchrony values comparable between near and distant elec-
been showr{17] that, for coupled chaotic systems, the ir- trode pairs. Giverp;; (p for electrode paii andj), let u;;
regular amplitudes affect phase dynamics in a similar fashioand »;; be the mean and variance computed from the set of
as noise; thus, both types of system can be treated within @onmusicians; the relative phase synchrony values are com-
common framework. For weak nois®, is not constant but  puted asri;=(p;; —,uij)/\/v—ij. If 0j=2.33(=—2.33), it can
slightly perturbed; phase slips af27 occur andd is stable  be inferred that the degree of phase synchrony between elec-
only between two phase sli48]. Thus, the relative phase trode pairi andj was significantly higher in musicians than
[®(t)] is unbound and the distribution df(t) mod 27 be-  nonmusicians(or in nonmusicians than musicians, respec-
comes smeared, but nevertheless unimodal. For strong anigely).
unbound noiséi.e., Gaussian noiggphase slips occur in an Figures 1a) and Xb), respectively, show the comparison,
irregular manner, so only short segments of nearly stablexpressed in terms ofr, between eyes closed and eyes
phase are possible and the relative phase difference seriepened conditions. In both conditions, no significant differ-
performs a random walKL7]; thus, the region of synchroni- ences were found in any frequency band in the degree of
zation is smeared and phase synchrony can be detected omiase synchrony between musicians and nonmusicians. Fig-
in a statistical sensgl2]. ure 2a) shows the profile of relative synchrony while both

To quantify the degree of phase synchrony between twgroups were listening to computer music. The most striking
signals{x; (t)}, the procedur¢l2] comprises the following feature is the clustering of all frequency bands except
steps:(i) compute the instantaneous phasggs(i=1,2) of  Further, only the synchrony in the band turned out to be
each signal by the analytic signal approach using the Hilberignificantly higher for musicians than nonmusicians. This
transform [9],  ¢;(t)=tan Y (S~ [x(7)/7(t—7)]d7)/ enhanced synchrony was found in many cortical regions.
xi(t)}, (i) find the relative phasé =|¢,— ¢-|, (iii) obtain  Figure 2b) shows the same profiles while listening to
the distribution function ofb mod 277 by suitable partition- Beethoven, which produces qualitatively similar results with
ing, and finally (iv) compute the indexp=(H,. the values ofo varying slightly topographically from those
—H)/H,.x, WhereH is Shannon’s entropy of the distribu- while listening to computer music.
tion function, andH,,,,=InP with P the number of parti- To approach the question of possible hemispheric domi-
tions. The degree of phase synchrony increases monotoniance during musical tasks, mean valuesp adbtained by
cally with p [19]. The primary substrate of synchrony in averaging over all possible electrode combinations within
neuronal populations is the existence of groups of neurongach hemisphere were plotted with time in Fig. 3. While
interconnected by mutual excitatory and inhibitory synapticlistening to both pieces of music, musicians showed clear
connectiong$5]. Thus, ifp between two signals coming from left-hemisphere dominance throughout the entire time course
two electrodes is high, the functional cooperation manifeste@f both pieceglistening to computer music, Mann-Whitney
by the synaptic connections between large populations ofank sum tesf22] Z=4.46, probability valugp<0.001, lis-
neurons in the associated cortical regions will also be hightening to BeethoverZ=3.80, p<<0.01). On the other hand,

In this study, 20 male subjects were included: musiciangn nonmusicians, right-hemisphere dominance was found.
(10 subjects with mean age of 25.7 yr with at least 5 yr ofNo significant differences in phase synchrony were found
musical training and nonmusician§l0 subjects with mean during resting conditions.
age of 25.4 yr without any musical trainihngEEG signals The special role of they-band synchrony in musicians
were recorded from 19 electrodes placed according to thwhile listening to music demands further attention. Musical
International 10/20 placement syst¢@0]. Average signals training on any instrument not only improves manual skill of
of both earlobes were used as referef2g]. All subjects both hands but also increases the ability to discriminate dif-
were instructed to listen attentively for several minutes viaferent sounds and to mentally follow and reconstruct acous-
earphone to musi@ piece of computer music by G. Martin, tic architechtonic structures. Any complex muflige those
and the sonata for violin and piano by Beethoven op. 12/1 considered in this studyis interwoven with a variety of
The total duration of each musical piece was 90 s. EEG'sxcoustic features such as pitch, loudness, timbre, melodic
were also recorded in resting conditions, with eyes openednd harmonic structure, rhythm, etc., in an intricate way.
and eyes closed, before, between, and after each musidsllusicians, certainly, have greater abilities to characterize
task. Their durations were the same as those of the musictiiese different elements than nonmusicians. Considering the
pieces that were played. The sampling frequency was 128 Herucial role of oscillations in they band in binding several
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FIG. 1. _Phase_ synchrqn_y for 10 musicians relative to 10 nonmusicians iMstening (a) and (b) to computer music anét) and(d) to Beethoven fofa)
terms ofo in resting conditions(a) eyes closed(b) eyes opened. Results  4n(c) musicians andb) and(d) nonmusicians. Results were averaged over
(averaged over windows, subjects within each group, and for all possibley sypjects within each group and all possible electrode combinations as
combinations for each electrodare shown in five frequency bands:  tqiows: within left hemispherésolid line), within right hemispherédashed
(marked byO), ¢ (marked byll), « (marked by+), B (marked byX), jine). |n musicians, the left hemisphere presents higher phase synchrony
andy (marked by *). Horizontal lines¢= +2.33) denote the 99% signifi-  than the right one; in nonmusicians, the right hemisphere is found to be
cance level; any value above the upper line indicates significantly highegnghﬂy dominant in the degree of phase synchrony.
degrees of phase synchrony in musicians than nonmusicians, and any value

below the lower line indicates higher phase synchrony in nonmusicians. In ation. which is based on much musical experience. Durin
resting conditions, the two groups are not different in terms of synchrony. pation, which | u usl Xper - puring

listening to music, in musicians, an extensive retrieval of
_eztored musical patterns from the memory takes place. This is
. o oL . nother possible reason for the high synchrony over distrib-
[1,23], these higher abilities for discriminating different uted cortical regions. The question of asymmetry between
acoustic features can be surmised as one reason for the hig(\t“b two hemispheres for listening to music is extremely com-
synchrony for musicians in the band, which is supposed t0 ey angd has been a matter of discussion for many years.

mtegra_tef the qurmagon a.sscl)?atﬁd with tnese VaroUusogay the general assumption on the lateralization of musi-
acoustic features in a dynamical fashi@d]. Further, atten- 5| apijities; derived mainly from studies on amusias, focuses

tively listening to any music is always connected to antici-o, the view that right-sided brain lesions mainly disturb the
melodic and left-sided the rhythmic aspects of musical se-

@ , Folative Phase Synchrony: Listening to Computer Music , quenceg25]. The asymmetry, as reported here, in the func-
6 . ] tioning of the two hemispheres for musicians was also estab-
o 4 . Tt e e P, . lished anatomicallyf26], where the planum temporale was
% ) — * L - x| found to be larger in the left brain in musicians. Moreover, it
H * E- has also been found from brain damaged patients that the left
@ g g:® ML brgideg i side of the brain is better equipped for hosting long-term
o — ‘ — . — — memory representations of mugi7].
0 2 4 6 8 oo 12 14 18 18 20 A few critical remarks may be raised. First, it is well
Phase , o known that they band has much smaller amplitude than the
RO — —— — @ or ¢ band and is therefore masked by these larger-
magnitude oscillations. Digital filtering and time-frequency
s T »v*-A*”_* I R ) 1 distribution based on wavelet transform are frequently used
§ S 7 x - a N for extracting the high-frequency low-amplitudeband ac-
& ol 0 g Gt @;_;:_Q;____;.-;d_f.g.. " g,_,g}_‘g'-‘31,2.12;13- 8.8 - tivity [28]. Wavelet based decomposition is ideally suitable
Ll LR ¥ * e for single-trial data, whereas in the present study music has
; . - : S T been treated as a continuous input for the entire recording
Fp1Fp2 F7 F3 Fz F4 F8 T3 G3 Gz G4 T4 T5 P3 Pz P4 T6 O1 O2 duration. Thus, the adopted scheme of filtering seems appro-

priate assuming that thg band represents a distinctive brain
FIG. 2. Phase synchrony for musicians relative to nonmusicians in termgiate. which can be operationally distinct and separable even

of o while listening to two different pieces of musi@ computer music by . . P
G. Martin, (b) Beethoven op. 12/1. Results were averaged as in Figed though the complete brain may be simultaneously active in

legend of Fig. 1 for identification markers of different frequency banihs other mOdeS; Secondl_V7 the QSCIllatlon can be contami-
both cases, phase synchrony was significantly higher for musicians and onfjated by various possible artifacts, mostly _bY_ muscles. Yet
in y the range. Note that increases were found over multiple cortical areagnuscle spectra are very broadband and it is known that
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muscle activity affects all frequencies abowe but in this  ways made between two groups of subjects performing the
study not even in3 were any differences between the two same tasks but not between different tasks within each
groups found in their degrees of phase locking. Further, thgroup.

enhancedy-band synchrony for musicians was still present T0 summarize, musicians’ brains show significantly high
when temporal electrodes were excluded from the analysighase synchrony in the band as compared with nonmusi-
Thus, these results tend to exclude muscle activity as aflans’ brains. This enhancement most likely is elicited by
explanation for these findings. Thirdly, the choserband Music because no differences were found between the two
may be criticized as too broad, since there are many repor@©UpPS at rest. Strangely, this significant increase of syn-

showing that the upper and lower bands play different Cnrony was found only in they band. Finally, the paper
roles in different cognitive statd@9]. Therefore, to probe demonstrates that musical training has significant impact on

. - ; ~the degree of functional cooperation among multiple cortical
the role of differente bands, we dividedr into three bands: . i
a1 (7-9 H2, a2 (911 H2, and a3 (11-13 Ha, and re- regions and once more demonstrates the usefulness of non

peated the whole study of phase synchrony for these thrégvaswe(and InexpensiveEEG in cognitive research.

bands for both groups. No significant differences were found We are thankful to Brigitte Rescher for technical assis-
with respect to any of these bands(figures not included for tance. The study was financially supported by the Herbert
brevity). It should be noted that these comparisons were alvon Karajan Centrum, Vienna.
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