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Abstract

Effects of Harmonic Expectations and
Musical Expertise on Auditory

Cortical Responses
- A Magnetoencephalography Study

Park Jeong Mi

Interdisciplinary Program in Musicody
The Graduate School
Seoul National University

The presenstudy investigated the effectd harmonicexpectationsand musical
expertiseon auditorycortical processingusing magnetoencephalography (MEG).
Numerousstudieshave demonstrated that musicaekperiences enhance auditory
cortical processinghowever,few studes have examinedhe effect of harmonic
expectations on auditory cortical processimdost studiesregarding auditory
cortical respnse enhancementhave investigated acousti@l sound witlout
harmonic contes as stimuli. Studies have demonstrated thdiarmonic
expectations arg@rocessed in the inferior frontal gyri and elicit an early right
anterior negativity (ERAN)however,the effect on the auditory cortdras rarely
been examined

The processing of auditory stimuli depends lboth afferent and effient



auditory pathwaysBehavioral studies haviaedicatedthat the chordsharmonically
relatedto the preceithg contextare more rapidly processélsan unrelated chords.
P2 the positive audiory-evoked potential at approximately 200 rissprincipally
affected by musical experiencand the source of P2 the associative auditory
temporal regionswith additional contributions fronthe frontal area.Based on
anatomical evidencef intercomectionsbetween the frontal cortex and the belt and
parabelt regions in thauditory cortex we hypothesizedhat musical expectations
would affectneural activities in thauditory cortewia an efferent pathway. To test
this hypothesis,we created five-chord progressions with the third chord
manipulated lfighly expected, less expected, and unexpected)nagasured the
auditoryevoked fields (AEFs) of seven musicians and severnmagicians while
they listeredto musical stimuli.

The resultgndicatedthat the highlyexpected chords elicited shorter N1m
(negative AEF at approximately 100 ms) and P2anm@gnetic counterpart of P2
latencies and larger P2m amplitudes in dloelitory cortexthanthe lessexpected
and unexpected chords. The relations betwBP@m amplitudedatenciesand
harmonic expectations were similar between the groups; hovibeeesults were
more remarkabléor the musicianshanthe nonmusicians. These findings suggest
that auditory cortical processing is enhanced by musical knowkeadjédongterm
training in a efferent pathwaywhich is reflected byshortened N1m and P2m

latencies and enhanced P2m amplitudes imtiti#tory cortex
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1. Introduction

Western tonal music has tearmonic hierarchy that evokes musical expectancy
along sequential chords. Thus, the same chords may be perceived to have different
relationshipsdepending on the harmonic context. For examiieB-D andC-E-
GO may be regarded aboth fia dominant(V) andtonic chord (Ip in a key of C
major andfia tonic and sbdominant chordIV)o in a key of G major(Poulin
Charronnat, Bigand, & Koelsch, 2006; Regnault, Bigand, & Besson, 2001)
Theseregularities establish musicsyntax, which has been reported to be
processed in rigHateralized structures in the frontal cortéx-G. Kim, Kim, &
Chung, 2011; Koelsch, Rohrmeier, Torrecuso, & Jentschke, 2013; Leino, Brattico,
Tervaniemi, &Vuust, 2007; Maess, Koelsch, Gunter, & Friederici, 20@tereas
the effects of the spectral properties of sound, training or experience, regardless of
musical context, have begmedominantlyassociatedvith subcortical regions or
auditory corticegBidelman, Weiss, Moreno, & Alain, 2014; Fritz et al., 2013;
Marmel, ParbenClark, Skoe, Nicol, & Kraus, 2011)The present question is
whether harmonic expectancies generated in the frontal cortex influence auditory
cortical processing inreefferent pativay.
However, nost previous studies on @itory cortical representatiorfsave
not focused on the effects of contakiey have focusedn the effects of training or

experienceNeuroscientificstudies haveindicatedthat auditoryevoked potentials,



including N1 (the negative component with a latency of approximateldDms)

and P2(the positive component witha latency of approximately 200 msg)for
soundsare enhanced byusical training(Atienza, Cantero, & Dominguddarin,

2002; Itoh, Okumiy&Kanke, Nakayama, Kwee, & Nakada, 2012; Kaganovich et
al., 2013; Pantev & Herholz, 2011; Pantev et al., 1998; Seppéanen, Haméalainen,
Pesonen, & Tervaniemi, 2012; Tremblay, Ross, Inoue, IMutahan, & Collet,
2014) musical expertis¢ltoh et al., 2012; Shahin, Bosnyak, Trainor, & Roberts,
2003) musical experienc&uriki, Kanda, & Hirata, 2006; Pantev, Roberts, Schulz,
Engelien, & Ross, 2001l)and the degree of consonan@toh, Suwazono, &
Nakada, 2003)

Behavioral studieshave siggestedthat harmonic expectations enhance
auditory processing.Previous khavioral studies havendicaed that tonal
expectations influence response tin@harucha & Stoeckig, 1986; Tillmann,
Janata, Birk, & Bharucha, 2008; Tillmann & LebrGuillaud, 2006) Tonally
expected chords are processed more rapidly ttier ohordgTillmann & Lebrun
Guillaud, 2006) and responseme patterns reflect chord ranking accordinghe
tonal structure, with faster processing for tonic chords, followed by dominant and
subdominant chord§Tillmann et al., 2008) Thesefindings mayreflect enhanced
auditory processings a result oharmonically expcted chords. Furthermoras
the auditory cortex(specifically the belt and parabelt regions of theditory
cortey is interconnected with the frontal cortédackett, Stepniewska, & Kaas,

1999; Kaas & Hackett, 2000harmonic expectations generated in the frontal



cortex(Maess et al., 200Tnight influence auditory cortical processing. Irstady

on musical perceptiorRlatel et al. (1997yeported that familiar musical tasks
activate both the left inferior frontal gyrus and superior temporal gyrus, and the
results indicate an interconnection between the frontal and temporal gyri in
processing music Marmel, Perrin, and Tillmann (2011)emonstrated that
cognitive tonal expectations modulate earlclpiprocessing by eliciting Nb / P1
complexes of different amplitudes. In additiodarmel, ParbenClark, et al.
(2011)reportedthat harmonic relationships inénce the auditory brainstem when
encoding chords. However, there has been minimal reseegehdingthe effects

of expectations according to harmonic context on auditory cortical representations.
Thus, the present study investigated the effects of mlusimtext on the auditory

cortical processing of sequential chords using magnetoencephalography (MEG).



2. Background

2.1. Musical Expectation

2.1.1. Musical Expectation and Behavioral Research

Western toal music has harmonic rules or syntakich may be defined as a set of
principles that govern the combination of discrete structural elements into
sequenceglackendoff, 2002)Experienced listene obtain implicit knowledge of
these rules which provoke expectations in their mirsd (Meyer, 2008)
Expectancies built bgxtensive experienceith Western toal music reflect the
learned mental representation of tonal relationships, or tolilaéitgo et al., 2007)
Tonality refers to the organization of pitches in a way that one central pitch
or chorddominates and attracts the otlpiiches or chordsand providesnames to
the ke, such as dnic (I), supertonic(ll), and mediant(lll) (Bharucha, 1984;
Bharucha & Krumhansl, 1983The tonic note, the first note in the diatonic scale
(major and minor scalewhich consistof 7 tones is in the center of Western
tonality, which consiss of 12 tones Fig. 1 preserd a slightly idealized
configurationthat displays the psychological distance among idhes C, C#, D,
D#, E, F, F#, G, G#, A, A#, B,&Jrom C. Four tonesn the corgorm the tonic

triad in the key of C majoand tones within the second level becohme diatonic



scale (major or minor). The tones in tinird level are oubf-key notes in the key

of C major.

Figure 1. Idealized threalimensional conical configuration for thirteen pitches to

t he 6CO6 Krunhamsl, (979 o m

In Western musichieory chords are formed by tlaldition of thethird and
fifth notes on each diatonic scale note, whidmpriseseven chordunctions
referred to alkoman numeralsuch ad, I, Ill, 1V, V, VI, and VII. Among the
seven chordunctions, atonic chord (I) built on the tonic notés perceivedasthe
most stableA dominant chord (V) on the fifth note is regarded as tersieating,
demanding redation to the stable state of a tonic chord ((Leino et al., 2007)
Thus, the progression &/ i 10is referred to asn authentic cadencparticdarly

at the end ofa musical phrasewhich arouse strong expectancieshe tonic,



dominant, and subdominant cherdV; built on the fourth nofeare the core of
every keySimilarly, seven chords havadir own functions in each key.

Fig. 2A shows severchords in the two keys of C major and F# major
respectively There is no common chord between the two keys of C major and F#
major. All chords in Fig. 2 are major trigdwhich areconsonantin Fig. 2B, the
psychological distances betwe#me chords arerepresented as spatial distances
(Bharucha & Krumhansl, 1983venin the absence of @ontext, the fundamental
three chords (I, IV, and V) are close to eacteofffrig. 2B). However, if a context
is presentegbrior to a target chord, the chords the same keypecome closer to
each other, whereas the choidshe dfferent keys become farther apgffig. 2C)

(Bharucha & Krumhansl, 1983)
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Figure 2. Fourteen chords in the kepf C major and F# major and psychological
distancedetween the chords with/withoabntext from Bharucha & Krumhansl.,

1983)

A chordcan prime tonality, which affestthe reaction time for processing
the following chords. For a task of-inne/outof-tune decision, the reaction time

was faster when related than wherralated (Bharucha & Stoeckig, 1986Yhe



harmonic contexthatconssts of a chord sequengeimes the processing of chords
in accordance witthecont e x't and induces expectatio
(Bharucha & Stoeckig, 1986 he pocessing of the-chord endings with the
relationship ofthe fifth (i.e., GB-D & C-E-G) was affected by the previous
musical contextincluding 6chord sequencddillmann & LebrunrGuillaud, 2006)
because the-2hord endings with the relationship thie fifth may be an authentic
cadence depending on the previous malstontext which is highly expectedn
this case (expected), the reaction timge faster than the other (unexpected)
(Tillmann & LebrunGuillaud, 2006) The reaction time patterns reflect the
harmonic hierarchy: Processing is the fastestlfdollowed by Vand then IV
(Tillmann et al., 2008)Schmuckler and Boltz (1994 portedthat harmonic and

rhythmic variation also influenced the reaction times of musical processing.

2.1.2.Musical Expectation andNeuroscientific Research

We may perceive the same chotdsbe different in accordance withe musical
context or musical syntax. Fexample a C major chord F major chordnay be
regarded as the dominant (WYonic chord (l),the secalled authentic cadence, in

the key of F major anthay alsabe regarded as the tonic (Isubdominant (1V) in

the key of C major. The former is more stable than the latter according to musical
context however,they areacoustically the saméoulin-Charronnat et al. (2006)

investigatedthe brain responses forede types of musical stimuli using event



related potentials(ERPs) They deternined that an N8Hike frontal negative
component was larger for subdarant thartonic chords and attained significance
only in musically expert listeme (PoulinCharronnat et al., 2006n some cases,
the early right anterior negativity (ERAN) was followed by an (§®elsch, Gunter,
Friederici, & Schroger, 2000; Loui, Greittlong, Torpey, & Woldorff, 2005)
which has been interpreted as reflecting the integrationusical events into their
tonal context(Koelsch et al., 2000Most studies on harmonic expatibns have
demonstrated that the processing of harmonic expectations is associatéitewith
frontal cortex(Koelsch et al., 2000; Koelsch et al., 2001; Maess et al., 2001)

Many neuroscientifistudies have repodethat an ERANwith a latency of
approximately180 ms overthe right anterior electrode sites elicited when a
harmonically unexpected chord is he&® H. Kim et al., 2014; SG. Kim et al.,
2011; Koelsch et al.2000; Koelsch, Jentschke, Sammler, & Mietchen, 2007;
Koelsch & Sammler, 2008; Koelsch, Schmidt, & Kansok, 2002; Maess et al., 2001)
Koelsch et al. (2000ndicatedthe violation of harmonic expectancy to be reflected
in the ERP as an ERAN and thegpessing of musical integration to be reflected as
a latebilateral negativity (N5)An ERAN was elicited by irregular chords under
both taskrelevant and taskrelevant conditiongKoelsch et al., 2007)

The ERAN occurs at an early latency (1880 ms after stimulus onset) and
is maximal over anterior regions of the scalp with a tendency to be lateralized to
the right(Leino et al., 2007)The source ofthe MERAN (the magnetic counterpart

of the ERAN) wagletermined o b e i n realiBA44Bwhiohdsaetatedioa



producing language and processsymtax,using MEG and its right hemispheric
homologue with a tendency towards rightemispheric dominanc@Vaess et al.,
2001) Other studies have reported that the response elicitead Haymonically
inappropriate chordccurredfound bilaterally(Leino et al., 2007; Loui et al.,
2005) Thus, a similar nomenclature of EAfthe early anterior negativityhas
recently been adopted to designate the aorapt associated with processing
musical syntax or harmony and elicited in the frontal freai et al., 2005)

Patel, Gibson, Ratner, Besson, and Holcomb (1888)rtedthat outof-key
target chords elicited a positive ERP component with a maxiat@gproximately
600ms (P600) and right anterior temporal negativity (R Tafter onset. The P600
component has beeshownto be elicited by harmonically unexpected events
(Besson & Fata, 1995; Besson, Fata, & Requin, 1994; Besson & Macar, 1987;
Levett & Martin, 1992)

The P3 componemvas largerin responsdo the less expectathord (V) than
the most expectedhord (1) (Regnault et al.,, 2001)The P3b was largesh
responsdo unrelated chordg$ollowed by minor chordswhereas it wasrsallest
in responseto tonic chords(Janda, 1995) The diversity of the observed
components suggests that tonal expectations modulated perception at several

processing stagéMarmel, Perrin, et al., 2011)



2.2. Musical Expertise and the Brain

A musicianbés brain has been regarded as
(Sittiprapaporn, 2012)Most musicians started playing musical instrumeatta
very early age and continue practie intensively for a very long period of time.
Intensive music training foa longterm periodhas a substantial influence on the
brain (Sittiprapaporn, 2012)Learning to play an instrument is a highly complex
task that involves the interaction of several modalities and sophisticated cognitive
functions and it results in behavioral, structural, and functional charigethe
brain(Herholz& Zatorre, 2012)

Previous studiehavedemonstrate that musicianship enhances functional
plasticity across multiple sensory modaliti¢sat benefit a wide range of
perceptuaktognitive capacitiegHerholz & Zatorre, 2012)Musicianship may
cause neurplastic changes ithe brainstem and cortical structures, as well as
improved acuity for behaviorally relevantuwsuas including speech, which may
result in linguistic advantagdB8idelman et al., 2014) Musi ci ans 6 subcor
cortical neural enhancemertitave beerorrelated with thir years of formal music
training(Bidelman et al., 2014Although the effects of musical training oartical
representations may be larger if trainiisginitiatedin childhood, the adult brain
mayalso changé€Trainor, Shahin, & Roberts, 2003)

Learning or trainingreats physiological changes in synaptic transmission

which occurin the nervous systerfLamprecht & LeDoux, 2004)The changes



may be explained byHebbian learning rulesfwhen an axon of cell A is
sufficiently rear to excite celB and repeatedly or persistenfgrticipatesn firing

it, a growth process or metabolic changgcursin one or both cells such thAts
efficiency, as oe of the cells firingB, is increaseal (Hebb, 1949) The brain
plasticity gained by learning or trainingmay be explained by longerm
potentiation (LTP)which is a persistent strengtheningsghapse$Cooke & Bliss,
2006) In general LTP is considered one of the major cellular mechanisms that
undelie learning and memor{Bliss & Collingridge, 1993; Cooke & Bliss, 2006)
and isimportantfor rapid learning.

Previous ERPstudies havereported thatnonmusicians can process
harmonic regularitiegKoelsch et al., 2000; Koelsch, Schroger, & Gunter, 2002)
However, other studies have indicatbat less salient harmonic irregularities are
processed only by musically expert listen€koelsch, Schroger, et al.,, 2002;
PoulinCharronnat et al., 2006y he ERAN has beeshownto belarge in musical
experts thamovices(Koelsch, Schmidt, et al., 2002nd amateur musicians are
slightly more sensitive to musical irregularities than smaumsiciangKoelsch et al.,
2007) Moreover, a N5like frontal negtive component for musical expectations
attained significance only in musically expert listen@sulinCharronnat et al.,
2006)

Highly skilled musicians alsoexhibit enhanced auditory cortical
representations (N1) for musical timbres associaitigtal their principal instrument

comparedwith those associatedith other instrument¢Pantev et al., 2001)he



effect maybe interpreted as uskependent plasticityn which more neurons were
involved in representing and processing the musical sounds produced by their
principal instruments or that neurons servitigese functionsfired more
synchronouslyPantev et al., 2001)

Previous studies have demonstrated thaP2 amplitude was enhanced by
various types of auditory trainjnexperiencesincluding music and speedound
training (Kuriki, Ohta, & Koyama, 2007; Shahin et al., 2003; Tremblay et al.,
2014) The P2 amplitude increased across repeated EEG sessioal form a
type ofaudtory training and this effectvasretained for monthéTremblay et al.,
2014) The P2m amplitude for successive stimwas significamly larger in
musicians than nemusiciangKuriki et al., 2006)

Moreover the P2 amplitudes are largém musiciansthan normusicians
(Pantev et al., 2001; Shahin et al., 200Rgcent neuroscientific studies have
highlighted the effect of musical expertise on pitch processing by showing that
musicians have better pitch encoding than-mursicians at the subcorticavel of
the brainstenfMusacchia, Sams, Skoe, & Kraus, 2007; Wong, Skoe, Russo, Dees,

& Kraus, 2007)

2.3. Music and Auditory Cort ical ResponsegN1 & P2)

While previous studies on the cognitive processing of musicluding harmonic

expectations or musical syntaxavereportedit to be associatedith the frontal



area or ERANmost studies oauditory catical responses for music have mainly
reported the processing D acoustical features for auditory stimuli @n

enhancement of perceptual processing by musical training or expertise.

2.3.1. Auditory Cortical Responses

The auditory P1 component dominates the ERP response to auditory stimuli in
early childhood has alatency of approximately 100 ms and originates from the

|l ater al port i orfPonoh, EddermoathKwdrg, &gDom, RGOO;
Sharma, Kraus, McGee, & Nicol, 1997; Wunderlich, Givesson, & Shepherd,
2006) The auditory P1 is followed by the Niwhich is generated withithe
primary and secondary auditory does (Habibi, Cahn, Damasio, & Damasio,
2016; Naatanen & Picton, 19870he development of the central auditory pathway
leads toa decreasdn the P1 amplitude and latency aad increasein the N1
amplitude, which is completed by young adulth@bdbibi et al., 2016; Ponton et
al., 2000; Shahin, Trainor, Roberts, Backer, & Miller, 2010; Sharma et al., 1997;
Tierney, Krizman, & Kraus, 2@t Wunderlich & ConaNesson, 2006)

Mismatch negativity (MMN) is a brain response to violations of a rule
established by a sequencd sensory stimuli, particularlyauditory stimuli
(Saarinen, Paavilainen, Schoger, Tervaniemi, & Naatanen, 1RB2N is elicited
by sudden changes in stimulatiandpeaks aapproximatelyl00-250 ms fronthe

change onset irthe temporal and frontal areaSams, Paavilainen, Alho, &



Naatanen, 1985) MMN refl ects t he brainos abil it
comparisons between consecutive stimuli and provides atragkygsiological
index of €nsory leaming and perceptual accura¢@arrido, Kilner, Stephan, &
Friston, 2009)
The robustness dghe P2m response to repetitive stimulaybe related to
object analysis in the fwhwahe@asNi/Himhway of

responses gy be related to spatial analysis thei wher ed0 pat hway of

Fal)

information (Jaaskeldinen et al., 2004; May et al., 1999; Rauschecker & Tian,

2000; Romanski, Bates, & Goldmdtakic, 1999)

2.3.2 Auditory Corti cal Responsedy Acoustical Features

Harmonically incongruous chords elicit an ERAM)ereasmistuned chords elicit
a bilateral frontecentral negativity (the mismatch negativity, MMRDeino et al.,
2007) In general, MMN is consideredto be elicited by physical or abstract
deviants(Koelsch, 2009; Saarinen et al., 199Phus the generadn of MMN is
based on representationstioé regularities ofelationships between sounds that are
extracted from the acoustic environmé@rbelsch, 2009)
Acoustical feature$or simultaneous sounding tonesthe complexity of a
tone orharmonics are mainly associated with P2. The auditory P2 is a positive
potential generated at approximately 200 ms irrdlggonl at er al to Heschl ¢

in the secondarguditory corteXPantev, Eulitz, Hampson, Ross, & Roberts, 1996;



Picton et al., 1999; Scherg, Vajsar, & Picton, 1989; Shahin, Roberts, Pantev,
Trainor, & Ross, 2005)P2 amplitudesare significantly modulated byhe pitch
interval of dyads,and they aremost negativefor 1 semitone (minor second,
dissonance) and most positive for 7 semitones (perfect fifth, consor{#tnbegt
al., 2003)

The dipole moment of P2nithe magnetic counterpart of P2wvas
significantly larger for chord tones than single torfisariki et al., 2006) P2m
activity may be specializefbr the processing of multifrequency soundach as
musical timbrehatconsiss of abundant harmonid&uriki et al., 2006)

Lutkenhoner, SeithelPreisler, and Seither (2006)eportel that N1
componentsvere also increasdd pianotones compared witkine tonesHowever,
Shahin et al. (2005Jemonstrated that there was no differencn@N1 amplitude
to instrumental tones compareith sine tonesin contrastthere was difference in
the P2 amplitudealthoughonly in musicians

The P2enhancement ispecific to the instrument of practig€hahin,
Roberts, & Trainor, 2004Early musical experience may account for the timbre
specific P2 and N1 enhancements that weesentfor the instrument for practice.
P1, N1, and P2 enhancements in young music studenmetteminately a result

of their musical experieng&hahin et al., 2004)



2.3.3. Enhancementof N1 and P2by Training

TheauditoryN1 andP2 compnentsreflectthe processing of stimulus featks that
may be modulated by factors such asktdemandgPantev & Herholz, 2011)n
general P2 has beenansidered to be an automatic respong@ch is modulated
only by the stimulushowever,it has been reporteithat its latency and amplitude
are affected by learning and attentional procegkappe, Trainor, Herholz, &
Pantey 2011) Crowley and Colrain (2004uggested that P2 activity may reflect
auditory processing beyond sensatidviost studies have indcated that P2
amplitudes are largén musicianghan noamusiciangPantev et al., 2001; Shahin
et al., 2003)

In the preceding chapter, the enhancement of Pibaomd withabundant
harmonics wasliscussedin particular, the effect is moregemarkable in musicians
than nommusicians (Pantev et al., 1998; Shahin et al.,, 200bhe P2/P2m
amplitudes for musical timbre are also increased by musical exptiski et al.,
2006; Shahin et al., 20Q3)he auditory cortical strength (N1 drP2)of musicians
was larger for piano or instrumental tortesn for pure toneswhereas there was
no significant difference betweehetwo types of toesin nonmusicians(Pantev
et al., 1998; Shahin et al., 2009)he N1 response is also enhanced by timbre
training. Pantev et al. (200Xeported that N1 apilitudes were increased ftine
timbres of the instrument of training in violgts and trumpeter&aganovich et al.

(2013) discoveed that musicians had larger N1 and P2 compsnauit only in



musical sounsl but alsoin other complex soundsuch as voice and artificial
sounds.

The difference between musicians and namusicians in auditory cortical
responsesnay originatefrom their innate factorshowever, they mape primarily
affected by musal training or experience?revious studies haviedicatedthat
musical training enhansethe sensory encoding of musical soundsereby
eliciting increased amplitudeof the N1 and P2 ERP components in musicians
compared withithose innon-musicians(Fujioka, Ross, Kakigi, Pantev, & Trainor,
2006; Pantev et al., 1998; Shahin et al., 2003; Shahin et al.,. 200giy training
enhances rapid neural plasticity of N1 and P2 source activation for unattended
sounds, whih indicates faster auditory perceptual learning in musicaegpanen
et al., 2012) The P2/P2m amplitude is larger in musiciath&n nommusicians
howeverauditory training enhances this component in-marsiciangKuriki et al.,
2006; Shahin et al., 2003)yhe P2 amplitude is enhanced by trainingatoustic
discrimination with complex sound#tienza et al., 2002; Reinke, He, Wang, &
Alain, 2003; Tremblay et al., 2001)

Musiciansalso exhibiedalarger MMN amplitude in response to changes
chords, melodyand rhythm(Brattico, Tervaniemi, N&atédnen, & Peretz, 2006;
Koelsch, Schroger, & Tervaniemi, 1999; Vuust et al., 2008sic training
influence on the early auditory cortical representation of pitch transitions as
indexed by secalled chang&1s, whichwere more posterior in scalp distribution

(Itoh et al., 2012)In general, he enhancement effactvere rightdominant at



temporal electrode sitd#toh et al., 2012)Musicians have been reported to have
enhanced N1/N1m for musical stimfantev et al., 1998; Shahin et al., 2003)
Atienza et al. (2002)emonstrated an enhanced P2 at 24 hours after training and an
enhanced MMN at 36 hours afterihing. Musical training may influence brain
processing over time.

The instrumental sound for logrm trainng may activate many more
regions in the brain thasther soundsAccording to an fMRI study, when listening
to areal musical piece (J.S. BachrBta) played on the instrument of expertise (i.e.,
when violinists listened to violin music and when flutists listened to flute music),
an extensive cere#r network of expertise, including the BA 44uditory
association cortex, and precentral gymnwss identified comparedwith when the
same piece was playesh an instrument of norexpertise (i.e., when subjects
listened to music played @an instrumentotherthanthe one they plgy(Margulis,
Misna, Uppunda, Parrish, & Wong, 200%herefore, the effect of musical training
on the auditory cortical responsebould beinvestigatel in the context of the

interactiveneurl network.

2.4.The Efferent Pathway

The processingof auditory stimulidepends orthe integrity of theafferent and
efferent auditory pathway¢Burguetti & Carvallo, 2008) Among the largest

pathways in the brajrdescending projections from sensory areas of the cerebral



cortex play an importantole in subcorticalprocessing(Bajo, Nodal, Moore, &
King, 2010) Subcortical and cortical processirdynanically interact in an
experiencalependent mannein auditory information perception(Bajo et al.,
2010; Tounopoulos & Kraus, 2009)

Previous behavioral studies havindicated that tonal expectations may
influencemusic perceptiofiBigand & PoulirCharronnat, 2006; Krumhansl, 2001;
Tillmann, Bharucha, & Bigand, 2000Marmel, Tillmann, and Dowling (2008)
reported the behavioral result that tonal expectations influguitch perception
even athe perceptual processing stage.

Neuroscientific research has aldentifiedthe effect of musical knowledge
or expectation®n auditory processing in the efferent pathwdgrmel, Perrin, et
al. (2011)reportedthat cognitive tonal expectations modulated pitch perception
with adifferencein an Nb/P1 complex or N2/P8nplitude betweaetonally related
and lesgelated conditionsThe N1 was largest fadominant note among notes in
a diatonic scalevith the excepton of a tonic notg(Krohn, Brattico, Valimaki, &
Tervaniemi, 2007)When fivenote melodies were simultaneouglyesentedn the
visual and auditory modalities, the N1 wdarger for an implausible than plausible
note in terms oftonal expectations(Schon & Besson, 2005)Context and
familiarity enhancedhe MMN amplitude and musical expertise shorteribd
MMN latency for pitch prception under prattentive conditions(Brattico,
Naatanen, & Tervanimi, 2001)

Accordingto previous auditory brainstem researbigher spectral response



magnitudesexist in the harmonically related than in the unrelated or repeated
conditions forboth musician and nemusicianlisteners(Marmel, ParbenClark,

et al., 2011) The result suggested that listedémplicit knowledge of musical
regularities influence subcortical auditory processing via an efferent pathway
(Marmel, ParbenClark, et al., 2011; Tzounopoulos & Kraus, 2009)

Previous anmmical studies have showrpnnections betweeprefrontal
and auditory cortices (Hackett et al., 1999; Kaas & Hackett, 2000An fMRI
study reportedhat activation fora familiarity music task occurredin the left
frontal gyrusand superior temporalkreas(Platel et al., 1997)Thus, even if
harmonic expectationsay be primarily processed in the frontal arehstelicit an
ERAN (Koelsch et al., 2000; Maess et al., 2Q0&xpectationsmay affect
processing at the lower leveiscluding theauditory cortexand subcortical regions.

Among auditory ERPs, P2 is the most affected by musical training or
experti®. Previous studiehave indicatedthat the P2 component isrger in
musically trained participantddnin nontrained participantand have suggested
that he P2 componentis pincipally neuroplastic of the cortical sound
representation affeetl by auditory experiencéShahin et al., 2003; Shahin et al.,
2004; Trainor et al., 2003The source of P the associative auditory temporal
regions with additional contributions fronthe frontal area(Bishop, Anderson,
Reid, & Fox, 2011; Tremblay et al., 200BJthough P2 is principally affected by
musical experience, few stied have examinedhe effect of musical expectations

on P2.Therefore,we aimed to investigate the effect of harmonic expectations on



auditory cortical responsgsarticularlyP2musing MEG

2.5. Magnetoencephalography

MEG is anoninvasive techniquthat detects the magnetic fisldgroducel by the
electrical current of neonal activity withmultichannel superconducting quantum
interference device (SQUID) gradiomet@simalainen, Hari, Ilmoniemi, Knuutila,
& Lounasmaa, 1993When he brain is processing information, extremely small
currents flow in the neural system and generate a weanetic field which may
be measured by a SQUID magnetometer set outside the(iknfidlainen et al.,
1993)

Various inmaging methodsfor the human brairhave becomeavailable
(Martin & Pechura, 1991Brain structuresnay be explored via@omputerassisted
X-ray tomography (CT) and magnetic resonancagng (MRI). Brain functions
may be investigated with singlghotoremission computed tomography (SPECT)
and positroremission tomography (PET). #ovel echeplanar techniquenables
functional imaging with MRI (fMRI)with a onesecond time resolutiofBelliveau
et d., 1991) These methodologies enable brain research to explore brain structures
and functions without opening the skutbweverthe participant is expodeo X-
rays, raibactive tracers, atrong static magnetic fieldslamalainen et al., 1993)

Electroencephalography (EEG) is the measurement ofrielgmbtential

differences from electrodes on the scalp. MEG and EEGelatedin terms of



their measuementof signals generated by the same synchronized neuronal activity
in the brain(H&méalainen et al., 1993 he time resolution of MEG and EEGirs
the millisecond rangewhich is a strong advantagefor inspecting the raid
changes in cortical activitigglamalainen et al., 1993Anotherprincipal benefitof
MEG and EEG igheir noninvasiveess

The MEG equipment utilized in the present experiment was i386nel
whole head MEG system (VectorView, Elekta Neromag Oy, Finland) with 102
identical trige-sensor elementsEach sensor comprises two orthogonal planar

gradiometers and one magnetometethe same wafer.



3. Objectives and Hypothesis

The present studgimed at identifyinghe effects of harmonicontext and musical
expertise on the auditp cortical processing of sequential chords ud#tgG The
hypothesis was that harmonically expected chamisid enhance auditory cortical
responsesandthatthe effectwould bemore remarkable in musiciatisanin non

musicians



4. Methods

4.1. Participants

Fourteen subjects, including seven female musicians (egag SD, 23.6 £ 10.91
years) and five female and two male fraosicians (mean age + SD, 20.4 + 1.72
years) participated in the experiment. The study was approved by the Ethics
Committee of Seoul National University, Korea. All of the participants signed
informed consent forms in accordance with the Institutional Review Board, and the
experiment was performed in accordance with the Declaration of Helsinki. The
participants were rigrhanded and had Edinburgh Handedness Inventory scores
exceeding 79%. The participants in the musician group had majored in piano,
violin, and composition and had spent an average of 25,370 hours (minimum of
19,580 hours) studying music throughout theiedi, whereas the participants ie th

non-musician group had taken less ti&® hours of formal music lessons.

4.2.Stimuli

The harmonic progressions used in the experiment consisted of five chords and a
rest. The durations of the first to fourth chovasre 800 ms, the fifth chord lasted

1,200 ms, and the rest (silence) lasted 400 ms. Each chord wajeranmad (e.g.,



C-E-G and GB-D), representing a consonance. The standard progressidni Wwas

T Vi Vil We manipulated harmonic expectations & third trigger (T3) to
create three conditions with different degrees of harmonic expectancie8)Fig.
First, a dominant chord (V) at T3 was highly expected. SecaiNkapolitan &
chord (N F-A*-D* in the key of C majgrat T3 was less expected thalominant
chord but remained plausible becat¥gunctions as a predominant chord (before
V), which is similar to a subdominant (IV) chord according to Western traditional
music theory, although®has two oubf-key notes. Third, a flatted mediant ctior
(Il at T3 wasunexpected and implausible in the musical context, althelligh
had two outof-key notes similar to N A dominant (V), Neapolitan'&N®), and
flatted mediant chord:I{l) at T3 are all consonances, as major tridul®, have
different eypectancies depending ¢time musical context. The three types of stimuli
were transposed into 12 keys, and each sequence was presented five times in a

pseudorandom order to avoid repeating the same keys twice in a row.
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Figure 3. (A) Stimuli. At the 3¢ trigger (T3) of a chord progression, a dominant
chord (V) was highly expected, a Neapolitan chor) (Mas less expected, and a
flatted mediant chordl(l) was unexpected based on the musical context. T2 and T5
were identical tonic chords (I), although T2 was repeatedly presented after the
previous chord (T1) and T5 was strongly expected because the final two chdrds (V
I) built a perfect authentic cadce. (B) Stimuli sequence. The three stimuli types

were transposed into 12 keys, and each progression was presented five times in a



pseudorandom order to avoid repeating the previous key. Thus, T1 could not be

expected and T5 was strongly expected.

Although T1, T2, and T5 were identical as tonic chords, T2 was simply a repetition
of T1, and T5 was presented with strong expectations because T4 and T5 built a
perfect authentic cadence (V1) (Fig. 3). T2 was superior to T5 in terms of
acoustic similaritiedetween previous chords, whereas T5 was superior to T2 in
terms of harmonic expectations. Thus, the former (acoustical similarities) is related
to a bottomup process, whereas the latter (harmonic expectations) is related to a
top-down process. Hence, amparison between the effects of T2 and T5 helps

untangle the two types of processes.

4.3.Procedures

The patrticipants sat in a magnetically shielded room listening to the musical stimuli
at a sound pressure level of approximately 60 dB using a STIMstmy
(Neuroscan, Charlotte, NC, USA) via ME®Bmpatible tubalnsert earphones
during the MEG recording. Before the experiment, the participants were instructed
to stay awake and to view a fixation cross at a comfortable distance to reduce
retinal movementwhile the evoked magnetic fields were being recorded. Two
sessions were conducted, and in each session, the participants listened to 180

sequences consisting of five chords. Participants wanting to rest between the



sessions were allowed to do so. Eaclthef two sessions lasted approximately 11

minutes.

4.4.Magnetoencephalography Recordings

AEF recordings were acquired using a @b@nnel wholdhead MEG system

(VectorView, Elekta Neuromag Oy, Helsinki, Finland) at the Seoul National
University Hospital This system measured magnetic field strength in 102 locations,

which were covered by a triplet of sensors (two planar gradiometers and one
magnetometer). The MEG signals were andilbgred between 0.1 and 200 Hz at

a sampling frequency of 600.615 Hzed&tl movements were tracked with four
additional head position indicator coil s
remove MEG artifacts, the temporal signal space separation (tSSS) method was

used with MaxFilter software (Elekta Neuromag Oy, Helsinknlahd). Source

localization was performed in threlfmensional space, with theaxis from left to

right, they-axis toward the nasion, atite z-axis toward the vertex.

4.5.Data Analysis

The MEG signals were bandpass filtered between 1 and 20 HRHijtérs and

averaged using MATLAB 7.5.0.342 software (MathWorks Inc., Natick, MA, USA),



the MATLAB toolbox (Fiff Access 1.2, Brain Research Unit, L-®@emperature
Laboratory, Helsinki University of Technology, Helsinki, Finland) anéhanse
software. Epchs in the data were defined from 100 ms prior to 800 ms after each
chord onset, and a baseline correction with thespneulus period averagelQO0 to

0 ms) was performed. Epochs with electrooculography (EOG) artifacts were
excluded automatically usinglATLAB to retain approximately 90% of the data.

For this, we determined threshold values individually. To investigate auditory
cortical responses, we selected 26 gradiometemnels aroundhe bilateral
temporal lobes as the regions of interest (ROIshasvn in Fig4. The AEFs from

the ROIs were averaged, and root mean square (RMS) values were calculated using
MATLAB software. In Fig. 4, the blue lines indicate the AEFs from 26
gradiometerchannels, and the red lines indicate the RMS values of the R@Is.
obtain individual N1m and P2m amplitudes and latenciesselectel the peak
points in the RMS waveforms in the temporal ROIs at approximately 10070

ms) and 200 ms (140250 ms), respectively. Overall, the second peak on the RMS
waveforms wagegarded as N1m, and the third peak was regarded as P2m. The
data were statistically evaluated with a repeabedsures analysis of variance
(ANOVA) and pairedt-tests using IBM SPSS Statistics 19 software (SPSS Inc.,
Chicago, IL, USA). As a post hoc ansiy, we conducted Bonferreoorrected

multiple comparisons.
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Figure 4. A participants AEFs in the bilateral temporal ROIls. The middle section
shows a participatt AEFs for three conditions of the musical expectations in 204
gradiometersThe shaded egions are the selected ROIs used to investigate auditory
processing, and they include 26 gradiometennels around the bilateral temporal
lobes. In the left and right graphs, the blue lines indicate the 26 AEFs from each
channel, and the red lines indie the RMS waveforms from the 26 channels. The
top graphs are the waveforms for the highly expected chords, the middle graphs are

for the lessexpected chords, and the bottom graphs are for the unexpected chords.

4.6.Source Localization

The parameterfor equivalent current dipoles were estimated for the target chords
using xfit (source modeling) by Neuromal A spherical model was applied to
estimate volume conduction. To determine the sources of the differences between
conditions, we first obtainede differences in waves by subtracting the AEFs of

the highly expected chords from those of either the-dgpgcted or unexpected



chords (M7 V and:lIll T V). Then, to compare locations among the sources, we
conducted dipole solutions of N1m and P2m tloe highly expected chord. To
conduct dipole solutions of N1m, P2nM¢ 1 V, and:Ill 7 V, as shown in Figs, we

first chosethe peak points of the overall wave, and at these points, we selected
channels showing large amplitudes and then fitted dipol#seta with goodness
of-fit index values of over 0.91. The data from these processes were registered to

an MRI image using MRIlab (Elekitdeuroma Oy, Helsinki, Finland) (Figb).
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Figure 5. Dipole solutions for difference waveformN&i V and:lIl i V), N1m and
P2m for the expected chord (V). (A) The peak points for dipole fitting on the grand
averaged waves from all 204 gradiometers; N1m (110 ms), P2m (18Afris)y
(155 ms), andlll 7 V (153 ms). (B) Selected coils. Each coil has two gradiometers

andone magnetometer. The coils showing large amplitudes were selected for dipole



fitting, which are outlined with blue lines. (C) Topographies of dipoles by the
selected channels. The green arrows present the direction and moment of dipoles,
the ALOs itnhde clad fet h éndicategthb Bghtbemiaphate (Dj R 0
Source localization. Four panels present two sagittal (left and right), a coronal, and
an axial view (L: left, R: right, P: posterior). The blue triangles indicate N1m, the
red circles indicee P2m, the green squares indici& i V, and the yellow

diamonds indicatelll 7 V. The generators dfi® i V and:lll i V, NIm, and P2m

were located in the auditory cortices.



5. Results

5.1. Auditory -Evoked Fields QAEFs) for T hree Conditions

T3 (3rd Trigger)

For the peak latencies of AEFs, wdentified significant results irboth N1m and

P2m (Fig. §. Fig. 6 showsthe RMS waveforms for the three conditions (highly
expected, less expected, and unexpected) in the left and right tempordAR@ks

well as theN1m latencies and P2m amplitudes and latencies at approximately 100

and 200 ms, respectively (B).
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condition had the largest amplitude for P2m and the shortest latency for N1m and



P2m (B). The right hemispherexhibited larger P2m amplitudes than the left
hemispherén musiciansmoreoveythe P2m amplitudes were significantlydar in
musicians than nemusicians, and the P2m latencies were significantly shorter in
musicians than nemusicians. However, the P2m tendencies for expectations were

similar regardless dhe hemispherer group.*p < 0.05, **p < 0.01, ***p < 0.001.

For the P2m latencies, weetermind that the highly expected condition
(mean = 192 ms, standard error of the mé&#M) = 4) was the shortest among the
three conditions (less expected: mean = 198388/= 5; unexpected: mean = 208
ms, SEM = 4). A repeategneasures ANOVA of three factors (condition,
hemisphere, and expertise) indiedsignificantmain effects otonditions (highly
expected, less expected, and unexpecte@®@, (52) = 12.818p < 0.001) and
expertise (musicians and namusicians) F(1, 26) =8.418,p = 0.007) however,
there was no effect of hemisphere (left and righ¢l{26) = 0.758p = 0.392) and
no interaction effects (Table .1After applying Bonferroni post hoc tests for the
three conditions, walentifieda significant difference ltaeen the highly expected
and unexpected conditiong & 0.001) and marginally significant differersce
between the highly expected and legpected conditiong(= 0.078) andheless
expected conditions aritle unexpected chorde & 0.053).In the lefthemisphere,
the N1m latency in the highly expected condition (mean = 10BE8|= 3) was
the shortest among the three conditions (less expected: mean = 13ENhs, 4,

unexpected: mean = 115 nSEM = 3) (F(2, 52) = 3.913p = 0.026), andhe



mu s i ¢ Nlannlaténcies were significantly shorter than thosethd non
mu s i ¢ F(h 86%68.418p = 0.037) (Table 2)

As shown in Fig. 6C, the P2m latencies of the musician group were
significantly shorter than those of the amsician groupK(1, 26) = 8.48, p =
0.007) however interaction effects (expertis€ hemispheres, condition$
expertise, and conditiond hemispheres) were naflentified, which indicates
that the tendenciesn P2m latencies depending on expectations were similar

regardless of expertise and hemisphere (Fig. 6C).

Table 1.F-values andP-values of P2m amplitudes and latencies at T3

Amplitude Latency
Factors

F-value P-value F-value  P-value
Condition 13.53% <0.001 *** 12.818 <0.001 ***
Hemisphere 24.605 <0.001 *** 0.758 0.392
Expertise 6.423 0.018 * 8.418 0.007 **
Condition 3 1.800 0.175 1.732 0.187
Hemisphere
Condition 3 Expertise 2.888 0.065 0.198 0.821
Hemisphere® 27.916 <0.001 *** 0.013 0.910
Expertise

Note:*p < 0.05, **p < 0.01, **p < 0.001.



Table 2.F-values andP-values of N1m amplitudes and latencies at T3 in the left

hemisphere

Amplitude Latency
Factors

F-value P-value F-value P-value
Condition 0.745 0.480 3.913 0.026*
Expertise 0.013 0.909 8.418 0.037*
Condition 3 0.200 0.819 1.468 0.240
Expertise

Note:*p < 0.05, *p < 0.01, **p < 0.001.

For the P2m amplitudes, a repeatmeasures ANOVA with three factors
(condition, hemisphere, and expertisaejlicated a primary effect of condition
(highly expected, less expected, and unexpect@®) 62) = 13.536p < 0.001), a
main effect of hemisphere (left and righB({, 26) = 24605,p < 0.001), a main
effect of expertise (musicians and Amusicians) (1, 26) = 6.423p = 0.018),
and an interaction effect between hemisphere and expdk{lse26) = 27.916p <
0.001). After applying Bonferroni post hoc tests to the three tiondj the value
for the highly expected chords was significantly largmean = 27.22 fT/cnSEM
= 2.23)than those of the lessxpected [ < 0.001) and unexpecteg € 0.006)
chords whereas there was no significant difference betwberessexpected ad
unexpected chorde £ 0.318) inthe P2m amplitudes. dvethelessthe tendencies
of the P2m amplitudes for the three conditions were similar regardless of
hemisphere and expertise (FigC)6 For a post hoc test of the interaction effect

between hemispte and expertise, we conducted a pairegbt with each group,



which showed thathemu si ci ans6 P2m amplitudes 1in
significantly larger than in the lefhiemisphere(p < 0.001), wkereasthe non
musi ci ansd P2m &eanlpetween lethisphered4$ 0678 ot di

To determine the location @enerate thgreatestifference in expectations
between the three conditions, we conducted dipole sokitibig. 5shows the

sources of the peak amplitudes at approximately 200 i bfV and:Ill T V, as

well astheN1m and P2m values for the expected chord (V). The peak latencies for
dipole fitting on the grandveraged waves from all 204 gradiometers were 110 ms
(N1m), 182 ms (P2m), 155 mBI{i V), and 153 ms:(ll T V) (Fig. 5A). The coils

that exhibitedarge amplitudes were selected for dipole fitting, which aténed

with blue lines in Fig. 5B. Fig. G showsthe topographies for the dipoles by the
selected channels, and the green arrows represent the direction and moment of the
dipoles. The values of theyzcoordinates and dipole momen€) for four dipoles

are shown in Table 3. The generatorstted N1m andP2m for V, andthe peak

amplitudes for Ri V and:lll i V were locatedn the auditory cortices (FigD).

t



Table 3. Dipole coordinatesx{ y, 2 and dipole momentsQ) of N1m, P2m,and peak

components of difference waveforms®{Nv and:lIl i V)

N1im P2m Né7 Vv BRI

Left Right Left Right Left Right Left Right

X (mm) -51 44 -49 45 -35 34 -38 44
y (mm) 7 16 11 17 9 20 6 23
z(mm) 44 50 49 43 60 45 56 50
Q (nAm) 14 14 17 27 12 17 14 11

5.2.Acoustical Similarity and Harmonic Expectation

To untangle the effects of acousticah#arities and harmonic expectations on P2m,
we also analyzed the P2m ampties and latencies evoked tgpetition (T2: 2

trigger) and the realization for harmonic expectation (TSrigger).

5.2.1. P2m for Acoustical Similarity

Fig. 7 shows the RIS waveforms of the fivehord progression and P2m
amplitudes and latencies at TII5 in the two groups-or the P2m amplitudes, a
repeateemeasures ANOVA that included trigger (T1T5), hemisphere (left and
right), and expertise (musicians and foosidans) as factorsndicated main

effects of the triggerK(4, 104) = 11.101p < 0.001), hemisphere~(1, 26) =



29.672,p < 0.001), and expertisd=(1, 26) = 7.471p = 0011), as well as an
interaction effect between trigger and expertis@( 104) = 2.84, p = 0.028)
(Table 4) After applying Bonferroni post hoc tests, weterming that the P2m
amplitudes for T2 were significantly smaller than those for the other chordg (T1,
= 0.015; T3p = 0.035; T4,p = 0.025; T5,p = 0.009).Furthermorewe conductd
pairedt-tests between T1 and T2 adéetermind that T2 was significantly smaller

than T1 {(55) = 5.883p < 0001).
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Figure 7. (A) RMS waveforms for T1 to T5. The red line indicates the musician
group, and the black line indicates the fousician goup. The shaded regions
show the repeated chord (T2) and the strongly expected chord (T5) and their
responses. T2 repeated T1, and T5 was strongly expected based on a perfect
authentic cadence, although T2 and T5 were identical. The arrows indicate P2m

peaks at approximately 200 ms. (B) P2m amplitudes and latencies for T1 to T5. The



shaded regions show the effect of repetition {T2) and strong expectation (T4

T5). For P2m amplitudes, T2 was significantly smaller than T1 while there was no
significantdifference between T4 and T5; for latencies, T5 was significantly shorter
than T4, while there was no significant difference between T1 and T2. Additionally,
musicians had significantly larger P2m amplitudes and shorter P2m latencies than

norrmusicians*p < 0.05, **p < 0.01, ***p < 0.001.

Table 4.F-values andP-values of P2m amplitudes and latencies at T1 to T5

Eactors Amplitude Latency

F-value P-value F-value  P-value
Trigger 11.101 <0.001 *** 5.804 <0.001 ***
Hemisphere 29.672 <0.001*** 24.332 <0.001 ***
Expertise 7.471 0.018 * 1.468 0.237
Trigger 3 Hemisphere 1.139 0.343 2.713 0.034 *
Trigger 3 Expertise 2.847 0.028 * 0.396 0.811
Hemisphere? 31.1&7 <0.001 *** 2.262 0.145
Expertise

Note:*p < 0.05, **p < 0.01, **p < 0.001.

If T3 was a highly expected condition (V), T4 was similar ta (i3 the
case of V) because ¥and T4 are V. However, T3vas not acoustically the same
as T4 because their voieerargements differed (e.g., in a key of C major, T3 was
G3-B3-G4-D5 and T4 was GB4-G4-B4; Fig. §. After conducting a pairettest
between T3 and T4 (T4 after T3), we found that the P2m amplitudes T4y

(mean = 24.879 fT/cnEEM= 1.692) decreased aft&€3y (mean = 27.219 fT/cm,



SEM= 1.967) {(55) = 3.094p = 0.003), whereas no significant differences were

identified intheP2m latenciest(55) =-0.135,p = 0.893).
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Figure 8. Repetitionchanged voic@rrangement.T1 and T2 were identical,
whereasT3y and T4were notidentical Although the voicearrangements of T3

and T4 differed, both functioned as dominant chords.

5.2.2. P2m for Harmonic Expectation

FortheP2m latencies, eepeateemeasures ANOVA that included trigger (TT5),
hemisphere @ft and right), and expertise (musicians and-musicians) as factors
indicaied main effects of the triggelF(@, 104) = 5.017p = 0.001) and hemisphere
(F(1, 26) = 18.168,p < 0.001); howeverthe effect of expertise was only
marginally significant(1, 26) = 3.407p = 0.079. After applying Bonferroni post
hoc tests, waleterminedhat the P2m latencies for T5 were significantly shorter
than those for the other chords (15 0.004; T2p = 0.125; T3p=0.031; T4p

= 0.001) (Table 4)Furthermorewe conducted pairetitests between T4 and T5



which indicatel T5 was significantly shorter than Tg55) = 4.579,p < 0001).
Forthe hemispheric effecthe P2m latencies on the right were significantly shorter
than those on the lefaind a significaninteraction effect (trigge® expertise) was
identified (F(4,104) = 2.643,p = 0.038). Moreover there was no significant

difference inthe P2m latency of T1 and T#55) = 0.865p = 0.391).

5.3. Correlation between Audtory and Frontal Responses

To investigate the connectivity between temporal and frontal regions, Pearson
correlation analysiswas conduced among the peak amplitude$ the bilateral
temporal and frontal regions approximately 200 ms. The result revexhbrain
responses ithe left and right temporal and righitontal regionswvere significantly
correlatedwith eachotherexcept fortheleft frontal region(Table 5) Therewasno

significant difference betwedhelatencies of four regions.

Table 5. Correlational Analysis betweethe Temporal and Frontal Responses

1 2 3 4
1. Temporaleft -
2. TemporalRight .85 *x* -
3. FrontaiLeft .51 24 -
4. FrontalRight .60 * 707 32 -

Note:*p < 0.05, **p < 0.01, **p < 0.001.



54. Correlation between Training Hours and Auditory

Responses

To investigate theeffect of training hours on P2m amplitudes and latencies
Pearson correlation analysis was conductéx resultshowed thatraining hours
were positively correlated witlthe P2m amplituds in the right hemisphere €
0.603, p = 0.022) and negatively correlated withe latencies ofdifference

waveforms (N7 V and:lll T V) in the right hemisphere € -0.676,p = 0.008 and

r =-0.538 p=0.047, respectively)

Figure 9. Scatter plots showing the correlation between training hours and P2m

amplitudes in the right hemisphere (A), latency of the difference wavefgtinV)
in the right hemisphere (B), and latency difference waveform:[{ll 7 V) in the

right hemisphere (C).



