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Abstract

In terms of harmonic expectancy, compared to an expected dominant-to-tonic and an unex-

pected dominant-to-supertonic, a dominant-to-submediant is a less unexpected cadence,

the perception of which may depend on the subject’s musical expertise. The present study

investigated how aforementioned 3 different cadences are processed in the networks of

bilateral inferior frontal gyri (IFGs) and superior temporal gyri (STGs) with magnetoencepha-

lography. We compared the correct rate and brain connectivity in 9 music-majors (mean

age, 23.5 ± 3.4 years; musical training period, 18.7 ± 4.0 years) and 10 non-music-majors

(mean age, 25.2 ± 2.6 years; musical training period, 4.2 ± 1.5 years). For the brain connec-

tivity, we computed the summation of partial directed coherence (PDC) values for inflows/

outflows to/from each area (sPDCi/sPDCo) in bilateral IFGs and STGs. In the behavioral

responses, music-majors were better than non-music-majors for all 3 cadences (p < 0.05).

However, sPDCi/sPDCo was prominent only for the dominant-to-submediant in the left IFG.

The sPDCi was more strongly enhanced in music-majors than in non-music-majors (p =

0.002, Bonferroni corrected), while the sPDCo was vice versa (p = 0.005, Bonferroni cor-

rected). Our data show that music-majors, with higher musical expertise, are better in identi-

fying a less unexpected cadence than non-music-majors, with connectivity changes

centered on the left IFG.

Introduction

Humans exposed to Western tonal music can expect a tonic after a dominant at the end of

musical pieces. Compared to a dominant-to-tonic of an “expected” condition, a dominant-to-
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supertonic is an “unexpected” condition, therefore eliciting an early right anterior negativity

(ERAN) in previous studies [1–3]. The ERAN for the unexpected condition is commonly

observed both in musicians and non-musicians alike [3, 4]. In contrast, the dominant-to-sub-

mediant lies in between the “expected” and “unexpected”, thus could be called as “less unex-

pected”, without eliciting the ERAN of the unexpected condition [2, 3]. The conditional

probability [5], of the different chords following the dominant is 0.752 for tonic, 0.106 for sub-

mediant, and 0.043 for supertonic.

The “Do Mi” in a tonic comprising of “Do Mi Sol” is also included in a submediant of “Ra

Do Mi”. Since a dominant-to-submediant may sound similar to a dominant-to-tonic, it is

called a deceptive cadence [6, 7]. In a musical piece, the deceptive cadence functions as delay-

ing the eventual resolution to a tonic in an authentic cadence, adding suspense, and leading to

longer sustained anticipation for the moment of resolution. However, the identification of

dominant-to-submediant may depend on people’s musical expertise, since the difference

between dominant-to-tonic and dominant-to-submediant is subtle.

The hypothesis examined in the present study is whether people with musical expertise

(music-majors) are better in identification of dominant-to-submediant with specific brain con-

nectivity change than people without it (non-music-majors). We measured behavioral response

and brain connectivity with 3 different harmonic cadences of dominant-to-tonic, dominant-to-

submediant, and dominant-to-supertonic in 4th and 5th chords in sequences of five chords (Fig 1).

For the brain connectivity, we used partial directed coherence (PDC) [8], multivariate mea-

surement of effective connectivity, estimating causal relationship between multivariate time

series of 4 regions of interest (ROIs) comprised of bilateral inferior frontal gyri (IFGs) and the

superior temporal gyri (STGs). We compared the summation of PDC values (sPDC) for the

inflow and outflow signals in the 4 ROIs (bilateral IFGs and STGs), for 3 conditions (Tonic,
Submediant, and Supertonic) for 2 groups (music-majors and non-music-majors).

Materials and methods

Ethics statements

The present study was approved by the Institutional Review Board of the Clinical Research

Institute, Seoul National University Hospital (H-1001-020-306). Prior to the experiments, the

participants provided informed consent in written form. All experiments were conducted in

accordance with the ethical guidelines. In the present study, we used the data of 5 music-majors

and 5 non-music-majors in the data set of our previous studies that was already published [2,

3]. The other participants were newly recruited. The data sets of our previous and present stud-

ies are partially overlapped, and the experimental procedure is also the same of them, however,

the present study is an independent study applying novel hypotheses and analyses.

Participants

The 19 participants were 9 music-majors (mean age, 23.5 ± 3.4 years) and 10 non-music-

majors (mean age, 25.2 ± 2.6 years). The music-majors majored in musical instruments at

music colleges, and each trained for at least fifteen years (musical training period, 18.7 ± 4.0

years). Non-music-majors were not music majors (musical training period, 4.2 ± 1.5 years).

All participants were females and right handed, and had normal hearing.

Experimental procedure

The whole experiment was performed in a magnetically shielded MEG room, which mini-

mized background noise out of musical stimuli. All music-majors and non-music-majors
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participated in 6 MEG recording sessions and 3 behavioral sessions. The three conditions of

Tonic, Submediant, and Supertonic were presented randomly in all experiments. In each ses-

sion, the participants listened to the five chord sequences of each condition. The individual

sequence was 3,600 ms long. They were made up of five chords, 3,000 ms, and a break, 600 ms.

In the MEG sessions, the participants were asked to detect a staccato chord (37.5 ms, 1/16 of

other chords) randomly presented in the third to fifth chord in each sequence, and responded

using a computer mouse. Each session included 100 sequences (10 staccato sequences). In the

behavioral sessions, the participants were asked to categorize the 108 sequences (36 sequences

per condition) in each session by type of condition, using a keypad. The whole experiment

took about two hours, including preparation.

The three conditions were transposed to twelve major keys, and were randomly shuffled in

each session. The musical stimuli were constructed with the piano timbre (Bösendorfer 290

Imperial grand) in Grand 3 (Steinberg Media Technologies, Hamburg, Germany) software.

The wave files (sampling rate: 44.1 KHz; 16-bit; stereo; windows PCM) normalized the inten-

sity by Cool Edit Pro 2.1 (Syntrillium Software Corporation, Phoenix, AZ, USA), and were

recorded at 100 BPM using Cubase 5 (Steinberg Media Technologies, Hamburg, Germany)

software. The sound pressure level in the musical stimuli was 65 dB, which was presented into

MEG-compatible tubal insert earphones (Tip-300, Nicolet, Madison, WI, USA) by the STIM2

(Neuroscan, Charlotte, NC, USA).

Fig 1. Musical stimuli. Three conditions were presented randomly to music-majors and non-music-majors in all

experiments. The three conditions had the different final chords of tonic (T), submediant (SM), and supertonic (ST)

following an identical sequence of T—SM—ST—dominant (D), respectively. When the sequence of 4th and 5th chords

is dominant-to-tonic (D—T, top), it is an authentic cadence which is classified as a conclusive cadence. The dominant-

to-submediant (D—SM, middle) is a deceptive cadence which is classified as a progressive cadence (middle). The

dominant-to-supertonic (D—ST, bottom) is not a cadential form. After D, the T is most expected, the ST is most

unexpected, and the SM is less unexpected. The three conditions were named Tonic, Submediant, and Supertonic,
respectively, according to the final chord.

https://doi.org/10.1371/journal.pone.0223283.g001
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MEG data acquisition and preprocessing

Using a 306-channel whole-head MEG System (Elekta NeuroMag VectorView™, Helsinki, Fin-

land), MEG signals (600.615 Hz sampling rate, 0.1–200 Hz filter) were recorded in a magneti-

cally shielded room. Electrooculograms (EOG) and electrocardiograms were also

simultaneously recorded. In preprocessing, the environmental and movement noise of raw

MEG signals was removed by the temporal Signal-Space Separation algorithm in MaxFilter

2.1.13 (Elekta Neuromag Oy, Helsinki, Finland) [9, 10]. Periods/Epochs containing EOG arti-

facts were manually rejected based upon visually inspection. The MEG data was filtered with a

1-20Hz band-pass filter.

Source estimation

The signals for multiple equivalent current dipoles in the bilateral IFGs and STGs were extracted

from epochs of 400 ms after the onset of the final chord (tonic, submediant, and supertonic) in

each condition using BESA 5.1.8.10 (MEGIS Software GmbH, Gräfelfing, Germany). For the

dipole locations of the bilateral IFGs and STGs (4 ROIs), there was no significant difference

between the music-majors and the non-music-majors (Mann–Whitney U test, p> 0.05 in all

cases, uncorrected for multiple comparisons; see Fig 2). The Talairach coordinates (x, y, and z;
millimeters) in the left STG were -44.3, -7.1, and 3.2 for music-majors, and were -45.9, -11.6, and

0.6 for non-music-majors (Euclidian distance: 5.4 mm). The right STG was 41.3, -0.5, and 3.6

for music-majors, and were 45, -5.6, and 0.1 for non-music-majors (Euclidian distance: 7.2

mm). The left IFG was -41.9, 24.1, and 13.3 for music-majors, and were -39.8, 12.4, and 16.6 for

non-music-majors (Euclidian distance: 12.3 mm). The left IFG was 39.1, 23.9, and 12.3 for

music-majors, and were 36.4, 17.8, and 16.1 for non-music-majors (Euclidian distance: 7.7 mm).

PDC analysis

The effective connectivity between the bilateral IFGs and STGs was computed by PDC [8].

The PDC is a measure used to identify causality between two signals in the frequency domain,

Fig 2. The grand mean dipole source for music-majors and non-music-majors. The dipole source locations for the

bilateral IFGs and STGs were not significantly different between the music-majors and the non-music-majors (Mann–

Whitney U test, p> 0.05 in all cases, uncorrected for multiple comparisons). The Talairach coordinates of mean dipole

sources for the 4 ROIs in two groups were visualized using BrainNet Viewer (http://nitrc.org/projects/bnv/). See the

Materials and Methods section for Talairach coordinates of music-majors and non-music-majors.

https://doi.org/10.1371/journal.pone.0223283.g002
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and for the concept of Granger causality in a time domain, which is derived from the multivar-

iate autoregressive (MVAR) model as

XðnÞ ¼
Pp

k¼1
AkXðn � kÞ þ EðnÞ ð1Þ

where X(n) is the data vector X of M time series, X(n) = [X1(n),X2(n),X3(n),. . .,XM(n)]N

(M = 4; the number of ROIs in the present study), and E(n) is multivariate uncorrected noise.

Ak is N×N coefficient matrix. P is the model order, which was determined by Akaike’s infor-

mation criterion.

We examined the causal relationship between the four ROIs. To evaluate the property in

the frequency band, Eq(1) is transposed into the frequency domain as

Aðf Þ ¼ I �
Pp

k¼1
Ak e

� 2pikf ð2Þ

where A(f) is the Fourier transform of coefficient matrix Ak, and I is the identity matrix. The

model order (p) was determined by Bayesian information criteria. Thus, the PDC value, γji,
from ROI j to ROI i at frequency f is defined as

gji fð Þ ¼
Aijðf Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aH
j � ajðf Þ

q ð3Þ

where Aijðf Þ is the ith and jth elements of matrix Ak, and H is the Hermetian operator. In addi-

tion, the inflow to ROI γji(f) is emphasized because the PDC value is normalized with respect

to the outflow from ROI j. The PDC value is “1” when signal to ROI i comes from the outflow

signal from ROI j. If there is no signal flow from ROI j to ROI i, the value is close to “0”. The

PDC values for twelve connections (4P2; 12 permutations of four ROIs) and three conditions

in individual participants were averaged over 1-20Hz frequency range. The mean PDC values

were normalized by Fisher’s Z-transformation. The value of Z-transposed PDC was over the

range of 0–1.

Based on the twelve Z-transposed mean PDC values for four ROIs of the bilateral IFGs and

STGs, we computed the summation of the Z-transposed mean PDC values for the inflows and

outflows in individual ROIs (left IFG, right IFG, left STG, and right STG); i.e. the inflow in the

left IFG was the summation of the Z-transposed mean PDC values of “Left STG! Left IFG”,

“Right STG! Left IFG”, and “Right IFG! Left IFG” among twelve connections, while the

outflow in the left IFG was the summation of “Left IFG! Left STG”, “Left IFG! Right

STG”, and “Left IFG! Right IFG”. Hereafter, we used the “sPDCi” as the term referring to

the summation of the Z-transposed mean PDC values for the inflows and the “sPDCo” as the

term referring to the summation of the Z-transposed mean PDC values for the outflows.

Statistics

The data of the dipole location and behavioral responses did not follow a normal distribution.

We conducted nonparametric analysis of the Mann–Whitney U test and Friedman test to test

the difference between groups and conditions for the dipole location and behavioral responses.

The sPDCi/sPDCo was tested by four-way repeated measures ANOVA with the factors of Con-

dition (Tonic, Submediant, and Supertonic) × Group (music-majors and non-music-majors) ×
Site (IFG and STG) × Hemisphere (left hemisphere and right hemisphere) and three-way

repeated measures ANOVA with the factors of Condition × Group × Flow (inflow and out-

flow). In all ANOVAs for the sPDCi and sPDCo, the Greenhouse-Geisser’s correction was

applied when the Mauchly Sphericity test was significant (p< 0.05). The P-values (p< 0.05)

for multiple comparisons in the results of all statistical analyses were adjusted based on the
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Bonferroni test. The statistical analyses were performed by SPSS 21.0 software (IBM, Armonk,

NY, USA).

Results

Behavioral tests

In the behavioral experiment, the music-majors responded more correctly and more quickly

than the non-music-majors (Fig 3). The correct rate was different between the two groups

under all conditions (Mann–Whitney U test, Tonic, Z = -3.700, p = 0.0006; Submediant, Z =

-2.8, p = 0.012; Supertonic, Z = -3.016, p = 0.006, Bonferroni corrected). The music-majors’

mean correct rates were over 90% in all conditions, whereas the non-music-majors’ mean cor-

rect rates were under 80%.

Additionally, for the behavioral results on detecting the staccato sequence in the MEG

experiment, no participant incorrectly responded more than 5%, which was the same for

music-majors and non-music-majors (p> 0.5 in all cases). All participants concentrated on

the musical stimuli during the MEG experiment.

PDC

Four-way repeated measures ANOVAs with the factors of Condition × Group × Site × Hemi-

sphere were tested for both inflow (sPDCi) and outflow (sPDCo). For both inflow (sPDCi) and

outflow (sPDCo), the interactions of Condition × Group × Site × Hemisphere were significant

[Inflow, F(2, 136) = 5.963, p = 0.003; Outflow, F(2, 136) = 5.681, p = 0.004]. See the S1 Table

the details of statistical results of four-way repeated measures ANOVAs.

Fig 3. Group difference in the correct rate. Music-majors responded more correctly than non-music-majors for all

conditions. Correct rates for the Tonic, Submediant, and Supertonic were higher in music-majors than in non-music-

majors (Mann–Whitney U test, � p< 0.05, �� p< 0.01, ��� p< 0.001, Bonferroni corrected). See also the Results

section for the details of statistical results. In each box plots, the box represents 1st and 3rd quartiles, the line is the

median value, and the whisker represents the most extreme non-outlier value. T = Tonic, SM = Submediant, and ST =

Supertonic.

https://doi.org/10.1371/journal.pone.0223283.g003
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In post hoc, the Group difference was only observed in the left IFG, in both inflow and out-

flow, which was observed only in the Submediant among the three conditions (Fig 4). The

sPDCi for music-majors was much higher than it was for non-music-majors [t(17) = 4.934,

p = 0.002, Bonferroni corrected], whereas the sPDCo for music-majors were much lower than

it was for non-music-majors [t(17) = -4.391, p = 0.005, Bonferroni corrected] (See also the S2

and S6 Tables for the details of statistical results).

Also post hoc for the Hemisphere difference was only observed in the Submediant in both

inflow and outflow (Fig 5). Only in the bilateral IFG of the music-majors, the sPDCi was higher

in the left IFG than in the right IFG [t(8) = 5.262, p = 0.009, Bonferroni corrected], and the

sPDCo was lower in the left IFG than in the right IFG [t(8) = -4.889, p = 0.015, Bonferroni cor-

rected] (See also the S3 and S6 Tables for the details of statistical results). Except for the two,

there were no significant differences between hemispheres.

In the Fig 5, the difference between conditions was tested by post hoc one-way repeated

measures ANOVA. The effect of Condition was only significant for the left IFG among 4 ROIs

[Inflow, Music-majors, F(2, 16) = 7.583, p = 0.039, Bonferroni corrected; Outflow, Music-

majors, F(2, 16) = 8.969, p = 0.020, Bonferroni corrected; Inflow, Non-music-majors, F(2, 18)

= 9.825, p = 0.010, Bonferroni corrected; Outflow, Non-music-majors, F(2, 18) = 7.987,

p = 0.026, Bonferroni corrected] (See also the S4 and S6 Tables for the details of statistical

results). In music-majors, the sPDCi for the Submediant was higher than for the other

Fig 4. Group difference in the PDC. Group difference was observed only for the Submediant in both inflow and

outflow of the left IFG (gray shaded boxes). The sPDCi for the Submediant was higher in music-majors than in non-

music-majors, while the sPDCo for the Submediant was lower in music-majors than in non-music-majors (�� p< 0.01,

Bonferroni corrected). See also the S2 and S6 Tables for the detail of statistical results. In each box plots, the

box represents 1st and 3rd quartiles, the line is the median value, and the whisker represents the most extreme non-

outlier value. T = Tonic, SM = Submediant, and ST = Supertonic.

https://doi.org/10.1371/journal.pone.0223283.g004
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conditions [Tonic, t(8) = -3.153, p = 0.041, Bonferroni corrected; Supertonic, t(8) = 4.509,

p = 0.006, Bonferroni corrected], and the sPDCo was lower for the Submediant than for the

Supertonic [t(8) = -4.143, p = 0.010, Bonferroni corrected]. In non-music-majors, the sPDCi

for the Tonic was higher than for Supertonic [t(9) = 4.151, p = 0.007, Bonferroni corrected],

and the sPDCo for the Tonic was lower than for the Supertonic [t(8) = -3.887, p = 0.011, Bonfer-

roni corrected]. There were no significant differences in the other pairs.

Flow difference was tested by separate models of three-way repeated measures ANOVAs

with the factors of Condition × Group × Flow. Among the 4 ROIs, the interaction of

Condition × Group × Flow was only significant for the left IFG [F(2, 68) = 14.661, p = 0.00002,

Bonferroni corrected] (See also S5 and S6 Tables for the details of statistical results). In post
hoc for the left IFG, the difference between sPDCi and sPDCo was only significant for the Sub-
mediant of music-majors [t(8) = 5.929, p = 0.002, Bonferroni corrected]. In the left IFG, the

sPDCi of the Submediant was higher than the sPDCo (Fig 6). In non-music majors, the signifi-

cant Flow differences were not observed.

Among 4 ROIs, for the right IFG, the interaction of Group × Flow was also significant [F(1,

34) = 11.583, p = 0.008, Bonferroni corrected] (See also S5 and S6 Tables for the details of sta-

tistical results). Music-majors showed the difference between sPDCi and sPDCo in the Subme-
diant, unlike non-music-majors. The sPDCi for the Submediant was significantly lower than

its sPDCo [t(8) = -3.784, p = 0.032, Bonferroni corrected]. In non-music-majors and the other

Fig 5. Hemisphere and condition differences in the PDC. The hemispheric difference was observed only for the

Submediant of music-majors in the IFG (See the S3 and S6 Tables for the detail of statistical results). The sPDCi was

higher for the left IFG than for the right IFG, and the sPDCo was lower for the left IFG than for the right IFG (�

p< 0.05 and �� p< 0.01, Bonferroni corrected). Condition difference was observed in both groups (See also the S4 and

S6 Tables for the detail of statistical results). In music-majors, the sPDCi was significantly higher for the Submediant
than for the other conditions. In the sPDCo, the Submediant was significantly lower than the Supertonic. In non-music-

majors, the difference between the conditions was observed between the Tonic and the Supertonic. The sPDCi/sPDCo

was higher/lower for the Tonic than for the Supertonic. The box represents 1st and 3rd quartiles, the line is the median

value, and the whisker represents the most extreme non-outlier value. T = Tonic, SM = Submediant, ST = Supertonic,
M = music-majors, NM = Non-music-majors.

https://doi.org/10.1371/journal.pone.0223283.g005
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condition pairs of music-majors, there were no significant differences. For the left and right

STG, the Flow effects were only significant [Left STG, F(1, 34) = 12.196, p = 0.005, Bonferroni

corrected; Right STG, F(1, 34) = 14.477, p = 0.002, Bonferroni corrected].

Accordingly, the group difference between music-majors and non-music-majors was only

observed in the sPDCi and sPDCo for the Submediant in the left IFG. Moreover, the sPDCi

and sPDCo for the Submediant in the left IFG were extremely prominent for the Condition,

Hemisphere, and Flow factors. Even though the sPDCi and sPDCo for the Tonic of non-music-

majors in the left IFG showed the significant differences between the conditions, it was distinct

from the result of music-majors for the Submediant.

Discussion

Music-majors were better than non-music-majors for all conditions in the behavioral experi-

ment. However, consistent with our hypothesis, the difference between groups was only

observed in the sPDCi/sPDCo for the Submediant and the left IFG. Moreover, for music-

majors, the inflows to the left IFG were strongly enhanced compared to the outflows from the

left IFG. This indicates that the information for the Submediant collected from other areas

(right IFG and bilateral STGs) is centered on the left IFG, where the information would be

analyzed and integrated. These results imply that the sPDCi/sPDCo in the left IFG was special-

ized in the processing of a deceptive cadence in the Submediant, and it depended on musical

expertise.

The IFG and STG are well known to be associated with the processing of, and syntax of har-

mony and melody [2, 3, 11–18]. Although syntax in music is dominantly processed in the

right IFG [11], the left IFG is prerequisite in the processing of musical syntax [19],. The left

IFG is also highly activated by complexities in syntax [20]. However, it has not been studied

how the deceptive cadence is processed in the network of bilateral IFGs and STGs. The present

study demonstrated that the IFG plays a pivotal role in connections of bilateral IFGs and

STGs, which was only related with the processing of the Submediant among three conditions.

Only in music-majors, the inflow (sPDCi) for the Submediant was higher in the left IFG

than in right IFG, which was inversed in the outflow (sPDCo). Also, the inflow in the left IFG

for music-majors was much higher than its outflow, whereas, the inflow was lower than the

Fig 6. Flow difference in the PDC. In three-way repeated measures ANOVAs with the factors of Condition × Group

× Flow, the interaction of Condition × Group × Flow was only significant for the left IFG [F(2, 68) = 14.661,

p = 0.00002, Bonferroni corrected]. In the left IFG, the difference between sPDCi and sPDCo was only observed in the

Submediant for music-majors (�� p< 0.01, Bonferroni corrected). The sPDCi was higher than the sPDC. See also S5

and S6 Tables for the detail of statistical results. The box represents 1st and 3rd quartiles, the line is the median value,

and the whisker represents the most extreme non-outlier value. T = Tonic, SM = Submediant, ST = Supertonic,
M = music-majors, and NM = Non-music-majors.

https://doi.org/10.1371/journal.pone.0223283.g006
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outflow in the right IFG. These results imply that when processing the Submediant music-

majors have used the left hemisphere of the IFG much more than non-music-majors. The

quantity of information sending to the left IFG is also relatively more than the right IFG.

Previous studies have reported that the left hemisphere of music-majors is something dif-

ferent by musical knowledge and training. The left IFG is associated with the different strate-

gies of musicians such as pitch labeling [14]. In the melody processing, the activation of the left

IFG related with the working memory is increased in musicians [21]. In terms of the whole

brain, the musician’s brain reveals left hemisphere asymmetry during perceiving harmony

[22]. Furthermore, musical training affects connectivity between the regions as well as activa-

tion in each region. The connectivity in peri-sylvian areas related with pitch processing is

more increased in musicians with absolute pitch [23, 24]. The listening strategies of musicians

are different from those of non-musicians, which are revealed as a left hemispheric dominance

in functional connectivity between the brain regions [25]. Further extending previous studies,

the present study revealed that the music-majors with musical knowledge of the deceptive

cadence of dominant-to-submediant had left hemispheric asymmetry in connectivity when

processing the Submediant.
The Submediant of dominant-to-submediant is an unexpected cadence compared with the

Tonic of dominant-to-tonic in the levels of harmonic expectancy [26, 27]. Also it is a deceptive

cadence [28]. The conditional probability [5], based on the harmonic expectancy, of the Sub-
mediant was less expected than the most expected Tonic (only about 1/7); when the sum of the

conditional probability for six cases according to the different chords following a dominant is

1, tonic is 0.752, submediant is 0.106, subdominant is 0.053, mediant is 0.045, supertonic is

0.043, and subtonic is 0.001. However, the Submediant was not the unexpected condition in

our present study, unlike the unexpected Supertonic with the conditional probability of 1/17

for the Tonic [2, 3]. Moreover, the group difference in the sPDC for the Submediant did not

reflect the sensitivity of musical training for the processing of harmonic expectancy [29, 30]. If

the sPDC for the Submediant was elicited by unexpected cadence, the sPDC and group differ-

ence would be more strongly prominent for the Supertonic. Thus, for Submediant, the relative

increase in sPDCi and the decrease in sPDCo in the left IFG would not reflect harmonic expec-

tancy in the dominant-to-submediant.

A previous study reported that when listening to a deceptive cadence, musicians anticipate

that the music will continue, while non-musicians regard it as the ending of the music. How-

ever, there was no group difference for an authentic cadence of dominant-to-tonic [31]. Based

on this, in the present study, only music-majors might be able to perceive the deceptive

cadence or progressive cadence in the Submediant, and they might think that “the deceptive

cadence thwarts the expectation for the more probable dominant-to-tonic [26]”. Therefore, we

interpret that the prominent sPDCi and sPDCo in music-majors reflects the detection and

comprehension of the more technical meaning of deceptive cadence in the Submediant. Thus,

musical expertise in our present study does not necessarily indicate increased sensitivity or

development, but a different schema based on professional training.

There is one caveat which should be mentioned. Although the ROIs in our present study

include the key areas of the bilateral IFGs and STGs in music processing, it is far from depict-

ing the whole brain network by musical expertise, experience, and harmonic cadence process-

ing. Therefore, it warrants further study, examining the difference in effective connectivity

measurements and the whole brain connectivity for musical expertise, experience, and har-

monic cadence processing. Nevertheless, our data show that music-majors, with higher musi-

cal expertise, are better in identifying a less unexpected cadence than non-music-majors, with

connectivity changes centered on the left IFG.
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