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Abstract

Humans are able to pay selective attention to music or speech in the presence of multiple sounds. It has been reported that
in the speech domain, selective attention enhances the cross-correlation between the envelope of speech and electroen-
cephalogram (EEG) while also affecting the spatial modulation of the alpha band. However, when multiple music pieces
are performed at the same time, it is unclear how selective attention affects neural entrainment and spatial modulation. In
this paper, we hypothesized that the entrainment to the attended music differs from that to the unattended music and that
spatial modulation in the alpha band occurs in conjunction with attention. We conducted experiments in which we
presented musical excerpts to 15 participants, each listening to two excerpts simultaneously but paying attention to one of
the two. The results showed that the cross-correlation function between the EEG signal and the envelope of the unattended
melody had a more prominent peak than that of the attended melody, contrary to the findings for speech. In addition, the
spatial modulation in the alpha band was found with a data-driven approach called the common spatial pattern method.
Classification of the EEG signal with a support vector machine identified attended melodies and achieved an accuracy of
100% for 11 of the 15 participants. These results suggest that selective attention to music suppresses entrainment to the
melody and that spatial modulation of the alpha band occurs in conjunction with attention. To the best of our knowledge,
this is the first report to detect attended music consisting of several types of music notes only with EEG.
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Introduction

In our daily lives, we are constantly exposed to music. We
naturally and selectively attend to specific music sources
while ignoring others, even when multiple sources are
playing simultaneously. To do this, humans have the ability
to selectively attend to a certain auditory source (Pugh
et al. 1996; Karns et al. 2015). It is crucial to understand
the neural mechanisms of attention to specific music and to
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decode which music we are attending to by physiological
measurements in engineering applications.

The response of the brain to auditory stimuli such as
speech and music can be measured by electroencephalog-
raphy (EEG) (Hill et al. 2005; Horton et al. 2013; Meltzer
et al. 2015; Dong et al. 2017; Stupacher et al. 2017,
Kumagai et al. 2018; Baltzell et al. 2019), electrocorticog-
raphy (Sturm et al. 2014), functional magnetic resonance
imaging (Trost et al. 2014), magnetoencephalography
(Doelling and Poeppel 2015), and other techniques. Of these,
EEG is a noninvasive measurement method with a high
temporal resolution (Dietrich and Kanso 2010), which makes
it appropriate for analyzing responses to auditory stimuli,
including high-frequency components. One crucial response
is neural entrainment, which refers to low-frequency cortical
neural oscillations coupled with acoustic dynamics when
speech or music are perceived (Lakatos et al. 2013; Doelling
and Poeppel 2015; Meltzer et al. 2015; Stupacher et al.
2017; Kumagai et al. 2018; Baltzell et al. 2019; Wollman
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et al. 2020). Specifically, the envelope of auditory stimuli
tends to modulate the cortical activity to become coupled
with low-frequency oscillations.

These types of brain responses are elicited by selective
attention when a human perceives several auditory
modalities, such as speech and music (Choi et al. 2013;
Horton et al. 2013; Kong et al. 2014; Meltzer et al. 2015).
There have been many reports on the mechanisms of
selective attention with respect to speech (Kerlin et al.
2010; Horton et al. 2013, 2014; Meltzer et al. 2015).
Horton et al. (2013) found that when participants listened
to two speeches, the cross-correlation seen from the EEG
signal with the attended speech was stronger than that with
the unattended speech. For music, Meltzer et al. (2015)
conducted an experiment in which the participants listened
to music composed of only quarter notes of the same
length. Their results showed that the neural entrainment
between the beat of the melody and the EEG signal was
stronger when the participants attended to the stimuli than
when they did not.

Another important factor in comprehending attention is
the spatial modulation of brain activity (Alho et al. 1999;
Kerlin et al. 2010; Liu et al. 2016; Dong et al. 2017,
Kumagai et al. 2018; Cai et al. 2021). Kerlin et al. (2010)
measured EEG signals during selective attention to two
speeches. They showed that change in attention was indi-
cated as a difference in alpha power at the parietal areas
across hemispheres. Moreover, Kumagai et al. (2018) and
Matsui and Tanaka (2019) used the common spatial pattern
(CSP) method (Ramoser et al. 2000) to identify the atten-
ded object from EEG signals. These studies succeeded in
distinguishing the condition between visual and auditory
attention and the condition between musical and speech
attention, suggesting that attention influences spatial
modulation. However, the effect of selective attention on
the entrainment and spatial modulation in EEG signals
when listening to multiple pieces of music is unclear.

Based on the above findings, we hypothesized the fol-
lowing effects of selective attention to music. The first
hypothesis is that the cross-correlation of the EEG signal
with attended music is different from that with unattended
music. The second hypothesis is that the spatial modulation
of the EEG response is different depending on the atten-
tional condition. To investigate these two hypotheses, we
measured the EEG signals when a human paid selective
attention to one of two melodies. We used the cross-cor-
relation function between the EEG signals and envelopes
of stimuli to evaluate neural entrainment. Moreover, the
spatial modulation of the response was evaluated based on
a machine learning approach whereby the CSP method was
applied.
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Materials and methods
Participants

Fifteen healthy young adults (mean age 21.73 years; range
20-23 years; 7 females) participated. One of the partici-
pants was left-handed. All participants were self-reported
that they had normal hearing and no musical training.
Some of the participants were lab students. Non-lab par-
ticipants received a payment of JPY 1,000 per hour. None
of the student participants were encouraged to participate
in this experiment by their professors, nor did they obtain
any credits for doing so. They gave their written informed
consent. This study was approved by the institution’s
Research Ethics Committee (approval no. 31-51, 31-59).

Stimuli

To investigate the effect of selective attention to music, we
used auditory stimuli consisting of a beep for 100 ms with a
pitch of 440 Hz followed by two different musical excerpts.
Each excerpt was presented from the left and right loud-
speakers or earphones. The beep and the stimulus music
were recorded in the same sound file (.wav). The beep
signal was used to determine the onset time of the stimulus
and EEG recording.’

We selected the following four well-known pieces of
music: “Twinkle Twinkle Little Star,” “Go Tell Aunt
Rhody,” “Song of Joy,” and “Csikos Post.” These pieces
were in MIDI format and created with Sibelius (Avid
Technology, USA) and Python to set an arbitrary and
consistent tempo. We presented two different types of
combination patterns of the musical pieces, as listed in
Table 1, where the statistics of the length of musical notes
are also given. Each pattern consisted of two musical
excerpts with different instruments (harpsichord and piano)
and different tempos (127 and 191 beats per minute, bpm).
In the above setting, the half, quarter, eighth, and sixteenth
notes amounted to 1.1, 2.1, 4.2, and 8.5 Hz (notes per
second) for 127 bpm and 1.6, 3.2, 6.4, and 12.7 Hz for 191
bpm, respectively. All audio files were created with a
sampling frequency of 44,100 Hz.

We put silent moments in the attended melody to ensure
that the participants attended to the indicated excerpt. The
duration of the silence was 500 ms (100 ms rise and fall
time). The attended melodies had two to four silent inter-
vals randomly per trial (60 s or 59 s). All musical excerpts
except “Csikos Post” were less than 60 s and, therefore,
were repeatedly presented for a duration of 60 s or 59 s.

' The moment at which the first derivative of the analog input signal
of the beep exceeds a particular threshold value was set to “onset.”
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Table 1 Two combination patterns of auditory stimuli

Left channel

Right channel

Instrument  Harpsichord

Tempo 127 bpm (about 2.1 Hz)

Pattern 1 “Twinkle Twinkle Little Star” Note length: mean 0.540 s, s.d. 0.165 s
Pattern 2 “Go Tell Aunt Rhody” Note length: mean 0.319 s, s.d. 0.173 s

Piano

191 bpm (about 3.2 Hz)

“Ode To Joy” Note length: mean 0.324 s, s.d. 0.101 s
“Csikos Post” Note length: mean 0.178 s, s.d. 0.100 s

The stimuli were presented in two different manners: a
loudspeaker (70552, B &W, UK) for the first day and an
earphone (ER—4 S, Etymotic Research, USA) for the sec-
ond day. The loudspeakers were placed at £30°, 1.3 m
from the participants, as shown in Fig. 1 (Bregman 1994).

Procedure

The experiment consisted of two conditions, “right-at-
tended” and “left-attended,” in which the participants paid
attention to the auditory stimuli from the right and the left,
respectively. We presented music stimuli with the loud-
speakers on the first day and with the earphones on the
second day. The interval between the first and second
experimental day was more than two weeks (Meltzer et al.
2015). As a behavioral experiment to check the partici-
pants’ concentration on the attended melody, they were
instructed to press a button when the attended melody
became silent.

At the beginning of the experiment, we asked the par-
ticipants whether they were familiar with the musical
excerpts. Each day, the participants were given practice
time before the experiment to become familiarized with the
task. During this practice time, the participants first listened
to each musical excerpt before listening to the auditory
stimulus and finally practiced pressing the buttons when
they found a silent moment in the attended stream.

We conducted the experiment in a soundproof room
(AMDB20H, Yamaha, Japan) with a sound insulation
performance of —35 dB to prevent the influence of outside
noise. The soundproof room was used to shield the par-
ticipants from external noise. We instructed the partici-
pants not to move their bodies, except for their fingers to
press the button during the task and their heads to fix their
position. We also instructed them to hold the button for the
behavioral experiment in their right hand.

An example of a single trial (the right-attended condi-
tion) is shown in Fig. 2. We used a monitor (VX279,
ASUS, Taiwan) for displaying the instructions. First, the
directions regarding attention (right or left) were given on
the screen for a second. A fixation cross was presented at
the center of the screen, and then a countdown in seconds
to the beginning of the task was displayed at the bottom of

the cross. The left or right part of the fixation cross was
filled out in orange to highlight the instruction for attention,
as illustrated in Fig. 2.

After the cue (r = 0 s), the beep was presented for 0.1 s
(t = 0.4 — 0.5 s). The beep onset was used for defining the
absolute time for the analysis. Then the attended melody
was presented for 60 s, starting at +=1.5 s, and the
unattended melody was presented for 59 s starting at t =
2.5 s, as shown in Fig. 2. After r = 3.5 s, the behavioral
task began. Thus, each auditory stimulus lasted 61.5 s from
the cue, including the beep.

One block consisted of seven trials. The two stimulus
patterns were presented in an alternating fashion in each
trial. Half the participants started from the right-attended
condition, and the others started from the left.

The participants were given a five-minute rest after the
end of each block. The block was repeated four times,
implying that a total of 56 trials were conducted. The two
conditions (right- and left-attended) were presented in an
alternating fashion in each block.

Data recording

EEG signals were measured using 64 scalp Ag/AgCl pas-
sive electrodes mounted in an EEG gel head cap (TMS;;
Twente Medical Systems International, Oldenzaal, the
Netherlands) and based on the international 10-10 system
(Fpl, Fpz, Fp2, F7, F5, F1, F3, Fz, F2, F4, F6, F8, FC5,
FC3, FC1, FCz, FC2, FC4, FC6, M1, T3, C5, C3, Cl1, Cz,
C2, C4, C6, T4, M2, CP5, CP3, CP1, CPz, CP2, CP4, CP6,
TS5, T6, PS5, P3, P1, Pz, P2, P4, P6, Ol, Oz, O2, AF7, AF3,
AF4, AF8, PO7, PO5, PO3, POz, PO4, PO6, POS, FI7,
FT8, TP7, and TPS8). The impedance of all the electrodes
was kept below 10 kQ.

In addition, signals around the eye were recorded
simultaneously with the EEG signals with two electrodes
placed on the top of the right eye (referenced to the left
earlobe) and next to the outer canthus of the eye (refer-
enced to the right earlobe) to detect blink and eye move-
ment. The ground electrode was placed on the left wrist.
All channels were amplified using a Refa 72-channel
amplifier (TMSi) against the average of all connected
inputs. The signals were sampled at a sampling rate of
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Fig. 2 Experimental flow (in the case of the right-attended condition,
in which the participants paid attention to the auditory stimuli from
the right)

2048 Hz and recorded using Polybench (TMSi). For syn-
chronization of auditory stimuli with biological signals and
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the behavioral experiment, audio and button signals were
recorded by the Refa amplifier through a Dual Channel
Isolation Amplifier (TMSi).

Data analysis
Preprocessing

First, the recorded EEG signal was re-referenced to the
average potential of the M1 and M2 electrodes. Second, we
applied an infinite impulse response notch digital filter (50
Hz) and a ninth-order Butterworth digital highpass filter
(0.4 Hz). Third, to remove any artifacts caused by either
eye movement or blinking, we applied a blind source
separation algorithm, called second-order blind identifica-
tion (Belouchrani et al. 1993), to the re-referenced 62-ch
EEGs two-ch signals around the eye. We then rejected
estimated source signals that were highly correlated to
either two signals around the right eye.” Moreover, the
EEG signals filtered by a low-pass filter with a cutoff
frequency of 100 Hz were downsampled to 256 Hz. Then a
fifth-order Butterworth digital bandpass filter between 0.4
Hz and 40 Hz was applied (Lalor et al. 2022). It should be
noted that EEG signals were excluded from the analysis for
five seconds after the onset of the silent interval (500 ms)
and five seconds after the button was pressed.

Frequency analysis

To see the frequency response of the EEG signals, we
calculated the averaged spectral densities (periodogram
with a boxcar function) of the EEG signals (3.5-—58.5 s)
across trials. We also obtained the grand average, the
spectral densities averaged across all electrodes and
participants.

Correlation analysis

To study neural entrainment, we calculated the cross-cor-
relation function between the envelope of the music and the
EEG signal similarly as in the study by Kumagai et al.
(2018).

We calculated the envelope as follows. The original
music signals were first resampled for the auditory stimuli
from 44,100 to 8192 Hz. After doing this, we calculated the
envelopes of the resampled auditory stimuli using Hilbert
transform. Then we filtered the envelopes using a low-pass
filter with a cutoff frequency of 100 Hz and downsampled
the envelopes to 256 Hz. Finally, a zero-phase fifth-order

2 The correlation was measured using a Pearson coefficient with a
threshold of 0.5. The average number of discarded components was
2.43 for all participants.
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Butterworth digital bandpass filter between 0.4 and 40 Hz
was applied to the envelope.
The cross-correlation function is expressed as follows:

Cross — correlation(ch, 7) = Z env(r)eeg(ch,t + 1),
t

(1)

where env(t) and eeg(ch, t) denote the normalized melody
envelope and the normalized EEG signal at a given time
instance (¢) and channel ch, respectively. Also, T denotes
the lag between the melody envelope and the EEG signal.
The lag T was set from —0.625 to 0.625 s. The time step of
T was 1/256 s since the sampling frequency was 256 Hz.
The analyzed EEG signal was a duration of 58 s (from
t=3.5 to 61.5s). For 5 s after silence onset, the EEG
values in the calculation of (1) were set to 0O to eliminate
the effect of event-related responses to the appearance of
the silence.

Statistical analysis

For the cross-correlation function, we conducted three
types of evaluation tests. First, we investigated the effect of
the cross-correlation function between the EEG signals and
music stimuli not presented simultaneously. This was done
to examine if the amplitude of the cross-correlation func-
tion reflected entrainment between the rhythm of the
auditory stimuli and EEG signals. Second, we examined
the cross-correlation function across the attention condi-
tions and presentation methods (i.e., loudspeaker and ear-
phone). Finally, we investigated the -cross-correlation
function across the attention conditions for each region of
the brain.

In the first analysis, as suggested by Zoefel and
VanRullen (2016) and Kumagai et al. (2018), we compared
the cross-correlation function between the EEG signals and
the musical stimuli presented simultaneously with surro-
gate distributions; the surrogate distributions were given as
cross-correlation functions between the EEG signal for
each trial and the envelope of musical stimuli not pre-
sented. For example, in the case of EEG signals, while
listening to the stimulus of Pattern 1, we used the stimulus
of Pattern 2, which was not listened to, for the surrogate
distributions. We generated 7500 envelope patterns by
shuffling the melodies into each measure. We calculated
the p-values for each sample point of the cross-correlation
function using surrogate distributions averaged across
electrodes. The null hypothesis is that the electrode mean
of the real distribution is equal to the electrode mean of the
surrogate distribution. The sample sizes of real distribu-
tions were the number of trials (i.e., about 800 trials by

each attention condition type and presentation method of
stimuli).

In the second analysis, we performed a two-way repe-
ated-measures analysis of variance (ANOVA) tests on peak
values of the cross-correlation function in attentional con-
ditions and presentation methods. The independent vari-
ables were the attention condition and presentation
methods, and the peak values averaged across the elec-
trodes in the individual participants were the dependent
variable. The sample sizes were the number of participants
(i.e., loudspeaker, 14; earphone, 15).

In the third analysis, we applied a paired ¢ test for each
of the eight brain regions, as shown in Fig. 3. The regions
corresponded to the left and right hemispheres and frontal,
central, temporal, and parietal/occipital areas. The null
hypothesis is that the average peak value in the attended
condition is equal to that in the unattended condition. The
t test used values averaged across presentation methods,
electrodes, and trials for each brain region in the individual
participants. In other words, the sample size for the t-test
was the same as the number of participants.

Classification based on common spatial patterns

We conducted a machine learning classification experiment
based on the hypothesis that differences in attention to
different music manifest themselves in differences in the
spatial distribution of alpha bands, as shown in Fig. 4. The
spatial pattern used here is the common spatial pattern
(CSP) (Ramoser et al. 2000), in which the variance of the
weighted average EEG in the CSP is the largest between
the two conditions.

Fig. 3 Grouping the electrodes to eight regions in the ¢ test

@ Springer
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Fig. 4 The block diagram of the machine learning classification experiment. (A) is using only the EEG signal, and (B) is using the cross-

correlation function between the auditory stimulus and EEG signals

Although the CSP method was initially developed to
differentiate the spatial patterns of EEG signals during
motor—imagery tasks (Ramoser et al. 2000), recent EEG
studies have suggested that the CSP method also discrim-
inates attention in the visual or auditory modality (Kuma-
gai etal. 2018; Cai etal. 2021). The current paper
examined two scenarios: estimating CSPs from a) only the
EEG signal and b) the cross-correlation function between
the auditory stimulus and EEG signals.

The CSP method calculates a filter with spatial weights
corresponding to each electrode of the EEG signal
(Ramoser et al. 2000). The spatial weights are the largest
and smallest eigenvectors of the eigenvalue vectors
obtained by solving the generalized eigenvalue problem of
the covariance matrix obtained from each condition’s EEG
signal or cross-correlation function. By projecting the EEG
signal or cross-correlation function with a filter whose
coefficients are the spatial weights, a signal is obtained that
maximizes the variance between the two conditions. By
calculating this signal’s temporal variance and computing
the variance logarithm, we could obtain the feature for a
classifier (Ramoser et al. 2000; Kumagai et al. 2018).

For the first scenario of using only EEG signals in the
CSP method, we extracted the alpha band of 8-13 Hz and
divided the EEG signals between 3.5 and 61.5 s into 1.25 s
epochs (Ramoser et al. 2000). Each epoch was labeled
“left” or “right” (attended). Then four log-variance fea-
tures corresponding to the first two largest eigenvalues and
the last two smallest eigenvalues were extracted from the
EEG signal.

For the second scenario of using the cross-correlation
function, we calculated a cross-correlation function
between each segmented EEG signal epoch and the cor-
responding envelope of the right melody, as in (1). In the
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same way, we obtained a cross-correlation function with
the envelope of the left melody. Each cross-correlation
function was projected to a vector consisting of two log-
variance features corresponding to the first largest eigen-
values and the last smallest eigenvalues by the CSP
method. In other words, the feature vector for each EEG
signal epoch consisted of four log-variance features.

We evaluated the classification accuracy through five-
fold cross-validation using the linear SVM in both sce-
narios. Furthermore, in the same manner, we repeated the
fivefold cross-validation 2000 times using randomly
labeled data to ensure that the classification results were
not because of chance (Kumagai et al. 2018).

Results
Behavioral analysis

According to the survey, all participants confirmed that
they knew the musical excerpts. Figure 5 shows the ratio of
button presses during silence (true positive, TP) and the
ratio of button presses during nonsilence (false positive,
FP), which represents if the participants performed the task
correctly. The results showed that the percentage of correct
answers was below 0.7 in the right condition for Participant
s8 with loudspeakers, so this was excluded from the fol-
lowing analysis. Also, one trial with Pattern 2 in the right
condition was excluded because of a technical error in
creating the auditory stimuli for the presentation.
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Fig. 5 The result of the behavioral experiment. TP and FP stand for
true positive and false positive, respectively. Participant s8 was
excluded from the following analysis due to the low accuracy of its
answers

Frequency analysis

We calculated the spectral density of EEG signals while
listening to the musical stimulus. The spectral densities of
EEG signals averaged across trials, all electrodes, and
participants in the experiment are shown in Fig. 6. Auxil-
iary lines are drawn vertically under the top of each figure,
and the numbers indicate the harmonics of each melody
and its index. As shown in Fig. 6, we can observe the clear
peaks at the frequencies of the harmonics of the melody.
Also, the strongest peak tends to occur at 6.4 Hz, which
was not the fundamental tempo in Pattern 2. In addition, in
Pattern 1, we can observe peaks at approximately 5.3 Hz
and 7.4 Hz (as indicated by solid arrows in Fig. 6), which
were not the harmonics of the tempo.

Correlation analysis

We show the results of the ¢ test between the cross-corre-
lation function and surrogate distribution for four condi-
tions in Fig. 7. In Fig. 7, we can observe that three peaks
(the first and second positive peaks followed by the nega-
tive peak) are mostly in the positive time interval, with
p<0.01 (indicated with the gray shadow). The first posi-
tive peaks are found in a statistically significant interval
between —46.9 and 140.6 ms for the loudspeaker and
unattended condition, between —7.8 and 66.4 ms for the
earphone and attended condition, and between —50.8 and
144.5 ms for the earphone and unattended condition.
However, for the loudspeakers and attended condition, the
first peak is not in the statistically significant interval. The
second positive peaks and following negative peaks are
found in a statistically significant interval for all condi-
tions; the second positive peaks are between 125.0 and

179.7 ms for the loudspeaker and attended condition,
between 168.0 and 441.4 ms for the loudspeaker and
unattended condition, between 93.8 and 175.8 ms for the
earphone and attended condition, and between 164.1 and
425.8 ms for the earphone and unattended condition. The
negative peaks are in a statistically significant interval
between 218.8 and 425.8 ms for the loudspeaker and
attended condition, between 168.0 and 441.4 ms for the
loudspeaker and unattended condition, between 210.9 and
418.0 ms for the earphone and attended condition, and
between 164.1 and 425.8 ms for the earphone and unat-
tended condition.

Next, the cross-correlation functions averaged across all
electrodes, all trials, and all participants are shown in
Fig. 8. After the onset (t = 0), we observed two positive
peaks at T =35.16 and t = 128.9 (the loudspeaker pre-
sentation) and 7 =23.44 and 7 = 125.0 (the earphone
presentation), respectively, and negative peaks at 7=
238.3 (the loudspeaker presentation) and t = 230.5 (the
earphone presentation). The first positive and the negative
peak indicate that unattended melodies are more correlated
than attended ones in terms of the mean values. A two-way
repeated-measure ANOVA validated these observations to
analyze the effect of presentation methods (loudspeaker
and earphone) and attention (attended and unattended) on
the magnitude of the first positive, the second positive, and
the negative peaks.

For the first positive peak, simple main effects analysis
showed the effect of attention (attended and unattended)
was statistically significant (F(1,13) = 44.500; p<0.001;
n? = 0.501) and the effect of presentation methods (loud-
speaker and  earphone) was also  significant
(F(1,13) = 23.071; p<0.001; #*> = 0.160). Although both
effects of attention and presentation are significant, the
effect size #* for presentation methods is much smaller
than that for attention. On the other hand, there was not a
statistically significant interaction between the effects of
presentation and attention (F(1,13) = 4.246; p = 0.060;
n* = 0.026).

For the second positive peak, only the effect of pre-
sentation methods (loudspeaker and earphone) showed
significant differences (F(1,13) = 12.623; p = 0.004;
7* = 0.142). There was no significant difference in the
effect of attention (F(l,13)= —0.150; p=0.704;
n* = 0.008), and there was no significant interaction
(F(1,13) = 4.109; p = 0.064; > = 0.013).

For the negative peak, the result showed a significant
difference in the effect of attention (F(1,13) = 38.613;
p<0.001; n*> = 0.495), but there was no significant dif-
ference (F(1,13) = 1.383; p = 0.261; #*> = 0.027) and no
significant interaction (F(1,13) =2.138; p =0.167,
n* = 0.009).
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Fig. 6 Spectral density averaged across trials, all electrodes, and
participants in the experiment. The auxiliary lines are drawn
vertically at frequencies that are the harmonics of the melody’s
tempo. The auxiliary line for the melody presented from the left side

Finally, results of the 7 test at eight regions (frontal left/
right, central left/right, temporal left/right, and parietal left/
right) are illustrated in Fig. 9. We highlighted peak times
showing the significant difference (p <0.01, ¢ test) in the
figures due to attention in the frontal, central, and temporal
regions in the latency corresponding to the first positive
and the negative peaks, respectively. There were no sig-
nificant differences in the parietal and occipital areas.

Classification based on common spatial patterns

Figures 10 and 11 show the accuracy of fivefold cross-
validation using SVM with the features extracted using the
CSP method. The accuracy was much higher than the
chance level (50%) for all participants. Furthermore, CSP
features from EEG signals achieved 100% accuracy for 11
of the 15 participants (s2, s4, s5, s7, s9, s10, s11, s14, s15,
s16, and sl17). Also, CSP features from the cross-
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is green, and the auxiliary line for the melody presented from the right
side is orange. As indicated by solid arrows, we observed peaks at
approximately 5.3 Hz and 7.4 Hz, which are not the harmonics of the
tempo

correlation function achieved 98% accuracy for 10 of the
15 participants (s2, s4, s5, s7, s9, s10, s11, s14, s15, and
s17). The average accuracy across participants when using
EEG signals was 0.926, and the average accuracy using the
cross-correlation function was 0.892. Using EEG signals
tends to have higher accuracy than using the cross-corre-
lation function, as shown in Figs. 10 and 11.

The accuracy of 2000 repetitions of fivefold cross-vali-
dation using randomly labeled data is shown in Figs. 12
and 13. The accuracy was around the chance level (50%)
for all participants.

Discussion

We conducted the experiment to test two hypotheses on the
effect of selective attention to music in EEG signals when a
human listens to two musical excerpts of different tempos
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Fig. 7 Results of the ¢ test between the surrogate distribution and the
real cross-correlation function for all conditions. The cross-correla-
tion functions shown as green and blue curves are averaged real

simultaneously. The experiment did not support the first
hypothesis that the cross-correlation of EEG signals with
the attended music is stronger than that with the unattended
music; we even found the opposite. In a latency of about 0—
100 ms and 200-300 ms, unattended melodies were more
correlated than attended. The results suggest that the pos-
itive peak (~ 50 ms) reflects the suppression of the pro-
cessing on timbre, and the negative peak (~ 240 ms)
reflects the suppression of the processing on melodies and
rhythm. The above observation contrasts with speech
results (Horton et al. 2013; Kong et al. 2014).
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distributions, and the ones shown as red curves are the average of the
surrogate distributions. Black curves represent the p value. The gray-
filled area indicates p <0.01

The second hypothesis was that the spatial modulation
of the response is different depending on attentional con-
ditions under multiple music presentations. The results
show that this is the case. Furthermore, CSP features seen
in EEG signals achieved 100% accuracy for 11 of the 15
participants. Also, CSP features from the cross-correlation
function achieved 98% accuracy for 10 of the 15 partici-
pants. Our findings suggest using the spatial distribution of
EEG signals is sufficient to predict attended music and
speech.
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Fig. 12 Box plots of the classification accuracy for the randomly shuffled datasets of the features extracted by the CSP from the EEG signals for

1.25s

Influence of selective attention on neural
entrainment

As shown in Fig. 6, frequency response peaks were found
at harmonics of the tempo, indicating that neural entrain-
ment occurred while listening to melodies, which has been
observed in previous studies (Meltzer et al. 2015; Kane-
shiro et al. 2020). Also, we can be sure that the result was
not chance because there was a significant difference

between the surrogate distribution and real cross-correla-
tion function, as shown in Fig. 7. In particular, a first
positive peak was at ~ 50 ms, a second positive peak was
at ~ 150 ms, and a negative peak was at ~ 240 ms.

As for the frequency responses related to beat in the
stimuli, Fig. 6 demonstrates that dominant peaks occurred
at 6.4 Hz, even though the fundamental tempos of the
melodies were at 2.1 and 3.2 Hz. The frequency of 6.4 Hz
was the third harmonic of the tempo of the left melody and
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function

the second harmonic of the tempo of the right melody. The
above observations can be interpreted by looking at the
characteristics of the stimuli. As shown in Fig. 14, the peak
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Hz was similar to that at the fundamental tempo. In par-
ticular, the prominent peak in Pattern 2 may be caused by
the right melody of Pattern 2 from “Csikos Post,” with
many eighth notes corresponding to 6.4 Hz. Thus, it is
reasonable to interpret that the characteristics at 6.4 Hz in
the frequency domain of both patterns were directly
reflected in the EEG responses.

As illustrated in Fig. 8, the results of the cross-correla-
tion functions showed a significant difference between the
attended and unattended conditions depending on the time
latency. Regarding the first positive peak (~ 50 ms) and
negative peak ( ~ 240 ms), the peak value in the unattended
condition was larger than in the attended condition. Con-
trary to our results, it has often been reported that attention
causes larger EEG responses in the speech and beat domain
(Hill et al. 2005; Horton et al. 2013; Kong et al. 2014; Sato
et al. 2019), indicating that our result is the opposite of
these previous results. This may imply that the music
perception process related to selective attention would
differ from speeches or beats. A recent imaging study
reported that asymmetry between speech and music was
found in the effective area for the listening sound classi-
fication task from the neural response (Albouy et al. 2020).
Our result seems to show that attention in the music
domain may cause a suppression of the perception steps.
Lakatos et al. (2013) reported that excitability increases
when the stimulus frequency matches the best frequency
(BF) of a site in the primary auditory cortex (A1), whereas
excitability decreases at nonmatching sites (counter-phase
entrainment). Thus, the difference in the excitability phase
to non-BF and BF in Al sites might have affected the
observed EEG entrainment when music, which is more
frequency-complex than speech or beat sounds, was pre-
sented. In any case, it is difficult to explain why the present
experiment obtained the observation of weakened
entrainment.

The spatial distribution of the cross-correlation function
illustrated in Fig. 9 indicates that this suppression occurred
in the frontal, central, and temporal areas. Regarding the
music perception process, as Koelsch (2011) reported,
auditory features such as timbre are extracted at a latency
of 10-100 ms, and then melodies and rhythm are pro-
cessed, with each peak reflecting each process. Applying
the above finding to our results, the positive peak (~ 50
ms) would indicate the suppression of the processing on
timbre, and the negative peak (~ 240 ms) would indicate
the suppression of the processing on melodies and rhythm.
Depending on the processing latency, selective attention
may affect EEG response differently.

EEG modulation while listening to two different
melodies

We compared the spectral density of the EEG signals
(Fig. 6) with the spectrum of the envelope of the stimuli
(Fig. 14). In general, the peaks of the spectral density of
the EEG signals matched that of the presented stimuli
(Meltzer et al. 2015; Kaneshiro et al. 2020). However, the
EEG spectral showed peaks at frequencies of about 5.3 Hz
and about 7.4 Hz, which was not observed in the original
Pattern 1. These peaks occurred not only in the loud-
speakers presentation but also in the earphone presentation.
Therefore, they were not caused by nonlinear distortions in
the ear, such as an otoacoustic emission (Kemp 1978), but
rather by cross-modulation during the processing of the two
presented stimuli in the brain. Several reports have
observed cross-modulation in EEG signals when multiple
stimuli were presented simultaneously (Nozaradan et al.
2011; Matsumoto and Tanaka 2018; Vergeer et al. 2018).
Matsumoto and Tanaka (2018) reported that when they
presented auditory (frequency f;) and visual (frequency f>)
stimuli simultaneously, the cross-modulation of f; +f>
appeared in the EEG signals. Our results suggest that cross-
modulation occurs when two auditory stimuli are pre-
sented. Also, it is unclear whether the attention induced
cross-modulation. This topic is worth investigating in the
future.

Attention detection based on spatial modulation
in the alpha band of EEG signals

To our knowledge, the present paper is the first report to
detect attended music consisting of several musical notes
only with EEG signals. Previous studies reporting classi-
fications of selective attention to musical excerpts have
used modified music consisting of single notes (Meltzer
et al. 2015) or amplitude-modulated music enhancing the
beats (Sato et al. 2019). Our approach achieved 98%
accuracy for 10 of the 15 participants using features from
the cross-correlation function between the music excerpts
and measured EEG signals. Moreover, features extracted
from only EEG signals with a length of 1.25 s achieved
100% accuracy for 11 of the 15 participants. In the speech
domain, Cai et al. (2021) recently reported using CSP-
based features from a 1-s EEG signal in attention detection
together with convolutional neural networks; this resulted
in an accuracy of 82.8%. Therefore, using a more sophis-
ticated classifier, including deep neural networks, might
enhance our classification analysis.

The current paper exhibited that attention detection to
music was achieved based on the spatial modulation of
alpha-band EEG signals alone, suggesting that attentional

@ Springer



Cognitive Neurodynamics

control may cause the spatial modulation of alpha rhythms.
Also, using alpha-band EEG signals tends to have higher
accuracy than using the cross-correlation function between
the stimuli and EEG signals. Our finding suggests that
using only EEG signals might be effective in attention
detection for music and other modalities such as speech,
even though recent reports on attention detection of speech
(Cai et al. 2021; Geravanchizadeh and Roushan 2021) have
used the stimuli (speech) and EEG signals simultaneously.

Regarding selective attention in the auditory, Kerlin
et al. (2010) suggested that attention to speech modulates
the alpha band of EEG signals. It has also been shown that
this modulation is associated with selecting attentional
direction (Deng et al. 2020). CSP analysis has suggested
that alpha band modulation also occurs for selective
attention to music played simultaneously. Regarding
selective attention, studies on visual attention (Hong et al.
2015) and visual-auditory attention (Kumagai et al. 2018)
have also pointed out that it causes modulation of the alpha
band. The present study’s and previous studies’ results
support the finding that neural synchronization of the alpha
band in the cerebrum serves as a “switch” for selecting
attention (Foxe and Snyder 2011). On the other hand, it
should be noted that it is hard to conclude a causal rela-
tionship between selective attention and alpha band mod-
ulation. A recent study has pointed out that alpha power
does not bring about selective attention concerning visual
attention (Antonov et al. 2020).

Effects of experimental design

The following experimental design parameters may have
influenced the results. First, the following two parameters
are the left-right differences in the presented stimuli:
musical instruments and tempo. It has been suggested that
brain activity and behavioral results during music listening
may be affected depending on musical instruments and
tempo (Treder et al. 2014; Soontreekulpong et al. 2018).
The behavioral results in Fig. 5 suggest some disadvan-
tages to the right-attended condition. This result may not be
due to the left-right difference in room acoustics since we
used a well-designed soundproof room for music practice.
This result may be dependent on the choice of the right
melody. It is a future task to investigate brain activity
during selective attention when listening to music for each
parameter.

In addition, three other parameters may also affect the
results: presentation methods, familiarity with the musical
excerpts, and musical experience. As for the presentation
methods, we used loudspeakers on the first day and ear-
phones on the second day. We considered the possibility
that the presentation method of the stimuli may have
affected selective attention, but this is not the topic of the
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current paper. Also, familiarity could have been a factor
that affected the results of attention detection; indeed,
Kumagai et al. (2018) reported that familiarity with
musical excerpts affected the strength of neural entrain-
ment. Finally, in the current study, musical amateurs par-
ticipated, and the level of musical experience was not
considered a factor. It has been reported that participants
who have much more musical experience are better at
auditory attention tasks using beats than ones with little
experience of music (Laffere et al. 2020; Putkinen et al.
2021). Future research is expected on the effects of musical
experience and presentation methods on selective attention
in musical listening.

In our experimental setup, different instruments were
presented at different tempos to facilitate the separation of
the two music streams. In addition, we started presenting
the attended stream one second earlier than the unattended
stream so that the attention could be continuously directed
to the attentional stream. The result showed that the silence
intervals were detected reasonably accurately. However,
our study did not examine whether the two music streams
could be separated and did not address the mechanism that
allows attention to be directed to one of the two music
streams. For example, familiarity with music may affect
the result of the silent interval detection; we guess that the
detection rate of silent intervals may decrease when unfa-
miliar music is used. Further studies are necessary.

Conclusion

The present paper investigated the effects of selective
attention on neural entrainment and alpha band spatial
modulation under multiple music presentations. We mea-
sured EEG signals during selective attention to one of two
melodies. Our observations on the cross-correlation func-
tion between the envelope of the melody and EEG signals
show attention to the melody as inducing suppression of
neural entrainment under multiple music presentations,
which is contrary to the speech domain (Horton et al.
2013). In order to further improve the reliability of these
results, it would seem necessary to test them in more depth
with more superficial musical stimuli. Also, it would be
interesting to use music consisting of melodies with vocals
to see the difference in response to melody and speech.
Moreover, we found that machine learning using spatial
modulation of the alpha band EEG signals efficiently
identifies the attended melody. This suggests that the spa-
tial modulation of the alpha band occurs in conjunction
with selective attention. It remains unclear whether this
alpha modulation was caused by simple attention to music
or directional attention to the location of the sound. A
mixed music signal played with a single loudspeaker would
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be a possible solution to the problem, but this is an open
problem for future work.
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