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Abstract: We addressed whether arbitrary top—down regulation based on self-referential thinking
could be valid for sensorimotor synchronization. We hypothesized that the dorsal anterior cingulate
cortex (dACC) could regulate sensorimotor synchronization in accordance with internal models
generated by self-referential processing. To illustrate the validity of the hypothesis, we conducted a
missing oddball task with musical students. Utilizing the event-related deep-brain activity (ER-
DBA) method cooperatively with the event-related potential (ERP) method, we found that dACC
activation promotes repetitive tapping supported by modal completion, whereas dACC
deactivation promotes precise tapping under avoiding erroneous responses for the missing pulses.
Endogenous ERP components including P150 as a marker of modal completion and N200 as a
marker of response inhibition supported this claim. Furthermore, combining the ER-DBA and ERP
results, it was suggested that the brain creates a coherent story to promote repetitive tapping by
mediating sensory evidence via modal completion. The free energy measurements theoretically
support these findings, thereby confirming the validity of our hypothesis.

Keywords: synchronization; modal completion; dACC; consistency

1. Introduction

Skills for producing behaviors synchronously with external cuing are crucial for professionals,
such as musicians [1], dancers [2,3], and athletes [Janzen et al., 2014-6). Sensorimotor synchronization
is critical to foster such skills [4-9]. As demonstrated by numerous previous studies, long-term
musical practice shapes the music brain characterized by highly sensitive sound stimuli and
stimulus-driven precise motor control ability [10-13]. Further, it is believed that such musical
expertise enhances the cognitive ability of musicians [14-17]. Consequently, musicians are usually
required to perform creative activities, such as improvisation while exhibiting virtuosity in free styles
in various genres, including jazz and classical music. To this end, musicians must perform top-down
regulation of sensorimotor synchronization. This prompts a question as to whether cognitive ability
can enhance musical expertise.

The ASAP [18] and GAE [19] models, which enable the top-down regulation of sensorimotor
synchronization via predictive coding of the premotor cortex, have been presented and used to
demonstrate the musical skill of selecting meters from complex music rhythms [20,21]. However,
these previous studies did not clarify the generalized claim that musical expertise could be improved
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by cognitive ability. Cognitive ability associated with creativity as craved by musicians is attributed
to a concert of divergent and convergent thinking [22-26]. This would be linked to the medial
prefrontal cortex (mPFC), promoting self-referential processing [27] and responsible for divergent
thinking [28], while the dorsolateral prefrontal cortex (DLPFC) is responsible for convergent thinking
[29,30]. Further, creative thinking is accomplished via motor outcomes, regulated by the mPFC and
presupplementary motor area (pre-SMA), part of the cortico-basal ganglia thalamo-cortical (CBGTC)
motor control network [31-34]. The mPFC forms a default mode network (DMN) with the posterior
cingulate cortex (PCC), connected with the hippocampus [35-39], and allows divergent thinking
based on an episodic memory databank accumulated from experience. This divergent thinking
shapes internal models.

The dACC integrates these intrinsic large-scale networks to guide actions achieving the required
goal by resolving conflicts, selecting appropriate internal thoughts, making decision, and monitoring
performance [40—-42]. Such role is supported by the finding that epinephrine levels in the brain are
negatively correlated with the connectivity among large-scale intrinsic networks [43].

Considering these previous data, we hypothesized that dACC could make flexible top-down
regulation of sensorimotor synchronization in accordance with internal models. The current study
aimed to show the validity of our hypothesis utilizing an appropriate task. We adopted the missing-
oddball task in a conventional finger-tapping paradigm. This task adopted the uncertain sequence
formed by randomly subtracting pulses form a normal sequence. Participants were asked to
simultaneously tap with sound pulses as external auditory cues while restraining taps for missing
pulses. Cued tapping, characterized by negative mean asynchrony [44] and arising from auditory-
tactile integration [44], is dominant for normal sequences. Such control framework depends on the
motor activity, which is proactively activated before the pulse presentation onset, supported by any
functions of clocks synchronized with external cues. Such clock signals probably guide such
predicting tapping to the goal where tactile sensation meets the pulse [44—46]. In principle, such
foreseeing strategy is not available for missing pulses. However, response delay compensates this
shortcoming (Figure 1a) as restraining tapping until expected pulse arrival time (Time 0) allows to
select relevant responses for real or missing pulses. Such response-delay strategy for engaging
missing pulses is supported by a previous study [45] reporting that explicit stop cues embedded in a
regular sequence induce proactive inhibition accompanied by response delay. In contrast, as shown
in Figure 1b, strong internal imagery of a regular beat with no missing pulses promotes filling in the
blank. This makes participants to perform proactive responses accompanied by negative asynchrony.
Therefore, the task can differentiate two types of internal models, i.e., regular and missing-pulse
sequences, via tapping manners accompanied by negative and positive asynchronies, respectively.
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Figure 1. Outline of the experiments. (a) Behavioral strategy and performance in the missing-pulse
oddball task. A response delay for judging real/missing pulses is an efficient strategy to avoid
erroneous tapping (upper panel). Modal completion fills in the blank (missing site) with the illusion.
This consequently maintains regular tapping with negative asynchrony (lower panel). (b) Normal and
missing-pulse sequences. The normal sequence consisted of 120 pulses with an interval of 1000 ms,
whereas the missing-pulse sequence consisted of 255 real pulses and 45 missing pulses formed by
randomly omitting real pulses from a regular sequence with 300 occurrences. All real pulses had a
pure tone of 1000 Hz with a duration of 100 ms. (b): Frequency of segment appearance versus number
of real pulses involved in segments separated by missing pulses during task trials in the missing-
pulse task. (c) Experimental setup. Participants sat at a table, and they were asked to simultaneously
press a key with sound pulses with their eyes closed. The pulses were sequentially presented by a PC
in accordance with the sequences for the tasks. A digital EEG system (Nexus 32, Mind Media BV,
Herten, Netherlands) comprised an EEG cap with preassembled Ag/AgCl electrodes, consistent with
the international 10-20 method, was used for EEG recordings. Data (sampling rate: 256 Hz, amplitude
resolution: 24 bit) were acquired by a PC running control software (Biotrace) to integrate EEG data
and event markers corresponding to tap timings.

We conducted the missing oddball task with music students and examined behavioral and brain
responses during the task to elicit evidence for our hypothesis. Considering which internal models
are dependent on the individual traits of musicians, we predicted that musicians who prefer to have
a regular sequence would perform filling in the blank, whereas those who prefer to have a missing-
pulse sequence would engage proactive inhibition accompanied by response delay to avoid the
missing pulses.

2. Materials and Methods

2.1. Participants

The study protocol was approved by the board of Ethical Committee of Kobe University
Graduate School of Health Sciences (Approval Number 1097). The study complied with the
Declaration of Helsinki. We recruited 14 healthy (no daily use of psychotropic drugs) volunteer
student musicians (mean age 20.7 years, range 19-22) from the Graduate School of Music, Mukogawa
Woman's University, Japan. All participants provided written informed consent before participating
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in the study. We included only females because in previous studies, sex differences in musical
expertise were attributed to specific brain functions and structure [47-51], particularly that females
possess higher interhemispheric connectivity and thereby manifest higher sophistication than males
[52]. In contrast, males prefer more risk-taking behaviors than females [53]. Hence, it is recommended
to conduct research separating according to sex [54].

2.2. Stimuli and Experimental Procedure

The stimuli consisted of sequence of pure-tone pulses (pitch: 1000 Hz, duration: 100 ms; Figure
1c). Two tasks, differing in sequence, were provided for cued tapping experiments. Task ladopted a
regular sequence consisting of 120 pulses arranged with the same interval (1000 ms), while Task 2
adopted a missing-pulse sequence consisting of 45 missing (silent) pulses arranged by randomly
omitting pulses from a regular sequence consisting of 300 pulses.

Figure 1d presents the stimuli and experimental setup. Participants were seated facing a lap-top
computer on a desk while wearing an EEG cap. The computer presented auditory stimuli according
to the provided sequence. All participants maintained their eyes closed while executing the cued
tapping tasks. Further, they were asked not to move their heads or grind their teeth to suppress
artifacts. Participants were asked to press a computer key simultaneously with stimulus presentation.
Hence, the task with the missing-pulse sequence followed a conventional GO/NOGO paradigm in
which prompt keystrokes were required for real pulses while any strokes are strictly prohibited for
missing pulses regarded as erroneous tapping, while no keystrokes for real pulses were regarded as
omission errors. All participants conducted the two tasks in a fixed order (Task 1 followed by Task
2). The time necessary for completing the tasks was <10 min including an intermission time of a few
minutes. During tasks, participants were asked to keep their eyes closed. The EEG cap had
preassembled Ag/AgCl electrodes consistent with the international 10-20 method, including mastoid
electrodes (Al and A2) as reference. The EEG signals from the cap were recorded by a digital (24-bit)
EEG system (Nexus32, Mind Media BV, Netherland) at a sampling rate of 256 Hz. The EEG system
was regulated by a control software (Biotrace+ Software for Nexus 32) installed in a computer. The
system regulated sequential stimulus presentations and integrated EEG data with stimulus onset and
tap times recorded in an event channel with a sampling rate of 512 Hz. To avoid electrical noise, a
wireless keyboard, placed on a conductive sheet linked to the participants via an electrical cable for
suppressing static electricity, was used to maintain complete electrical isolation of the EEG system,
which was similarly linked to the PC via optical fiber cables.

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

2.3. Classification of Participants

We postulated that music students could be separated into two groups characterized by the type
of imagery, i.e., positive and negative imagery, which arise from expectations for an incoming pulse
and a missing pulse, respectively. This imagery difference could promote opposing behaviors; i.e.,
positive-imagery musicians (P-musicians) could maintain a proactive motor-control mode and fill in
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the blanks in the missing-pulse sequence, manifesting negative mean asynchronies, whereas
negative-imagery musicians (N-musicians) could avoid erroneous tapping for the missing pulses but
manifest avoidance failure accompanied by positive mean asynchronies. Hence, we classified the
participants as P-musicians and N-musicians based on the mean reaction times of erroneous tapping
for the missing pulses.

2.4. Data Analysis

2.4.1. Performance Data

The reaction time was evaluated from pairs of stimulus onset and key-stroke markers in every
epoch, ranging from -500 to 0 ms time-locked to the stimulus onset recorded in the event channel at
a time resolution of 1.953125 ms, corresponding to a sampling rate of 512 Hz. The mean reaction times
for every participant were classified according to stimulus conditions, i.e., real pulses in the regular
sequence (Task 1), real pulses and missing pulses in the missing-pulse sequence (Task 2). After this
classification, all analyses were based on comparisons between the two groups. We used the Mann-
Whitney U test for evaluating group differences in reaction times at a significance level of 0.05.

To evaluate performance accuracy, omission errors were identified for real pulses without no
tap marker while commission errors (erroneous tapping) were identified for any tap markers.
Correlation between the rate of commission errors and the mean reaction time of erroneous tapping
was evaluated using regression analysis. The Pearson correlation coefficient derived from the scatter
plots of error rate versus mean reaction time, and the statistical significance was examined with an
F-test. Significance level was set at 0.05. To examine whether tapping was attributed to proactive or
reactive control, the distribution of reaction times was evaluated by the kernel density estimation
(KDE) method using grand mean reaction times for N- and P-musicians.

2.4.2. ERP Waveform Data

As previously reported, simultaneous EEG-fMRI measurement is useful for studying brain
dynamics [55-57]. In the current study, we focused on endogenous ERP components including P100
and N200 for missing pulses, while recognizing conventional late auditory evoked potentials
(LAEPs) including P50, N100, P200, N400, and the late positive complex (LPC) for real pulses.
Generally, endogenous N200, originating at the mid cingulate cortex [58] is generated by top-down
attention [59]. This component is associated with both response inhibition [60] and emotional content
[61]. In our case, N200 was considered to accompany response inhibition against erroneous tapping.
We could identify risk-hedge manners form N200. We also focused on the P150, considered to arise
from the salience network including the anterior cingulate cortex and anterior insula [62], is sensitive
to absence of repeated stimuli, and associated with recognition of the part-whole configuration
[63,64]. Hence, we used the P150 for distinguishing whether the risk-taking was driven by mistake
or promoted by the part-whole configuration [65]. Accordingly, we visually inspected ERP
waveforms in defined time windows to detect P50, N100, P200, N400, and LPC for real pulses and
for detecting P100, N200, P300, and N400 for missing pulses. The EEG signal at the vertex electrode
(Cz) was pre-processed using a digital bandpass filter (third-order Bulterworth digital filter) with a
0.01-45 Hz window. The digital time-series data were similarly segmented from —1000 to 8000 ms
around Time 0. After excluding deviant epochs by visual inspection, the remaining epochs were
grand averaged to elicit the ERP waveforms for each condition, including stimulus type, tap
performance, and participant type. The waveforms were baseline corrected by an average of the pre-
stimulus epoch from —200 to 0 ms. The waveforms were time-locked to the stimulus onset. The ERP
components were confirmed by a one-sample t-test. Group differences in ERPs were evaluated by
the Sidak-holm test as a part of two-way ANOVA. All significance levels were set at 0.05.
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2.4.3. Event-Related Deep-Brain Activity

Considering the flexible changing of behavioral manners from risk-taking and risk-hedge under
the presence of missing pulses, we predicted that the dACC would change its activity according to
every pulse/missing pulse stimulus. In fact, dACC activity can be evaluated from occipital EEG
alpha-2 (10-13 Hz) power fluctuations with higher-frequency (> 0.1 Hz) components [66]. We utilized
this knowledge to evaluate the dynamics of the dACC and created the event-related deep-brain
activity (ER-DBA) method [67,68].

Occipital EEG amplitude signals elicited from the O1 and O2 electrodes referred to the mastoid
electors (Al and A2) were filtered (third-order Bulterworth digital filter) to extract the alpha2-band
component and smoothed by a moving average (Time window: 32.25 ms). We defined the DBA index
as the mean actual power of these amplitude data. The mean power data were further segmented in
epochs from -1000 to 8000 ms around the pulse/missing-pulse onset (Time 0). Deviant epochs were
eliminated by visual inspection. Then, all epochs were grand averaged for stimulus type (real or
missing), tap performance (relevant (avoid) or irrelevant (tap) for missing pulses), and participant
type (e.g., N- or P-musicians). The grand-averaged ER-DBA waveforms were time-locked to stimulus
onset. To evaluate behavioral (tap or avoid) differences, the ER-DBA waveforms for missing pulses
were baseline corrected using the average of the upper and lower envelop of the ER-DBA waveform
for real pulses in the missing pulse sequence. Each ER-DBA waveform was evaluated using the SEM.
Further, baseline-corrected ER-DBA waveforms were evaluated to estimate dACC activity in each
epoch of interest. As previously reported, the ER-DBA dynamics reflects the dACC activity associated
with cognitive processing, e.g., local increase/decrease of the ER-DBA waveform indicates dACC
access to external/internal information, while a dip in the ER-DBA waveform represents typical
decision-making processing in the dACC. These interpretations are in line with conventional
knowledge on alpha ERD/ERS addressing cognitive functions [69-71] and motor execution [72].

3. Results

3.1. Classification of Music Students into Positive- and Negative-Imagery Types

Figure 2a shows scatter plots of individual mean reaction times for real versus missing pulses in
Task 2, providing positive linear correlation (Fa,11 = 8.1, p0.016, r = 0.65).
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Figure 2. Tapping behavior during the missing-pulse oddball task (a) Scattered plots of individual
mean reaction times for real-pulse taps versus missing-pulse taps during Task 2 (missing-pulse
oddball task). A negative linear correlation (F(1,11) = 8.1, p = 0.016, r = 0.65) was obtained. The
classification was based on the reaction time for missing pulses of 0 ms (corresponding to the time
onset of missing pulses) in five S-musicians and eight B-musicians. (b) Scattered plot of error rates
versus mean reaction times revealing a linear negative correlation (F(1,11) = 6.9, p = 0.027, r = -0.62).
(c) Kernel density estimation (KDE) curves accompanied with histograms for the reaction times of all
taps for real pulses separately depicted for S-musicians (curiosity type) and B-musicians (risk-
aversion type). The curves indicate dual (faster and slower) populations marked by triangles.
Notably, the peak time of approximately 150 ms for the faster populations was common for both S-
and B-musicians, whereas that for the slower populations differed. (d) Similar KDE curves as in C for
taps for missing pulses. The curves depicted a single-lobe population for both S- and B-musicians. r:
Pearson correlation coefficient.

First, we classified participants as P-musicians or N-musicians based on the classification
criterion utilizing the aforementioned plots. We identified five P- and nine N-musicians. Table 1
summarizes the characteristics of P- and N-musicians. There were no significant differences in music
expertise between groups, although they exhibited small differences in onset age of music practice.
Under this classification, we re-evaluated error rate versus response time for the missing pulses. As
shown in Figure 2b, we obtained a negative linear correlation (Fa,11 = 6.9, p = 0.027, r = -0.62), which
indicated that a response-delay strategy could be beneficial for N-musicians as the free-energy
account predicted, while invalid for P-musicians.

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.
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Table 1. Classification of music students into positive-imagery type (P-musicians) and negative-

imagery type musicians (N-musicians).

Items Total Subgroups
P-musician (positive N-musician (negative
imagery) imagery)
Number (gender) 14 (female) 5 (female) 9 (female)
Age: Year: mean (range) 20.6 (18-22) 21.4 (19-22) 20.2 (18-22)
Major in academy (N) Pianist (11) Pianist (5) Pianist (6) Vocalist (2)
Vocalist (2)
Average practice period/ dayin  1.75(0.1) 1.86 (0.12) 1.65 (0.33)
academy
Hr: mean (SD)
Secondary instrument (family Saxophone Saxophone Trumpet (Brass) (1)
(N)) (Woodwind) (1) (Woodwind) (1) Flute (Woodwind) (1)
Flute (Woodwind) Flute (Woodwind) (1)

@)
Trumpet (Brass) (2)
Percussion (1)

Trumpet (Brass) (1)
Percussion (1)

Period of practice before 17.4 (5.51) 18.3 (0.47) 14.8 (2.47)
academy
Years: mean (SD)
Onset age of music practice 4.5 (1.3) 3.7 (0.47) 5 (0.47)
Years: mean (SD) Piano (13) U=45,72=-13,P=0.17
Value cohen’s d =1.12
*Mann-Whitney U Test
Primary instrument for musical 2 Piano (5) Piano (8)
practice (N)
Number of Students of honor 2 2 0
(N)
STAI  State anxiety scores 41.09 (6.5) 40.8 (4.25) 41.8(8.1)
(SD)
Trait anxiety scores 50.09 (6.4) 51 (3.78) 50 (8.87)
(SD)

3.2. Behavioral Differences between Positive- and Negative-Imagery Types

We further examined group differences in reaction time distribution by the KDE method. As
shown in Figure 2¢, both P- and N-musicians manifested double-lobe KDE curves for real pulses in
Task 2, showing a common slower population peak at around 150 ms and negative and positive
population peaks for P- and N-musicians, respectively. The critical time of 150 ms was attributed to
the neural processing necessary for motor initiation triggered by the real-pulse stimulus [73]. Hence,
the slower responses at around the critical time could be promoted by reactive control. In contrast,
as shown in Figure 2d, P- and N-musicians showed single-lobe KDE curves but their population
peaks differed: the peak was negative for P-musicians but positive for N-musicians.

All figures and tables should be cited in the main text as Figure 1, Table 1, etc.

3.3. Neurophysiological Differences between Positive- and Negative-Imagery Types

3.3.1. ERP data

To test our neurophysiological predictions, we first analyzed ERP waveforms under Tasks 1 and
2. Figure 3a shows the grand-averaged ERP waveforms for regular sequence (Task 1). The significant
ERP waveforms (one-sample t-test) confirmed typical LAEPs including P50 (P-musician: p
0.0001(Power = 0.97), N = 1985;N-musician: p = 0.015(0.64), N = 2661), N100 (P-musician: p
0.0015(Power = 0.88), N = 1647;N-musician: p = 0.00017(0.96), N = 2661), P200 (P-musician: p =
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3.4 x 10713 (1.0), N = 1647;N-musician: p = 7.4 x 107%? (1.0), N = 2661) and LPC (P-musician: p
=3.6 X 107%° (Power = 1), N = 35685 ;N-musician: p = 6.95 x 1072 (Power = 1), N = 57655) showed
no significant differences between P- and N-musicians. In contrast, grand-averaged ERP waveforms
for the regular parts of the missing-pulse sequence (Task 2) differed between P- and N-musicians
(Figure 3b), except for N100 (P-musician: p = 0.0012 (Power = 0.89), N = 3705); N-musician: p =
4.6 x 1078 (Power = 1.0), N = 5928) and P200 (P-musician: p = 7.5 x 107*° (Power = 1.0), N = 3705);
N-musician: p = 5.4 x 107*? (Power = 1.0), N = 5928). P-musicians had clear P50 (p = 0.0027 (0.84), N
= 3705) and N400 (not significant from baseline), while N-musicians closed P50 and N400. Further,
we identified significant performance-dependent differences between P- and N-musicians during
tapping for missing information (Figure 3c). P-musicians had clear P150 (p = 7.5 x 1078 (Power =
0.97), N = 414) and attenuated N200 (p = 00.61 (not significant) (0.08), N = 414), while N-musicians
provided clear N200 (p = 0.000059 (0.98), N = 429) but closed P150. Despite the strong difference in
ERP waveforms between P and N-musicians during tapping for the missing information, we
identified no significant group differences in ERP waveforms for tapping avoidance of missing
information (Figure 3d). Both P- and N-musicians had similar P300 (P-musician: p = 2.3 x 10727
(Power =1.0), N =219; N-musician: p= 1.4 X 10737 (Power = 1.0), N = 585) in the avoidance responses
for the missing information.
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Figure 3. Group differences in grand-averaged ERP waveforms time-locked to real/missing-pulse
onset measured under task and performance conditions for the control (Task 1) and missing-pulse
oddball tasks (Task 2). (a) Grand-averaged ERP waveforms for the regular sequence (Task 1)
providing typical LAEPs including P50, N100, P200, and LPC displaying no significant differences
between P- and N-musicians. (b) Grand-averaged ERP waveforms for the regular parts of the missing-
pulse sequence (Task 2) depicting significant group differences. P-musicians produced the same set
of ERPs as observed for the regular sequence (Task 1). By contrast, N-musicians closed N400 while
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maintaining other ERP components, including P50, N100, and P200. (c)Grand-averaged ERP
waveforms for missing pulses under tapping. Significant group differences were observed. P-
musicians had a clear P150 and attenuated N200, whereas N-musicians had a clear N200 but no P150.
Other ERP components, namely P300 and LPC, were produced by both P and N-musicians. (d) Grand-
averaged ERP waveforms for missing pulses under tapping avoidance. Group differences were
observed. P-musicians produced clear P300 and LPC, whereas N-musicians produced only vague
P300.

Table 2. Group differences in amplitudes (uV) (latencies (ms)) of grand-averaged ERP components
for regular and missing-pulse sequences.

ERP  Regular (Task 1) Real (Task 2) Missing (Task 2)
P- N- P- N- Tap Avoid
musician  musician musician  musician P- N- P- N-
musician musician  musician = musician
P50 1.83 *** 0.63 * 227 % -0.48 np np np np
(50.7) (50.7) (62.5) (62.5)
N100 -1.72** -1.006 *** 247 *** —2.24 *** np np np np
(105.4) (97.6) (105.4) (105.4)
P200  3.99 *** 4,82 *** 7.1 *** 6.10 *** np np np np
(183.5) (171.8) (207) (191.4)
P300 np np np np 11.5 9.03 14.7 9.08
(363.2) (359.3) (328.1) (343.7)
N400 -0.95 -0.79 -1.23 3.71 np np np np
(328.1) (335.9) (406.2) (406.2)
LPC 1.86 1.34 14 2.23 5.05 5.1 4.73 1.58
(500-800)  (500-800)  (500-800)  (500-800)  (500-800)  (500-800)  (500-800)  (500-800)
P150 4,33 *** np np np
(125)
N200 0.508 —4.15 *** np np

(199.2) (195.3)
Statistical significance (One-sample t-test for confirming significant difference from baseline) *p < 0.05, **p <

0.01, *p < 0.001. np: not present.

3.3.2. ER-DBA Data

We further examined brain responses during both Task 1 and 2 using the ER-DBA method.
Figure 4a indicates that both P- and N-musicians showed sinusoidal ER-DBA waveforms
synchronized with real pulses in the regular portions of the missing-pulse sequence (blue lines in the
figure) but different waveforms for the missing pulses (red lines). P- and N-musicians differed in
their responses to the missing pulses in the pre-presentation epoch ranging from -500 to 0 ms (gray
mask). P-musicians increased the ER-DBA waveform during taps for missing information but
decreased during avoidant responses. In contrast, N-musicians manifested global inhibition in the
ER-DBA waveform during the epoch of interest, although the waveform for avoidant responses was
lower than that for taps. In addition, these brain responses of N-musicians for the missing information
resulted in ER-DBA waveforms with dips just before the presentation onset (Time 0), suggesting that
the motor control could change from reactive to proactive. Figure 4b shows the significant differences
in average power of the ER-DBA waveform in the epoch of interest ranging from -500 to 0 ms
between P- (left panel) and N-musicians (right panel) obtained with the Sidak-holm for multiple tests
after a one-way ANOVA.

These ER-DBA results were consistent with the third prediction that modal completion could be
promoted by excitatory activity of the dACC while the aversive response could be promoted by
inhibitory activity. We further evaluated the overall aspects of the sinusoidal ER-DBA waveform.
Since dACC activity is supported mainly by dopamine released from the VTA, the amplitude of the
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waveform positively correlates with the medias. Hence, we evaluated these values as a function of
reaction time of taps for missing cues as shown in Figure 4c. The parabolic fitting for the scatter data
was significant (Fee23) = 5.4, p = 0.011), suggesting that both modal completion and risk-aversion

require mush cognitive load.
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Figure 4. Characterization of brain responses during the missing-pulse oddball task (Task 2) based on
the ER-DBA method. (a): Grand-averaged ER-DBA waveforms time-locked to the real/missing-pulse
presentation onset. Taps for real pulses in regular portions of the missing-pulse sequence and for
missing pulses are depicted by blue and red lines, respectively. Upper and lower panels present the
waveforms for P- and N-musicians, respectively. Gray masks represent prepresentation epochs of
interest from —500 to 0 ms. (b) Box charts presenting the average DBA power of ER-DBA waveforms
in the pre-presentation epochs of interest. Left and right panels represent P- and N-musicians,
respectively. Statistical comparisons were conducted using the Holm-Sid4k test as part of one-way
ANOVA. All combinations reached the significance level of p =0.05. (c) Scattered plots of amplitudes
and medians elicited from ER-DBA waveforms versus reaction times of taps for missing pulses. The
parabolic fitting curve was significant as confirmed by the f-test (F223 = 5.4, p =0.011).

4. Discussion

4.1. P-musicians Perform Filling in the Blank Supported by Modal Completion, whereas N-musicians
Maintain Reality

We found that P150 only appeared for filling-in the blanks (erroneous tapping for missing
information) in P-musicians but not in N-musicians. We ascribed this potential to illusion by modal
completion.

There are two possible explanations for the presence of the P150. One that P150 appears for rare
stimuli in conventional auditory oddball task paradigms [74] and could be exogenously generated
by bottom-up processing in the sensory cortex. However, this hypothesis is based on only the
empirical criterion that ERPs with latency <300 ms should be exogenous.

Neurophysiologically, modal completion is characterized by the endogenous event-related
potential (ERP) component of P150, generated during cognitive processing of the part-whole
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configuration [63,64] as a kind of modal completion [65]. Further, recent studies [Perri et al., 2019,62]
have revealed that P150 is generated by illusion and sourced around the ACC. Hence, the emergence
of this ERP suggests that the regular sequence as a whole can be reconstructed from the missing-
pulse sequence partly by modal completion accompanied by auditory illusions.

Interestingly, we further found that N200 was attenuated during such modal completion
accompanied by P150. The ERP component N200, arising from the midcingulate cortex [58] is
activated by top—down attention [59] to inhibit responses [60,76-78]. Hence, the attenuation of N200
implies that top—down attention is prohibited during the occurrence of modal completion. This
indicates that the brain can generate a coherent story to promote behaviors in accordance with
internal models by deceiving the sensory cortex using illusions.

4.2. Role of the dACC in the Top—Down Modulation of Sensorimotor Synchronization

We observed opposing ER-DBA changes between tapping for the missing pulses, i.e.,, ER-DBA
activation (ERS) for the tapping accompanied by clear P150 and ER-DBA deactivation (ERD) for the
tapping accompanied by clear N200. This differentiation was considered to arise from differences in
the internal model of predicting the pulse sequence, namely, ER-DBA activation and deactivation
anticipate the appearance and absence of pulses, respectively. Hence, the findings suggest that the
dACC regulates behaviors under sensorimotor synchronization in accordance with internal models.

As reported by Kim et al. [79], the dACC has two subregions, caudal and rostral, suggesting that
the caudal dACC engages in perceptual conflict while the rostral dACC engages in response conflict
in the Stroop task. Accordingly, we considered that the caudal dACC may consider the missing-pulse
sequence as a perceptual conflict arising from discrepancy between the external missing-pulse
sequence and the regular sequence as an internal model and utilize behavioral adaptation by modal
completion (filling-in the blanks). In contrast, the rostral dACC may regard the above adaptation as
irrelevant against the task goal and aim to avoid such adaptive behavior. During the pre-stimulus
epoch, participants face dual response options under uncertainty, i.e., response delay as a safe
uncertainty-aversion option and a potential response like jackpot or bust [80]. The strategy selected
depends on participant traits: the P- musicians may select a potential response while N- musicians
may select response delay.

Hence, P-musicians activate the caudal dACC (corresponding to ERS) for promoting the
potential response characterized by negative asynchrony [81]. Interestingly, such modal-completion-
related behavioral adaptation may be associated with emotional reward as the rostral dACC is
inactivated under dominant caudal dACC and thereby amygdala, positively correlated with
orbitofrontal cortex [82] and negatively correlated with rostral dACC [83], is relatively activated. In
contrast, N-musicians activate the rostral dACC (corresponding to ERD) to temporally suppress risky
impulsive responses under uncertainty. To this end, the CBGTC motor control network along the
striatal indirect pathway [84]. The subthalamic nucleus (STN) is crucial for this inhibitory regulation
[85], and the SMA together with the inferior frontal gyrus [86,87] rather than working memory [88]
due to lack of explicit external stimuli in the pre-stimulus epoch, is responsible for producing stop
signals for STN. Further, the SMA is regulated by the limbic system, notably the dACC [89,90].

Together, the dACC actively regulates motor outcomes along the indirect SMA-STN pathway.

4.3. Free Energy Accounts for Group Differences in Tapping Manners

Although the dACC regulates sensorimotor synchronization in accordance with internal
models, the mechanism of decision making by the dACC remains unclear. Therefore, we will utilize
the free energy principle (FEP) [91-103] to address this issue. According to the FEP, the free energy
for representing the brain state is expressed for the tapping manner as

F = DulQ) IPSID] + logys, (1)

In this equation, S represents external sound states, where S =1 and S = 0 correspond to the
presence and absence of pulses, respectively. In addition, T represents behavioral states, where T =1

doi:10.20944/preprints202311.1742.v1
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and T = 0 correspond to tapping and avoidance, respectively. Further, Q(S) is a likelihood function
for inferring the external state S. Hence, Dy, [Q(S) || P(S|T)], the Kullback-Leibler (KL) divergence,
represents the inference error between the inference Q(S) and external state S. For convenience, the
first and second terms of Eq. (1) are named Bayesian and Shannon terms, respectively.

This FEP formalism gives the behavioral criterion by which the brain regulates executive
manners to minimize the free energy. This FEP framework can simply explain the complex behavioral
manners manifesting opposing responses for the missing pulses as follows.

For P-musicians, when the internal model expects a pulse to be present [Q(S) = Q(1)], the
Bayesian term increases with discrepancy between the internal model as Q(1) and the real-world
state, namely the missing S = 0. However, the brain deceives the sensory cortex via modal completion
as S =1 utilizing modal completion accompanied by auditory illusions. Hence, the Bayesian term as
the inference error is minimized to zero. Further, tapping for the missing pulse is regarded as normal
activity for regular sequences; thus, the Shannon term is also minimized to zero. This FEP framework
is regarded as a type of active inference. Considering that the caudal and rostral dACC are
responsible for perception and response conflicts, respectively, we consider that the caudal dACC
might promote tapping by deceiving sensory evidence and suppressing the rostral dACC, which is
responsible for inhibiting irrational behaviors, including erroneous tapping for the missing pulses.
This view is consistent with role of the dACC in the top-down regulation of sensorimotor
synchronization, as evidenced by our findings.

Conversely, for N-musicians, when the internal model expects a missing pulse [Q(S) = Q(0)],
there is no inference error for the missing S = 0. Thus, the free energy is minimized when the brain
selects avoidance (T = 0) as a relevant response. N-musicians appeared to have such an internal
model, but it provided erroneous tapping. We considered that such erroneous manners of N-
musicians might be attributable to the strength of confidence in internal models and statistical
evaluation of the missing pulse based on the Bayesian inference using the posterior probability.
Underestimation of the missing pulse might reduce the confidence in the missing pulse, and thus,
the inference might become Q(1), resulting in the emergence of erroneous tapping.

This view suggests that all erroneous tapping is promoted by proactive control accompanied by
negative asynchrony based on top—down regulation by the rostral dACC. This is consistent with the
results. Furthermore, halfway confidence for the presence of absence of pulses under uncertainty
might provide a probabilistic choice of behaviors. Hence, even for real pulses, the tapping is a mixture
of negative and positive asynchronies corresponding to proactive and reactive motor control modes,
respectively. This is also consistent with the results. Interestingly, P-musicians tended to maintain
negative asynchrony, suggesting that they have strong confidence in the internal model of pulse
presence.

Consequently, differences in musicians’ traits might be attributable to their internal models. The
dACC might support their wills in accordance with their own models.

Authors should discuss the results and how they can be interpreted from the perspective of
previous studies and of the working hypotheses. The findings and their implications should be
discussed in the broadest context possible. Future research directions may also be highlighted.

5. Conclusions

The dorsal anterior cingulate cortex can regulate motor behaviors promoted by sensorimotor
synchronization in accordance with internal models. This top—down regulation is supported by
abilities of the brain typically including modal completion accompanied by illusions to create a
coherent story, thereby allowing internal models to be consistent with sensory evidence. This
function of the dACC will improve cognitively controllable movements, thereby helping to foster
skills, such as music expertise.

Despite the validity of such beneficial functions of dACC, several issues remain to be resolved.
A typical issue is the mechanism by which internal models are promptly updated under a rapidly
changing environment, suggesting that statistical learning would be impeded. If higher confidence
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is imposed on internal models, then it will be difficult to promptly update these models. Conversely,
if internal models are easily updated with environmental changes, then it will be difficult to promote
proactive motor control, suggesting that skilled motor control will be impeded. Hence, it is necessary
to solve this discrepancy in future studies.
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