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ABSTRACT

In the current study we used electroencephalography
(EEG) to investigate the relation between musical
tempo perception and the oscillatory activity in specific
brain regions, and the scalp EEG networks in the
theta, alpha, and beta bands. The results showed
that the theta power at the frontal midline decreased
with increased arousal level related to tempo. The
alpha power induced by original music at the bilateral
occipital-parietal regions was stronger than that by
tempo-transformed music. The beta power did not
change with tempo. At the network level, the original
music-related alpha network had high global efficiency
and the optimal path length. This study was the first to
use EEG to investigate multi-oscillatory activities and
the data support the tempo-specific timing hypothesis.

Keywords: EEG scalp network; alpha; beta; theta;
tempo

INTRODUCTION

Tempo, which is the rate of periodic events that listeners
perceive to occur at regular intervals, is an important
property of music and can influence the expressiveness
and mood effects of music'"?. Based on behavioral findings,
two competing hypotheses have been proposed on tempo-
transformation perception, the relational invariant timing

hypothesis which proposes that tempo transformations are
perceptually invariant when a melody is transformed to a
different tempo but its frequency ratios are maintained™,
and the tempo-specific timing hypothesis which holds
that the tempo-transformed performance is perceptually
unnatural, based on the idea that expressive timing in
musical performance is related to the global tempo™®.
Thus, the cognitive basis of tempo perception still needs
further examination.

Scalp electroencephalography (EEG) with high
temporal resolution can reveal brain activity associated with
processing of the dynamic aspects of musical structure.
Using magnetoencephalography (MEG)/EEG, studies
have shown that various brain structures are activated in
the perception of temporal structure in music®®. However,
the dynamics of the brain processes underlying tempo
perception remain unclear.

The classical EEG frequency bands are defined based
on the oscillatory rhythms in EEG traces under specific
behavioral states. Different frequency components may
represent different functions. Theta in the frontal midline
regions (Fm theta) is linked with musical emotional

arousal

. Alpha power is inversely related to brain
activity". In addition, alpha oscillations in the bilateral
occipital-parietal areas are associated with musical
tempo perception; such that alpha power is stronger with
original music than with tempo-transformed music!""!. Beta-
band activity in somatosensory-related cortex may be
associated with motor inhibition™®, and it also synchronizes

between two remote electrode sites when information is
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transmitted from one brain region to another". Therefore,
the engagement of these three oscillations might indicate
the dynamic processing of musical tempo perception.
To our knowledge, few studies have examined the multi-
oscillatory activities and the scalp EEG network for music
tempo perception. Thus, this study determined whether the
oscillatory activity of the Fm theta, the bilateral occipital-
parietal alpha, and the bilateral somatosensory beta
are associated with the arousal level, naturalness, and
musical motor-related inhibition, respectively, in music
tempo perception. Furthermore, we also investigated the
information transference of scalp EEG networks structured

by each specific oscillatory band during tempo perception.

PATICIPANTS AND METHODS

Participants

Twenty participants (16 males, 4 females, 26.9 + 4.5
years) participated in the behavioral ratings for the music
stimuli tested. Twelve right-handed males (22.4 + 4.5
years) consented to participate in the EEG study. None
reported any formal musical training, or had prior exposure
to the tested music. Nor had they a history of mental or
neurological disorders. Informed consent was obtained
prior to the study, and the participants were paid. All
experiments were approved by the Ethics Committee of the
University of Electronic Science and Technology of China.

Procedure

A Mozart sonata (piano) was presented by a computer
binaurally through headphones at different tempi:
moderately-decreased transform (26 beats per minute,
bmp), original (52 bmp), moderately-increased transform
(78 bmp), and ultra-transform (138 bmp). Half of the
participants heard the slower music before the faster music
and the other half vice versa. In behavioral rating tasks,
participants rated each music piece (naturalness, emotional
status, arousal level, and probability of the original tempo)
on a 9-point scale'.

EEG Recording and Data Analysis

EEG was recorded with a 128-channel EEG system
(sampling rate: 500 Hz, impedance <40 kQ). The data
were re-referenced to the infinity reference using REST
software"*"®. For each of the four tempi, a 48-s EEG

segment from each participant with artifacts removed was
used for further analysis.

The power spectra of three frequency bands, theta (4-7
Hz, Fpz), alpha (8-13 Hz, PO3/P0O4), and beta (14-30 Hz,
TP7/TP8), were generated. The EEG data were subjected
to Fast-Fourier Transform analysis to obtain the power of
each frequency band.

Eighteen regions of interest (ROIls), Fp1, Fp2, Fz, F3,
F4, F7, F8, C3, C4, T7, T8, Pz, P3, P4, P7, P8, O1, and
02, defined in the 10-20 international electrode system
were used to construct the network. The coherence
between ROI pairs was used to measure the interaction,
i.e., the edge. After the weighted network was calculated,
a threshold that guarantees the connection of the network
was used to binarize the network. Based on the binarized
network, clustering coefficients, shortest path-length, local
efficiency and global efficiency were calculated to evaluate
the local and global characteristics of the network.

RESULTS

Behavioral Results

The behavioral results are shown in Fig. 1A. Repeated
measures ANOVAs with one factor (tempo) showed that
tempo variations affected perceptual naturalness [F(3,57) =
20.29, P <0.001], arousal level [F(3,57) = 38.77, P <0.001],
and probability of original rating [F(3,19) = 30.50, P <
0.001]. But non-significant main effects were observed for
preference and emotional status, indicating that tempo
transformations did not influence listeners’ preference and
judgment of emotional status for a musical piece. Paired
t-tests (Bonferroni-adjusted) further revealed that the
naturalness rating decreased from the original (7.15 £ 1.53,
mean * SD) to the moderately-transformed (26 bmp, 5.95 +
1.60; 78 bmp, 4.90 £ 1.94, both P <0.05), then to the ultra-
transformed tempo (3.55 + 1.84, P <0.05), but did not differ
between the two moderately transformed tempi (P >0.1).
Furthermore, the 52 bpm music (8.25 + 0.85) was rated
more likely to be the original music than the three tempo
transformations (P <0.05). For the arousal level, both 138
bmp (7.75 £ 1.16) and 78 bmp music (7.35 £ 0.67) were
more exciting than slower music (52 bmp, 6.50 + 0.88; 26
bmp, 4.55 + 1.53), but there was no difference between
138 bmp and 78 bmp.
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Power Spectrum Post hoc t-tests revealed that the theta power of the ultra-
Fm theta power was submitted to repeated-measures  transformed (138 bmp, 3.02 + 0.11) and the moderately-
ANOVA with one factor: tempo [F(3, 33) = 8.79, P <0.01]. increased tempi (78 bmp, 3.58 + 0.17) were significantly
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Fig. 1. Spectral mapping and corresponding discrepancy scalp EEG networks for specific frequency bands. A: Behavioral results.
B: Specific oscillatory activations at specific regions of interest. C: Spectral distribution mapping. D: Scalp EEG network
discrepancy. The solid lines denote the edges that had statistically significant increased linkage between the two networks, and
the edge thickness delineates increased strength; the dotted lines denote decreased strength. E: Network properties of (C). MDT:
moderately-decreased transform; MIT, moderately-increased transform; ORI, original; ULT, ultra-transform.
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smaller than that of slower music (52 bmp and 26 bmp)
(all P <0.05). In addition, the theta power of the original
(52 bmp, 4.01 + 0.19) was also less than the moderately-
decreased tempi (26 bmp, 4.33 + 0.19, P <0.05).

Bilateral parietal-occipital alpha was analyzed
by 4 (tempo) x 2 (hemisphere) repeated-measures
ANOVA. There was a marginally significant main effect of
hemisphere [F(3, 33) = 4.47, P = 0.058], with alpha power
being stronger in the right than in the left hemisphere. A
significant main effect of tempo [F(3, 33) = 4.56, P <0.05]
also occurred. Separate one-way ANOVA further analyzed
the alpha power in each hemisphere, and found significant
main effects of tempo in both the left and right occipital-
parietal regions. Separate paired-sample Bonferroni
adjusted t-tests revealed that in each hemisphere, alpha
power significantly decreased from the original (left, 13.25 +
1.47; right, 17.02 £ 1.72) to the moderately-transformed
(26 bmp: left, 9.71 + 1.28; right, 11.76 + 1.41; 78 bmp:
left, 8.19 + 0.87; right, 11.08 + 1.16), and then to the ultra-
transformed (left, 6.06 £ 0.59; right, 7.91 + 0.71) tempo
music (all P <0.05).

Bilateral somatosensory-related beta was also
submitted to a 4 (tempo) x 2 (hemisphere) repeated-
measures ANOVA. A significant main effect of hemisphere
emerged, such that the left hemisphere had a stronger
somatosensory-related beta power than the right
hemisphere [F(3, 33) = 9.80, P <0.01]. None of the other
power measures reached significance.

Scalp EEG Network

One-way repeated-measures ANOVA with tempo was used
to test the network properties on the different oscillatory-
band networks. On the alpha network, significant effects of
tempo on cluster coefficient, global efficiency, and shortest
path-length were found [all F(3, 33) >8.82, P <0.001]. On
the theta network, a significant effect of tempo on global
efficiency was found [F(3, 33) = 8.79, P <0.05] (Fig. 1E).
Post hoc tests revealed that (1) on the alpha network,
the cluster coefficient and the global efficiency of the
original music were higher than those of the three types
of transformed music (all P <0.05), and the values for the
26 bmp tempo were lower than those for the 138 bmp
tempo. The shortest path-length of the original tempo was
shorter than that of any of the three transform tempi. (2)
On the theta network, the global efficiency of the 26 bmp

tempo was lower than that of the original (52 bmp) and
ultra-transform (138 bmp) tempi (both P <0.05), and the
global efficiency of 52 bmp was higher than that of the 138
bmp tempo. None of the other analyses of the network
properties revealed significant effects (all F <1) (Fig. 1E).

DISCUSSION

Fm Theta and the Music Arousal of Tempo

Fm theta power (Fig. 1C) decreased from the slower (26
bmp) tempo to the original tempo, and then to the fast
(78 bmp) and the ultra-fast (138 bmp) tempi. This finding
indicated that Fm theta power is inversely associated with
the arousal level induced by tempo changes, consistent
with the behavioral rating of arousal and previous
findings!"\. Therefore, Fm theta power can provide a
reliable electrophysiological index of the perception of
arousal induced by tempo changes.

Bilateral Occipital-Parietal Alpha and Musical Naturalness
of Tempo

We found that occipito-parietal alpha power (Fig. 1C)
decreased from the original tempo to the moderately-
transformed (both 26 and 78 bmp) tempi, and then to the
138 bmp tempo, consistent with the behavioral ratings
of naturalness. In addition, Ma et al.” found that alpha
power changed with the naturalness rating of a musical
performance. Based on the finding that the occipito-
parietal alpha is associated with attention””, the change
in posterior alpha may be related to the possibility that
tempo-transformed music is more attention-getting than the
original music.

Bilateral Somatosensory-related Beta and Music-Motor
Inhibition for Tempo

Previous research found that music makes listeners move
or start motor preparation™. The higher beta power (Fig.
1C) in the left somatosensory-related region may reflect
motor inhibition. The left hemisphere inhibition in the
beta-band may be related to the right-handedness of our
subjects. But no difference was found in music perception
with tempo.

EEG Scalp Network and Tempo Perception
The four properties of the EEG scalp network consist of two
aspects: (1) local information processing (cluster coefficient
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and local efficiency), and (2) processing and transfer of
global information at the network level (path-length and
global efficiency).

In the alpha network, we found that the original tempo
had a higher cluster coefficient and global efficiency and
shorter path-length than the transformed tempi (Fig. 1D,
E). These properties showed that the alpha network might
have a stable and powerful information processing and
transfer ability with regard to the naturalness perceived
at the original tempo. Furthermore, the alpha network
discrepancy (Fig. 1D) also demonstrated that the network
related to the original music had a denser connection
between the frontal and posterior occipito-parietal areas
than the tempo-transformed tempi. This denser connection
and the optimal (i.e. shortest) path-length may guarantee
efficient processing and information transfer of the original
music. Therefore, the alpha network provides evidence to
support the tempo-specific timing hypothesis.

In the theta network, we found the global efficiency
of the original tempo was significantly higher than that of
the 26 bmp and 138 bmp tempi, but did not differ from
that of the 78 bmp tempo (Fig. 1E). This finding was partly
consistent with the aforementioned Fm theta power. The
difference may be due to the fact that the Fm theta power is
associated with local regions (i.e. anterior areas) concerned
with arousal, while the theta network is associated with the
whole network level concerned with music perception.

Beta oscillatory activity is associated not only with
motor inhibition but also cognitive processes. For example,
an unchanged level of beta oscillatory activity might indicate
no change in the cognitive or perceptual set. Otherwise,
high activity in the beta band means top-down control for
endogenous processing”?. In the beta network, we did not
find significant differences among tempi (Fig. 1E), which
suggested that there was no change in cognitive set with
musical features, such as preference and familiarity. That
is, the unchanged beta level is related to these features
in the current tempo perception. However, the original
tempo networks in the beta band showed a relatively
stable connection between the left anterior area and the
right posterior area, which may indicate other musical
functions such as the naturalness of top-down control at
the whole network level, though significant effects were
not observed.

CONCLUSION

The current study is the first to investigate the relation
between musical perception with tempo and the activation
of multi-oscillations in local regions and at the network
level. We found that Fm theta power increased with
decreased arousal, bilateral occipito-parietal alpha power
was higher than that of transformed tempi, and beta power
did not change between tempi. These findings provide
evidence from both oscillatory power and the network level
to support the tempo-specific timing hypothesis. Moreover,
the specific oscillatory activity might represent the different
effects of musical tempo and musical perception may be
attributed to the common coordination of multi-oscillatory
activities.
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