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A B S T R A C T

Rhythm perception refers to the mental interpretation of rhythm by a listener. Musical rhythm perception typi-
cally involves two steps: beat extraction and metrical structure assignment (meter perception). The entrainment
theories propose that different neuronal oscillations entrain to different levels of metrical structure in the rhythm
(e.g., beat and meter) and thereby form a representation of the rhythm in the mind. Thus, neuronal populations
that entrain to beat and meter should theoretically be different. However, although entrainment theories have
been supported by many studies, the neuronal populations that entrain to beat and meter remain largely un-
known. In this study, we used a paradigm to induce neuronal entrainment to beat and meter and obtained images
of the neuronal populations with an electroencephalogram functional magnetic resonance imaging (EEG-fMRI)
fusion method. We observed that some neuronal populations, including the bilateral putamen, bilateral caudate,
left thalamus, and supplementary motor area (SMA), entrain to both beat and meter. We also observed that the
bilateral putamen entrains more to meter and the SMA entrains more to beat. Our results suggest that the bilateral
putamen plays an important role in meter perception.
1. Introduction

The first step of rhythm perception is to extract the beat at a particular
rate (the tempo) from the acoustic surface to serve as a basis for struc-
turing and organizing incoming sonic events (Grahn, 2012; Levitin et al.,
2017). After beat extraction, musical rhythm perception requires a sec-
ond step, meter perception, which is also known as metrical structure
assignment (Fitch, 2013; Grahn, 2012). Meter perception hierarchically
organises beats into a metrical structure, which systematically attributes
a particular perceptual prominence to each beat (Fitch, 2013; Grahn,
2012). This process allocates particular beats in the series as accented
beats, even if they are physically identical to the other beats. In brief, a
people may assign a meter of {strong, weak, strong, weak,…} to a series
of identical beats (Nozaradan et al., 2011). The functional differences
between beat extraction and meter perception hint different neural
substrates underlying these two processes.

Models of musical rhythm perception range from rule-based models
(Desain and Honing, 1999; Dillon, 1981; Povel and Essens, 1985) to
entrainment models (Drake and Palmer, 1993; Eck, 2002; Large and
Jones, 1999). Rule-based models assume that rhythm is perceived based
8 February 2019; Accepted 18 M

.

on an internal clock and a pacemaker-accumulator mechanism. The
assumed internal clock, which is also called pacemaker, ticks out regular
intervals that correspond to beats in rhythms. The number of beats be-
tween accented beats enters an accumulator. The
pacemaker-accumulator mechanism can therefore store the hierarchical
structure of rhythm (Grahn, 2012). In contrast, the term entrainment
refers to synchronising internal periodic processes to periodicities in
external stimuli. The entrainment models of rhythm perception propose
that beat extraction and meter perception emerge from the entrainment
of neurons resonating to the beat and meter. These entrainment theories
suggest that perception of rhythm is based on a differentiated neuronal
entrainment mechanism, i.e., different neural populations in the brain
entrain to different levels of metrical structure in the rhythm.

Nozaradan et al. (2011) have proposed an experimental design to
assess whether scalp-recorded electroencephalogram (EEG) would reso-
nate to beat and meter. In this experiment, participants were first asked
to listen to isochronous beats and then imagine a binary or a ternary
meter over the beats. They found that scalp-recorded EEG resonated to
the beat and meter, thus forming auditory steady-state-evoked potentials
(ASSEPs) to beat and meter. ASSEPs in scalp-recorded EEG stem from
arch 2019
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neural oscillations that resonate via entrainment to the frequency of
external stimuli (Galambos et al., 1981; Large, 2008). Therefore, such
findings provide evidence that there is neuronal entrainment to beat and
meter. However, regrettably, due to the poor spatial resolution of EEG,
the specific neuronal populations that entrained to beat and meter
remain unknown.

Functional magnetic resonance imaging (fMRI) uses blood oxygena-
tion level dependent (BOLD) response to measure neural activity with
high spatial resolution. A fusion of fMRI and EEG may provide a solution
for the limitation of low spatial resolution of EEG. Therefore, this could
add to a more complete understanding of the neural basis of beat and
meter perception. The biggest difficulty in EEG-fMRI fusion analysis is to
find appropriate neural activity that can be captured by both EEG and
fMRI. In the experiments of (Nozaradan et al., 2011), ASSEPs induced by
beat and meter were generated by neural oscillations. The amplitudes of
these neural oscillations inevitably fluctuate across blocks, which sug-
gests there are fluctuations in oxygen consumption across blocks, and
therefore, fluctuations in BOLD that can be captured by fMRI. Thus,
neuronal entrainment to beat and meter can be captured by both EEG
(ASSEPs) and fMRI (BOLD). This means that EEG-fMRI fusion analysis is
suitable for locating the neuronal populations entrained to beat and
meter.

In this study we use an EEG-fMRI method to locate neuronal pop-
ulations entrained to beat and meter. Unlike traditional fMRI which
generally assumes an identical response amplitude to identical stimuli,
this EEG-fMRI method focuses on the fluctuations of ASSEPs across
blocks. Given that the putamen has been observed to be involved in
processes more complicated than beat perception (Grahn and Rowe,
2013, 2009; Lewis and Miall, 2003), we hypothesise that the putamen is
the most likely candidate area that will entrain more to meter than to
beat.

2. Material and methods

2.1. Participants

We recruited 31 healthy student participants (female, n¼ 16; age
range: 19–23 years) from the College of Music at Southwest University.
All participants were required to have over eight years’ musical experi-
ence, either in singing training, instrument training, or dance training.
All participants were Chinese and had no history of a hearing disorder.
The hearing thresholds of all participants were tested and all were better
than 25 dB, from 250 to 8000Hz.

Ethics statement: All participants signed informed consent and the
experimental paradigm was approved by the ethics committee of
Southwest University (project number: H17022).
2.2. Experimental paradigm

The basic sound of the stimuli was a pure tone of 333Hz. This pure
tone was amplitude modulated by asymmetrical Hanning envelopes
(with 5% rise time and 95% fall time) at 2.4 Hz, with amplitude
Fig. 1. A. A 6 s excerpt of the sound wave. The pseudo-periodic beat structure is
interference. Beat perception is shown with a red line and binary meter imagination
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modulation between 0 and 1. We chose the 2.4 Hz because this frequency
and the imagined meter of 1.2 Hz (corresponding to 72 [1.2 Hz] and 144
[2.4 Hz] beats per minute [bpm]) are within the range of general musical
tempo, which is 40–240 bpm (Moravcsik, 1987).

This sound signal was amplitude then modulated by an 11 Hz sinu-
soidal function with amplitude modulation between 0.3 and 1. The
purpose of introducing the 11Hz modulation was because 11 Hz is not an
integral multiple of 1.2 and 2.4 Hz, introducing 11 Hz in these sounds
would generate subtle irregularities in the envelope of the beats, result-
ing in a pseudo-periodic beat structure. This pseudo-periodic beat
structure is closer to real musical beat structure than is a strict periodic
beat structure (Nozaradan et al., 2011). Moreover, the two frequency
amplitude modulations of 2.4 and 11Hz can reduce the sideband fre-
quency components of 2.4 Hz (i.e., 0.8 and 1.2 Hz) and thereby reduce
the perception of binary meter in the beat perception condition (Nozar-
adan et al., 2011). The stimulus lasted 12.5 s with an average
inter-stimulus interval of 5 s and a range of 4–6 s (Fig. 1). An example of
the stimuli has been submitted as supplementary material.

In this study, active noise reduction headphones were used (Opto-
Active, OptoAcoustics, Mazor, Israel, http://www.optoacoustics.com/me
dical/optoactive/features). The headphones can actively reduce noise
fromMR echo-planar imaging (EPI) and has been widely used in acoustic
fMRI studies (€Ozbay et al., 2018; Rosemann and Thiel, 2018; Yulia et al.,
2017). The system requires 16 s to learn the noise of MR EPI and sub-
sequently can actively reduce this noise. The intensity of the stimulus was
calibrated by a Bruel & Kjaer 2236 sound meter (Bruel& Kjaer, Naerum,
Denmark) and adjusted to 75 dB.

Participants completed two tasks. First, in the beat perception con-
dition, participants were told to stay awake and listen to the sounds with
no specific task performed. This represented the control condition. Sec-
ond, participants completed the binary meter imagery condition after the
beat perception condition. Participants went back to the monitor room
accompanied by an experimenter and were instructed to imagine a bi-
nary metric structure (1.2 Hz) over the beat. Participants listened to the
stimulus and imagined the following binary metric structure over the
beat: {strong, weak, strong, weak}. Under the guidance of the experi-
menter, they were asked to tap along with the imagined {strong, weak,
strong, weak} metric structure. Once they were able to tap along with
the binary metric structure alone, they were told to just imagine it during
the presentation of the stimulus, but not to tap. Participants were given
the opportunity to practise, and training ended when the participant
reported that he/she could imagine the metric structure over the beats
without tapping. Subsequently, participants were told to imagine the
same binary meter over the beats during the next experimental session
but not to tap. Imagery guidance was given after the beat perception
condition to exclude the influence of the imagery guidance on beat
perception. For both tasks, the stimulus was played thirty times.

This experimental paradigm is very similar to that of Nozaradan et al.
(2011), but two main changes were made to adapt to the MRI environ-
ment. First, we did not conduct a task in which participants imagined a
ternary meter, because beat listening and binary meter imagery tasks are
sufficient to meet our aims. Second, we increased the number of blocks
closer to real musical beat and meter structure, and it can reduce sideband
is show in blue. B. Frequency spectrum of the envelope of the sound wave.
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from 10 to 30, to make the experiment suitable for fMRI analysis. We also
shortened the blocks from 33 s to 12.5 s to shorten the length of the meter
imagery task. In the pilot experiment, participants reported that they
failed to imagine a meter over the beat at the end of the experiment
because their attention wandered when the experiment was longer than
15min. Therefore, by shortening a block to 12.5 s we shortened the task
to about 10min. During debriefing, 28 participants reported that they
were able to continue imagining the meter for the whole metre imagery
task and only three participants reported that they occasionally failed to
imagine the meter during the last two minutes of the task.

2.3. Simultaneous acquisition of EEG and fMRI

In this study, EEG and fMRI were simultaneously recorded. EEG was
recorded simultaneously with fMRI with an MRI-compatible EEG
recording system (BrainAmp MR plus, Brain Products, Munich, Ger-
many). EEG was recorded across 32 channels, with an electrode
recording electrocardiogram (ECG). The sample rate was 5000Hz, elec-
trodes were placed according to the International 10/20 system, and
electrode impedance was kept below 10 kΩ.

FMRI data was recorded with a 3T Siemens scanner. We used a
continuous scanning sequence with the following parameters: repetition
time (TR), 2s; echo time (TE), 26 ms; voxel size, 3*3*3 mm; flip angle,
90�; 32 slices. For each run, there were 310 scans and the first 10 scans
were used to train the earphone system without playing stimuli. After the
two tasks were finished, high resolution T1 images were acquired with
the following parameters: TR, 1900 ms; TE, 2.52 ms; voxel size,
1*1*1 mm, and 176 slices.

Data and code availability statement: Data not available/The data
that has been used is confidential.

Due to the potential value that has not been fully explored by the
current manuscript, survey respondents were assured raw data and code
would remain confidential and would not be shared.

2.4. EEG analysis

2.4.1. EEG preprocessing
EEG preprocessing was conducted in Matlab (2015b) (Mathworks,

Natick, MA) and Analyzer 2.1 (Brain Products). Noise reduction was
conducted to eliminate fMRI gradient artifacts, ballistocardiogram (BCG)
artifacts, and ocular artifacts. First, we used Analyzer 2.1 to eliminate
fMRI gradient artifacts. EEG were re-referenced to averaged TP9/TP10
and a local average artifact procedure was used to eliminate fMRI
gradient artifacts (Allen et al., 2000). Cut off frequency was set as 70 Hz.
Subsequently, EEG were downsampled to 500Hz. Second, we used
EEGLAB 13 and the toolbox FMRIB 2.0 (Niazy et al., 2005) to eliminate
BCG artifacts. The latter toolbox removes BCG artifacts with optimal
basis sets. Third, we eliminated ocular artifacts with the function ‘Ocular
remove using ICA’ of Analyzer 2.1. Finally, EEG data was exported to
EEGLAB 13 and high-pass filtered (>0.1 Hz) to remove very slow shifts.

2.4.2. EEG analysis
EEG epochs were extracted from �100ms to 12.5 s relative to the

onset of the auditory stimuli and the baseline was set as �10–0ms.
ASSEPs were segmented from 2.5 s to 12.5 s relative to the onset of the
stimuli. Data from �0.1–2.5 s was discarded because event-related po-
tentials (ERPs) to the first tone were typical auditory ERPs with P1, N1,
and P2 components, and several repetitions of beats are required to reach
a steady state evoked response (Repp, 2005). The frequency spectra of
ASSEPs to beat and metre were obtained using Fourier transform (Frigo
and Johnson, 2002; Nozaradan et al., 2011). Topographical maps of
ASSEPs to beat and metre were drawn at the target frequencies.

One-sample t tests were used to examine whether perception of beat
and metre generated a significant steady state response. Amplitudes at
target frequencies (f) were tested against amplitudes of frequencies of
(f�0.5 Hz). If there is a steady state response, amplitudes of ASSEPs to
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beat and metre should be significantly different to amplitudes not within
the target frequencies.

2.5. fMRI preprocessing

A standard preprocessing processing stream was conducted to fMRI
data under the guidance of the SPM12 Manual (http://www.fil.ion.ucl
.ac.uk/spm/). The steps included head motion correction, slice timing
correction, coregistration to anatomic structure, spatial normalization
and spatial smoothing.

2.6. fMRI and EEG-fMRI fusion analysis

fMRI and EEG-fMRI fusion data were analysed inMatlab (2015b), and
SPM12 and EEGLAB 13 were also used. Single trial ERPs were collected
from a pooled electrode (Cz/FC1/FC2) because paradigm-induced
ASSEPs are maximally expressed in frontocentral and temporal regions
(Nozaradan et al., 2011). Indeed, our results were consistent with this,
with ASSEPs maximally expressed at Cz, FC1, and FC2 (Fig. 2B).

For each condition (beat and meter), two regressors were designed.
One regressor was designed for conventional fMRI analysis, formed by
convolving the onset times of blocks and a canonical haemodynamic
response function, with the ‘duration of stimuli’ set as 12.5 s. This re-
gressor encoded a generic obligatory response of constant amplitude,
without considering fluctuations of response amplitudes. Another re-
gressor was designed for the EEG-fMRI analysis, which was para-
metrically modulated by the amplitude fluctuations of ASSEPs across
blocks. This regressor represented fluctuations in amplitudes of neuronal
entrainment to beat and meter across blocks. The amplitudes of ASSEPs
across blocks in the two conditions were extracted to form ASSEPs
amplitude vectors. Vectors for ASSEPs across blocks were used to
amplitude modulate the onset times of blocks and formed the AM vec-
tors. Amplitude modulation (AM) vectors were orthogonalised with the
onset times of blocks to ensure they were specific to fluctuations in
ASSEPs (Eichele et al., 2005; Mulert et al., 2008). These orthogonalised
AM vectors were convolved with a canonical haemodynamic response
function to construct regressors for EEG-fMRI analysis, with the ‘duration
of stimuli’ set as 12.5 s (Fig. 3).

Therefore, there were two conventional regressors (corresponding to
beat and meter) and two corresponding ASSEPs AM regressors. These
four regressors, together with six head motion regressors, were entered
into a single-subject fixed effects analysis using general linear model
(GLM) analysis. In the group-level analysis, random effects analysis was
executed across the 31 participants with significance set as p< .05
(cluster–extent family-wise error (FWE) corrected; voxel-height
threshold, p< .005; extent, 10 voxels).

3. Results

3.1. EEG results

Fig. 2 presents the group average EEG results and Fig. 2A presents
ERPs for the first 700ms in the two conditions. These ERPs are typical
auditory evoked potentials, with P1, N1, and P2 components. Fig. 2C
presents transient ERPs to beat and meter from the pooled electrodes Cz/
FC1/FC2. These ERPs can be divided into two parts: i) �100–700ms,
typical auditory evoked potentials; and ii) 2.5–12.5 s, ASSEPs. Frequency
spectra for ASSEPs to beat and meter and topographical maps of the two
conditions are presented in Fig. 2B. ASSEPs to beat and meter were
segmented from 2.5 s to 12.5 s. The amplitudes of ASSEPs to beat and
meter from the Cz/FC1/FC2 electrodes were 0.34 μV and 0.33 μV,
respectively. Moreover, there were ASSEPs to 2.4 Hz in the meter con-
dition, with an amplitude of 0.24 μV. These results are shown in Table 1.

There was a significant difference between ASSEPs to beat in the two
conditions (t¼ 12.9, p< .001). Furthermore, there was a significant in-
crease in the amplitudes of ASSEPs in the beat condition (t¼ 24.5,
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Fig. 2. Group average event-related potentials (ERPs). A. Typical auditory evoked potentials with P1, N1, and P2 components were observed from �100ms to 700ms
for both conditions. B. Topographical maps of auditory steady-state evoked potentials (ASSEPs) and spectra of ASSEPs to beat and meter. C. Transient ERPs to beat
and meter.
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p< .001, 2.4 Hz vs. 1.9 Hz; t¼ 28.6, p< .001, 2.4 Hz vs. 2.9 Hz), and in
the meter condition (t¼ 12.4, p< .001, 1.2 Hz vs. 0.7 Hz; t¼ 26.3,
p< .001, 1.2 Hz vs. 1.7 Hz; t¼ 12.1, p< .001, 2.4 Hz vs. 1.9 Hz; t¼ 16.3,
p< .001, 2.4 Hz vs. 2.9 Hz). Scalp maps showed that ASSEPs were pri-
marily distributed across the frontal central areas. These results are
shown in Table 2.

3.2. fMRI results

For conventional fMRI analysis, a conjunction analysis of beat and
metre (beatþmeter) showed activation in the bilateral primary auditory
cortex (PAC), bilateral precentral gyrus (PCG), and SMA. Random effects
analysis of beat vs. meter showed weak activation in the bilateral PCG
and SMA. There were no significant regions of activation for the meter vs.
beat condition. Results of conventional fMRI analysis are presented in
Fig. 4A and Table 3.

3.3. EEG-fMRI results

For EEG-fMRI fusion analysis common activations for beat and meter
(beatþmeter) were observed in the bilateral putamen, bilateral caudate,
left thalamus, and SMA. Analysis of meter vs. beat indicated significant
activation in the bilateral putamen, while beat vs. meter indicated acti-
vation in the SMA. Results of EEG-fMRI analysis are presented in Fig. 4B
and Table 4.

4. Discussion

In this study we used an EEG-fMRI fusion method to locate neuronal
populations that entrain to beat and meter. According to the entrainment
theory, neuronal populations that entrain to beat and meter should be
different. Our results support this hypothesis, as we found that while
there are common neural substrates underlying perception of beat and
meter, the bilateral putamen entrains more to meter while the SMA en-
trains more to beat.

Our conventional transient ERP results were consistent with the
previous findings of Nozaradan et al. (2012, 2011). Brain responses to
the first beat of the stimulus were represented by typical auditory evoked
potentials, with P1, N1, and P2 components. After several repeats of the
beats, ASSEPs to beat or meter emerged. For the beat condition, ASSEPs
to beat were observed with a peak of 2.4 Hz in the frequency spectrum.
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Two ASSEPs were observed in the meter condition, one to meter at a
frequency of 1.2 Hz and to beat at a frequency of 2.4 Hz. Our result
showing ASSEPs in response to metre is consistent with findings that
neuronal entrainment to beat and meter can be directly captured by scalp
recorded EEG (Nozaradan et al., 2011).

Moreover, in line with previous findings, our conventional fMRI re-
sults from a conjunction analysis of beat and meter indicated activation
in the bilateral PAC, bilateral PCG, and SMA (Chen et al., 2008; Cos-
ta-Faidella et al., 2017; Grahn and Rowe, 2013, 2009; Luke et al., 2017;
Morillon and Baillet, 2017; Teki et al., 2011; Zatorre et al., 2007).
Importantly, in the contrast of beat vs. meter, the SMA was also observed
to show activation. This result suggests that imagery of meter leads to a
weakened response in the SMA in beat perception and that the SMA is not
the core area of metrical structure assignment.

Many efforts have been made to illustrate the neural basis of rhythm
perception (Chen et al., 2008; Ehrsson et al., 2009; Fitch, 2013; Grahn
and Brett, 2007; Lewis et al., 2004; Vaquero et al., 2018), with results
indicating a role of the SMA, premotor cortex, basal ganglia, and cere-
bellum in musical rhythm perception. Indeed, these regions form the
motor cortico-basal ganglia-thalamo-cortical (mCBGT) circuit, which is
considered the neural basis of rhythm perception (Merchant et al., 2015).
Our EEG-fMRI results showed common neuronal populations that entrain
to beat and meter, including the bilateral putamen, bilateral caudate, left
thalamus, and SMA. Moreover, our fusion results support the mCBGT
theory and extend entrainment model by providing evidence that the
neuronal populations entrained to different levels of metrical structure
are not completely different but partially overlap.

Furthermore, our EEG-fMRI results indicate distinct neuronal
entrainment to beat and meter, with the bilateral putamen entraining
more to meter and the SMA entraining more to beat. The role of the
putamen in meter perception is worth exploring further. Some models of
rhythm perception (Desain and Honing, 1999; Dillon, 1981; Povel and
Essens, 1985) and timing (Church and Broadbent, 1990; Gibbon, 1977)
share a similar hypothesis that the internal representation of rhythm or
timing comprises three components: an internal clock, a
pacemaker-accumulator with memory, and a matching mechanism.
These models can be simplified as an internal clock that serves as a neural
pacemaker, which continually emits pulses. The pacemaker-accumulator
accumulate and store the number of pulses between accented beats and
thus form a mental interpretation of rhythm. According to our EEG-fMRI
results, it seems that during rhythm perception, the SMA, bilateral



Fig. 3. Flowchart of electroencephalogram-functional magnetic resonance imaging (EEG-fMRI) analysis. A. Extracting amplitudes of auditory steady-state evoked
potentials (ASSEPs) across blocks. B. General linear model (GLM) analysis. Amplitudes of ASSEPs to beat or meter were used to modulate the amplitudes of con-
ventional regressors. The amplitude-modulated regressors were convolved with a haemodynamic response function and entered into GLM analysis together with the
conventional regressors.

Table 1
EEG results.

Conditions ASSEPs to
beat

ASSEPs to
meter

P1 N1 P2

beat 0.34 μV – 2.07 μV �3.81 μV 4.18 μV
meter 0.24 μV 0.33 μV 4.86 μV �3.33 μV 5.13 μV

Table 2
Significance of increase in amplitude of ASSEPs.

Conditions 2.4 Hz vs.
1.9 Hz

2.4 Hz vs.
2.9 Hz

1.2 Hz vs.
0.7 Hz

1.2 Hz vs.
1.7 Hz

beat t¼ 24.5,
p< .001

t¼ 28.6,
p< .001

– –

meter t¼ 12.1,
p< .001

t¼ 16.3,
p< .001

t¼ 12.4,
p< .001

t¼ 26.3,
p< .001
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putamen, bilateral caudate, and left thalamus serve as an internal clock
network and the bilateral putamen plays the role of the
pacemaker-accumulator. Oscillations of the internal clock network
resonate at the frequency of the beat and form an internal clock. The
bilateral putamen accumulates and stores the number of beats between
accented beats. After several repetitions of the rhythm, the metrical
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structure stored in the putamen becomes more robust. When the number
of incoming pulses matches the stored number, the putamen triggers the
internal clock network to activate, thereby generating oscillations reso-
nating at the frequency of meter.

This hypothesis is consistent with the preference for an integer ratio
relationship during perception of rhythm. Several rhythm perception
studies have reported that rhythms encoded in integer ratio relationships
to a beat are reproduced more accurately than rhythms that are not
(Essens and Povel, 1985; Patel et al., 2005). Some participants even
reproduce integer ratio rhythms by regularizing perceived non-integer
ratio rhythms (Collier and Wright, 1995; Essens, 1986). Our internal
clock-accumulator hypothesis can explain these phenomenawell because
the internal clock resonates at the frequency of the beat, and the putamen
can only match an integer ratio interval of the beat.

Our results also suggest that during the meter imagery task, there was
weakening of ASSEPs to the beat, fMRI activation in the SMA and pre-
central area, and neuronal entrainment in the SMA. In contrast to the
high-level role of the putamen in perceiving rhythm, the SMA has more
often been found to be activated when automatically perceiving a beat
(Ivry and Spencer, 2004; Lewis and Miall, 2003). These results suggest a
competitive relationship between cognitively-controlled meter percep-
tion and automatic perception of beat.

It worth discussing why traditional fMRI is not suitable to identify the



Fig. 4. Functional magnetic resonance im-
aging (fMRI) and electroencephalogram-
fMRI (EEG-fMRI) results. A. FMRI results.
The first row shows results for beat þ meter,
with activation in the primary auditory cor-
tex (PAC), precentral gyrus (PCG), and sup-
plementary motor area (SMA). The second
row shows results for beat-meter, with acti-
vation in the SMA and bilateral PCG. B. EEG-
fMRI results. For beat þ meter, there was
activation in the bilateral putamen, bilateral
caudate, left thalamus, and SMA. For meter-
beat, there was activation of the bilateral
putamen and for beat-meter, the SMA was
activated. All results are family-wise error
corrected, p< .05 (voxel-height threshold,
p< .005; extent, 10 voxels).

Table 3
fMRI results.

condition Region Num of voxels T þ/� MNI coordinates

x y z

beat þ meter Temporal_Sup_R 1176 9.42 pos 68 �20 6
Temporal_Sup_L 1396 8.84 pos �60 �16 6
Precentral_L 681 6.69 pos �22 �20 66
Precentral_R 583 6.73 pos 34 �20 58
Precentral_R 236 6.44 pos 54 0 42
Precentral_R 29 6.14 pos 64 �4 14

beat-meter Precentral_R 117 5.51 pos 54 6 38
Precentral_L 34 6.04 pos �50 �2 34
Supp_Motor_Area_L 35 5.92 pos �12 2 54
Supp_Motor_Area_R 70 6.44 pos 10 12 66
Supp_Motor_Area_L 47 7.01 pos �12 8 68
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neural substrate underlying perception of beat and meter, but has only
been able to indicate a role for the PAC and SMA. Traditional event-
related fMRI generally assumes the brain responds to identical stimuli
with an identical amplitude. However, brain states inevitably ebb and
flow over time and, thus, the brain may respond to identical stimuli with
different amplitudes. We refer to this phenomenon as fluctuations across
trials/blocks. If we can trace these fluctuations and use them to param-
eter modulate the regressor representing brain activity, we can obtain a
regressor that more accurately reflects actual brain activation and thus
make more precise localisation. The methodology in this paper follows
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this argument. Although neuronal populations resonate with beat and/or
meter all the time, the amplitude of resonance inevitably fluctuates
across blocks. We extracted these fluctuations from scalp-recorded EEG
and used them to parameter modulate the regressors. These regressors
better fitted actual activity in neuronal populations entrained to beat and
meter. Therefore, they provide greater insight into the neural substrate
underlying perception of beat and meter.

One limitation of this paper is that in the meter imagery condition,
brain activity may be confounded by remembering or imagining tapping
the meter. Although the imagined {strong, weak, strong, weak} meter



Table 4
EEG-fMRI results.

condition Region Num of voxels T þ/� MNI coordinates

x y z

beat þ meter Putamen_R 637 5.64 pos 20 16 2
Putamen_L 413 5.12 pos �18 16 2
Supp_Motor_Area_R 760 6.12 pos 4 �14 70
Caudate_L 241 5.49 pos �14 24 4
Caudate_R 173 5.50 pos 20 �6 26
Thalamus_L 590 6.13 pos �12 �8 14

meter-beat Putamen_R 149 5.10 pos 20 12 2
Putamen_L 138 5.21 pos �18 18 2

beat-meter Supp_Motor_Area_R 351 5.67 pos 6 �12 70
Supp_Motor_Area_L 45 4.92 pos �8 10 66
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was emphasised, tapping during training may more or less influence the
following task. Although there might be some latent motor activity in the
metre imagery task, we believe its influence would be relatively slight.

5. Conclusion

In this study, we used an EEG-fMRI fusion method to locate neuronal
populations that entrain to beat and meter. We observed that some
neuronal populations including the SMA, bilateral putamen, bilateral
caudate, and left thalamus entrain to both beat and meter. We also
observed that the bilateral putamen entrains more to meter, while the
SMA entrains more to beat.
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