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People have a natural and intrinsic ability to coordinate body movements with rhythms surrounding them, known
as sensorimotor synchronisation. This can be observed in daily environments, when dancing or singing along with
music, or spontaneously walking, talking or applauding in synchrony with one another. However, the neurophys-
iological mechanisms underlying accurately synchronised movement with selected rhythms in the environment
remain unclear. Here we studied real and imagined sensorimotor synchronisation with interleaved auditory and
visual rhythms using cortico-muscular coherence (CMC) to better understand the processes underlying the prepa-
ration and execution of synchronised movement. Electroencephalography (EEG), electromyography (EMG) from
the finger flexors, and continuous force signals were recorded in 20 participants during tapping and imagined
tapping with discrete stimulus sequences consisting of alternating auditory beeps and visual flashes. The results
show that the synchronisation between cortical and muscular activity in the beta (14-38 Hz) frequency band be-
comes time-locked to the taps executed in synchrony with the visual and auditory stimuli. Dynamic modulation
in CMC also occurred when participants imagined tapping with the visual stimuli, but with lower amplitude and a
different temporal profile compared to real tapping. These results suggest that CMC does not only reflect changes
related to the production of the synchronised movement, but also to its preparation, which appears heightened
under higher attentional demands imposed when synchronising with the visual stimuli. These findings high-
light a critical role of beta band neural oscillations in the cortical-muscular coupling underlying sensorimotor
synchronisation.

1. Introduction

People commonly move along or in synchrony with the environ-
mental rhythms they encounter. This can easily be observed in daily
environments, either intentionally, when dancing or singing to music
(Burger et al., 2014; Keller et al., 2016; Tranchant et al., 2016), or un-
intentionally, when we talk, walk, or applaud with one another (Miyata
et al., 2021; Néda et al., 2000; van Ulzen et al., 2008; Varlet et al.,
2020). These examples demonstrate the natural and intrinsic ability of
humans for coordinating bodily movements with rhythms surrounding
them, and are referred to as sensorimotor synchronisation (Repp and
Su, 2013).

After decades of research, benefits and practical applications, such
as the use of rhythms for movement rehabilitation in the context of
neurological disorders (for a review see Schaefer, 2014), have been
found for sensorimotor synchronisation, but questions remain about
how we achieve it accurately (Repp and Su, 2013). In particular,

it is still unclear what the neural mechanisms underlying sensori-
motor synchronisation are. A growing body of studies has reported
that the brain tracks auditory rhythms such as music and speech, as
well as visual rhythms such as dance (Bouvet et al., 2020; Celma-
Miralles and Toro, 2019; Fujioka et al., 2012; 2015; Lenc et al., 2018;
Nozaradan, 2014; Nozaradan et al., 2016; Peelle and Davis, 2012;
Press et al., 2011; Varlet et al., 2020).

The tracking of these rhythms by the brain does not only involve
the sensory system but the motor system as well. An individual’s mo-
tor system becomes activated when listening to auditory rhythms or
observing visual rhythms in the absence of produced movement, typ-
ically implicating the basal ganglia, cerebellum, SMA, pre-SMA, and
PMC (Bengtsson et al., 2009; Chapin et al., 2010; Chen et al., 2008,
2009; Grahn and Brett, 2007; Grahn and McAuley, 2009). These motor
regions have been suggested to play a critical role in extracting regular-
ities from rhythmic stimuli and generating temporal predictions of fu-
ture events via covert and unconscious action simulation (Arnal, 2012;
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Morillon and Baillet, 2017; Patel and Iversen, 2014; Rimmele et al.,
2018; Schubotz, 2007). These same regions are activated when an in-
dividual imagines producing a movement without external sensory in-
put (Farah, 1984; Lotze and Halsband, 2006; Munzert et al., 2009). For
rhythmic finger tapping in particular, overlapping neural substrates,
which are similar to those reported in rhythm perception tasks, were
found in covert (imagined) and overt tapping, albeit with lower ac-
tivation while imagining than executing tapping (Miller et al., 2010;
Osman et al., 2006; Oullier et al., 2005; Stavrinou et al., 2007).

The contribution of the motor system in rhythm perception is also
reflected by dynamic modulations in motor cortical activity that occur
in synchrony with external stimuli (Fujioka et al., 2012; Praamstra et al.,
2006; Saleh et al., 2010). Previous research has shown that ampli-
tude modulations in beta-band oscillations (~20 Hz), which are gen-
erally associated with producing and sustaining movement (Engel and
Fries, 2010; Pfurtscheller, 1981) as well as imagining movement
(Brinkman et al., 2014; McFarland et al., 2000; Pfurtscheller and Solis-
Escalante, 2009), become time-locked to periodic sequences even in the
absence of movement (Fujioka et al., 2012; 2015). It has been proposed
that such modulations serve to focus neuronal excitability on time-points
at which external stimuli are expected and thereby to facilitate related
processing in both sensory and motor areas (Henry and Obleser, 2012;
Lakatos et al., 2005; Steriade et al., 1993; VanRullen et al., 2011; te Wo-
erd et al., 2018; Zoefel et al., 2018). This alignment of neural oscillations
with external periodic stimuli is in line with the Dynamic Attending
Theory, which proposes that attentional oscillations entrain to regular
external rhythms, in turn facilitating the processing of events that are
in phase with those rhythms (Jones, 1976; Large and Jones, 1999).

Although the relation between cortical synchronisation to rhythms
in the environment and synchronised rhythmic movement has been
far less studied, this theoretical framework has relevance for under-
standing behavioural entrainment phenomena, including sensorimotor
synchronisation. Previous research using Electroencephalography (EEG)
has linked the strength of the neural tracking of auditory rhythms, mea-
sured as the amplitude of EEG activity at the frequencies corresponding
to these auditory rhythms, to an individual’s capacity to synchronise
movements with these rhythms (Bouvet et al., 2020; Lenc et al., 2020;
Nozaradan et al., 2016). There is also evidence from Transcranial Mag-
netic Stimulation (TMS) studies suggesting that such dynamic modula-
tion at cortical level might transfer to cortico-muscular coupling under-
pinning movement synchronisation. Stupacher et al. (2013) found an
increased “readiness to move” with high groove music, as indicated by
increased motor evoked potentials (MEPs) induced by TMS, in line with
behavioural studies that showed stronger movement synchronisation to
high groove music (Janata et al., 2012). Stupacher et al. (2013) also
observed larger MEPs when TMS pulses were delivered at particular
time points corresponding to the musical beat compared to when the
TMS pulses were delivered off those beat time points. This suggests
that cortico-muscular coupling can be periodically modulated in accor-
dance with the period of the auditory rhythm, consistent with previously
reported modulations at the cortical level, which could explain facili-
tated movement synchronisation on this external period (Carson, 1996;
Fujioka et al., 2010; 2015; Iversen et al., 2009; Kelso et al., 1990;
Potter et al., 2009; Schaefer et al., 2011). Temporal coordination be-
tween cortical, muscular and movement responses to external sequences
are further evidenced by TMS results indicating dynamic modulations in
cortico-muscular coupling during passive observation of visual rhythms
that correspond with preferred movement patterns during actual syn-
chronisation (Varlet et al., 2017).

A promising index for examining whether dynamic modulations at
the cortical level extend to cortico-muscular mechanisms is cortico-
muscular coherence (CMC), obtained by combining EEG or Magnetoen-
cephalography (MEG) with Electromyography (EMG) to quantify the
connectivity between cortical and muscular activities (Halliday et al.,
1995). CMC is a measure of synchronisation, and thus, of the com-
munication between cortical regions and muscles (Fries, 2005). Pre-
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vious research has shown that CMC usually occurs over primary mo-
tor regions, as indicated by its distribution over the central EEG elec-
trodes contralateral to the active limb, and peaks in the beta-band fre-
quency range around 20 Hz (Conway et al., 1995; Feige et al., 2000;
Halliday et al., 1998; Hari and Salenius, 1999; Salenius et al., 1997;
Witham et al., 2011; for reviews see Bourguignon et al., 2019; Mima and
Hallett, 1999). CMC has also been shown to have relevance for un-
derstanding optimal motor control. Increased CMC has been associated
with accurate motor performance, suggesting more effective communi-
cation between the brain and the muscles (Kristeva-Feige et al., 2002;
Kristeva et al., 2007; Witte et al., 2007). It has also been suggested
that it is the subjective perception of the task difficulty rather than the
actual motor precision that might drive increased CMC (Divekar and
John, 2013).

In a study that involved tapping along with auditory rhythms,
Pollok et al. (2005) found significant MEG-EMG coherence over the
contralateral motor areas, but they did not examine dynamic changes
in CMC over time, i.e., whether there were dynamic changes in CMC
that matched movement dynamics. For other rhythmic movement pat-
terns such as walking and foot circling, for instance, CMC has been re-
ported to elicit similar rhythmic patterns, to those of the movement,
demonstrating that CMC can be time-varying (i.e., dynamic) rather than
being increased in a static and constant way during movement execu-
tion (Petersen et al., 2012; Yoshida et al., 2017a; 2017b). For example,
Yoshida et al. (2017a) reported time-locking between CMC and flexion
of the foot, with maximum coherence observed with the Tibialis Ante-
rior muscle when the foot reaches maximum flexion. Moreover, previous
research has shown that CMC is sensitive to surrounding environmental
stimuli. Piitulainen et al. (2015) found that the presentation of unex-
pected auditory and visual distractors results in a salient increase in
an individual’s CMC, even if they are not moving and are maintaining
steady isometric contraction. Such findings support the validity of this
measure for understanding the underlying mechanisms of sensorimotor
synchronisation.

Importantly, everyday sensorimotor synchronisation is often
achieved in complex multisensory environments where simultane-
ously presented multimodal rhythms might compete for our attention
(Ernst and Biilthoff, 2004; Repp and Penel, 2002, 2004). In such en-
vironments, an individual is often required to synchronise movements
selectively with specific events that might be conveyed by auditory
or visual information (Ernst and Biilthoff, 2004; Repp and Su, 2013).
For example, during musical ensemble performance, musicians might
have to selectively synchronise with the visual cues provided by the
conductor more so than auditory sounds produced by other musicians
(e.g., if separate parts have complex rhythmic relations), or in contrast,
selectively synchronise with the sounds produced by other musicians
while ignoring surrounding visual information related to other mu-
sicians’ unrelated movements (Keller et al., 2016; MacRitchie et al.,
2017). When there are multiple stimulus streams, selective neural track-
ing might facilitate the processing of the relevant stimulus stream by
aligning the oscillatory phase corresponding to high cortical excitability
with the relevant stimuli (te Woerd et al., 2018), which could transfer
to cortico-muscular coupling. In settings where competing auditory
and visual temporal information is present together, such selective
neural tracking has been found to be better for auditory rhythms
than visual rhythms (Kato and Konishi, 2006; Repp and Penel, 2002;
2004). Auditory rhythms have been shown to allow better movement
synchronisation than visual rhythms due to higher temporal resolution
of the auditory system (Elliott et al., 2010; Hove et al., 2013; Patel et al.,
2005; Repp, 2003), although this auditory facilitation appears restricted
to discrete stimuli, as indicated by similar synchronisation performance
when visual rhythms contain more real-life-like continuous motion
(e.g., Gan et al.,, 2015; Hove et al., 2013; Hove and Keller, 2010;
Varlet et al., 2012). These findings suggest modality specific control
mechanisms for sensorimotor synchronisation that might be reflected
in CMC.
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Therefore, the goal of the current study was to investigate whether
cortico-muscular coupling is dynamically modulated during sensorimo-
tor synchronisation, and determine more specifically whether such dy-
namic modulations (i) occur when executing as well as imagining the
synchronisation, (ii) become selectively aligned with the stimuli an indi-
vidual intends to synchronise with, and (iii) are facilitated with auditory
discrete stimuli compared to visual discrete stimuli. EEG-EMG coher-
ence (CMC) in the beta frequency band was used to examine the dynamic
changes in cortico-muscular coupling when participants were asked to
synchronise or imagine synchronising finger taps with either periodic
auditory or visual stimuli embedded in a bimodal isochronous sequence.
Such a sequence with intermixed auditory and visual stimuli was used to
make it possible to determine whether the selective neural tracking and
synchronisation with auditory or visual stimuli would extend to CMC,
while ensuring that external sensory inputs, that could result in spuri-
ous changes in CMC (Bastos and Schoffelen, 2016; Burgess, 2013), were
kept the same across all conditions. In two real tapping conditions, par-
ticipants were instructed to actively produce finger taps in synchrony
with the auditory or visual rhythm, and in two imaginary tapping con-
ditions, participants were asked to imagine tapping with the auditory
or visual rhythm while maintaining a constant isometric finger pres-
sure. Finally, in a fifth control condition, participants were presented
with the bimodal sequence without movement instructions, except to
maintain constant isometric finger pressure.

It was hypothesised that dynamic modulations occurring at the cor-
tical level would transfer to the cortico-muscular coupling underlying
sensorimotor synchronisation, as indicated by dynamic modulations in
CMC time-locked with the stimuli participants were instructed to tap
with. Selective dynamic modulations in CMC were not only expected
in the real tapping conditions but also in the imaginary tapping condi-
tions, in accordance with previous research showing activity in the mo-
tor system when imagining movement, and its central role in temporal
prediction through action simulation (Arnal, 2012; Miller et al., 2010;
Morillon and Baillet, 2017; Oullier et al., 2005; Stavrinou et al., 2007).
Similar patterns of CMC modulation were expected in real and imagi-
nary tapping conditions due to shared mechanisms (Oullier et al., 2005;
Stavrinou et al., 2007), although differences in the amplitude and/or
temporal patterning of these modulations remained possible due to dif-
ferences in actual movement (Kilner et al., 2003, 2000; Miller et al.,
2010; Oullier et al., 2005). These dynamic modulations in CMC were ex-
pected to be of lower amplitude, or even vanish, in the control condition
due to a lack of active motor engagement without actual or imagined
tapping.

Additionally, modality-specific modulations in CMC where expected
in the real and imaginary tapping conditions, consistent with previ-
ous studies showing facilitated movement synchronisation with auditory
rhythms compared to visual rhythms, and results suggesting that greater
motor control might be underpinned by stronger CMC (Hove et al. 2010;
Kristeva-Feige et al., 2002; Kristeva et al., 2007; Patel et al., 2005;
Pollok et al., 2009; Witte et al., 2007). Accordingly, it was hypothe-
sised that the magnitude of CMC and its dynamic modulations when
tapping and imagining tapping would differ between auditory and visual
conditions due to the superiority of the auditory modality for temporal
predictions and sensorimotor synchronisation.

2. Methods
2.1. Participants

A total of 23 healthy right-handed subjects volunteered to partic-
ipate in this study. All participants had normal or corrected-to-normal
vision. None of them had any history of hearing, motor, neurological, or
psychiatric disorders. This study was approved by the Western Sydney
University Human Research Ethics Committee and was conducted in ac-
cordance with the ethical standards of the Declaration of Helsinki. All
participants gave written informed consent prior to participation and
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Fig. 1. Schematic representation of the Real and Imagined tapping conditions
and of the interleaved audio-visual stimulus sequence.

were debriefed at the end of the experiment. Three participants were
excluded because they produced periodic force modulations while in-
structed to maintain a constant force as detailed below, leading to a
final sample of 20 participants (28.35 + 5.34 years old, 7 females and
13 males).

2.2, Stimuli

The stimulus sequences presented to the participants alternated be-
tween 83 ms auditory (pure 400 Hz sine tone, 5 ms ramps) beeps and 83
ms visual flashes (red dot; approximately 3° visual angle) at 2.5 Hz, so
that the time interval between two events of the same modality was 800
ms (1.25 Hz) and the interval between the different modalities was 400
ms (see Fig. 1). The stimulus sequence was presented continuously for
120 s in each trial and was the same across all experimental conditions.
This ensured that the sensory input was consistent across all conditions.

2.3. Apparatus

To avoid noise interference, the experiment was conducted in a
closed and soundproof booth. During the experiment participants were
seated on a chair with a backrest and a custom-built forearm support to
ensure comfort and a stationary right arm position to help them to stay
still and relaxed in order to prevent muscular interference.

2.3.1. Stimulus presentation

The visual stimulus sequence was presented on a 1920 x 1200 resolu-
tion ViewPixx monitor (VPixx Technologies inc., Quebec, Canada) while
the auditory stimulus sequence was simultaneously presented via ER2
insert earphones (Etymotic Research Inc, IL, USA). The auditory stimuli
were presented at a comfortable intensity for the participant (approxi-
mately 70 dB), which was kept the same for all trials. The timing of both
visual and auditory stimuli was controlled at the 60 Hz refresh rate of
the monitor such that the 800 ms stimulus inter-onset intervals and the
83 ms stimulus duration corresponded to an exact number of frames.

2.3.2. Force recording

Attached to the armrest of the chair was a wide bar load cell (HTC-
Sensor TAL201, Colorado, USA) connected to an Arduino Duemilanove
board (Arduino, Ivrea, Italy) via an amplifier shield (Load Cell / Wheat-
stone Amplifier Shield, RobotShop, Mirabel, Quebec, Canada) to record
the force exerted by participant’s right index finger at a sampling fre-
quency of 60 Hz (i.e., the refresh rate of the monitor). Force measures
therefore had a precision of 16.7 ms. The Arduino board was connected
to a MacBook Pro laptop (Apple, Cupertino, CA, USA) via USB. The load
cell was calibrated for linearity and positioned on the custom forearm
support of the chair on which the participant was seated.

2.3.3. EEG and EMG recording

EEG and EMG signals were recorded at a sampling rate of 2048
Hz using a Biosemi Active-Two system (Biosemi, Amsterdam, Nether-
lands). EEG was recorded with 64 Ag-AgCl electrodes placed over the
scalp of the participant according to the international 10/20 system.
EMG signals of the right Flexor Digitorum Superficialis (FDS) muscle
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were recorded using BioSemi flat electrodes after preparing the par-
ticipant’s skin using alcohol swabs. A pair of electrodes was placed
on the participant’s right forearm in a standard belly-tendon montage
(Cardellicchio et al., 2020; Kong et al., 2010). A custom C++ program
ensured that all EEG and EMG recordings received triggers at the start of
each trial from the ViewPixx monitor controlling the timing of stimulus
presentation and the force recordings.

2.4. Procedure

At the start of the test session, the experimental task and procedures
were explained before participants were asked to complete an informed
consent form as well as a short demographic questionnaire.

There were five conditions: 1) synchronising finger tapping with the
auditory beeps (Auditory Tapping), 2) synchronising finger tapping with
the visual flashes (Visual Tapping), 3) imagining synchronising finger
tapping with the auditory beeps (Auditory Imagining), 4) imagining
synchronising finger tapping with the visual flashes (Visual Imagining),
and 5) passive listening and observation of the audio-visual sequence
(Control). Participants were instructed to tap as close as possible to the
auditory or visual events for the Auditory Tapping and Visual Tapping
conditions, respectively. Discrete tapping was executed by lifting the
finger from the force sensor and striking the force sensor in synchrony
with the instructed stimuli. For the Auditory and Visual Imagining con-
ditions participants were instructed to imagine they were tapping to the
auditory or visual events, respectively, while maintaining a constant ex-
erted force with their right index finger on the force sensor. For the
control condition participants were instructed to attend to the stimulus
sequence while again keeping the force exerted with their right index
finger as stable as possible.

For the duration of the experiment participants were asked to sit on
the chair in front of the monitor, place their right forearm on the arm
rest, rest their elbow at approximately 90 degrees with the hand palm
facing down. Their right index finger was placed on the force sensor.
The experimenter was in the room with the participant and made sure
that the participant remained focussed on the task.

Prior to data collection, the participant’s maximal voluntary con-
traction (MVC) was measured. The participants were instructed to put
as much pressure on the force sensor as they could with their right in-
dex finger for approximately 3 s. This task was repeated three times
and the average of the three maximum forces was considered to be the
MVC. Then, the target force was calculated as 7 % of the MVC (Kristeva-
Feige et al., 2002; Kristeva et al., 2007; Safri et al., 2007), in line with
research suggesting that the motor cortex is most concerned with the
coding of weak forces (Maier et al., 1993).

Participants could then see on the monitor a visual feedback of the
force exerted with their index finger. The visual feedback corresponded
to a red bar that changed in length in real-time depending on partici-
pant’s exerted force and turned green when the exerted force was within
a 5 % accuracy range of the target force. The target force was indicated
by a white line on the bar. The force feedback was displayed before
each trial in which participants needed to hold an isometric contraction
(i.e., the Imagining and Control conditions). Those trials could only start
once participants were within the 5 % accuracy range of their target
force. The force feedback disappeared as soon as the trials started to
avoid distracting the participants from focusing on the audio-visual se-
quence. Participants were allowed to practice the isometric contraction
until they managed to hold a steady force of approximately 7 % of MVC.

Twenty trials of 120 s were presented in four blocks that included
one trial for each of the five experimental conditions to ensure an equal
distribution of the conditions over time. Within the blocks the presenta-
tion order was randomised. Participants were allowed to take as many
breaks as necessary in between trials. The total experiment, including
the EEG and EMG preparation, took about 120 minutes.
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2.5. Data analysis

2.5.1. Movement synchronisation

The accuracy and stability of synchronisation with the stimulus
sequence in the auditory and visual trials were measured as the
mean and standard deviation of the signed and absolute asynchronies
(Repp, 2005). First, tap onsets were extracted from the force signal as the
first sample above the sensor baseline + 0.25 N. The asynchronies were
then calculated as the difference between the stimulus onset and the tap
onset, for which the absolute closest tap was selected (Biatunska et al.,
2011; Zelic et al., 2016, 2019). The first four taps were excluded to
account for transient behaviour (e.g., Hove et al., 2010; Iversen et al.,
2015; Zelic et al., 2016; 2018). Asynchronies larger than half the inter-
onset interval (i.e., 400 ms) or larger than 3 standard deviations were re-
moved as they likely resulted from missed taps or double taps (Ono et al.,
2016; Zelic et al., 2018; 2019).

2.5.2. EEG and EMG pre-processing

The EEG and EMG data were processed using MATLAB 2017a (The
MathWorks, Inc., Natick, MA). Both EEG and EMG data were first (i)
high-pass filtered using a 4™ order Butterworth filter with a cut-off fre-
quency of .2 Hz to remove slow drifts in the recorded signals and (ii) seg-
mented into 120s-trials. Zero-phase digital filtering was used. Based on
visual inspection, channels containing excessive artifacts or noise were
then interpolated with the neighbouring channels (i.e., an average of
1.279 [SD = 1.133] interpolated electrodes per participant, and never
more than 5 electrodes).

After filtering, the EEG signals were decomposed using an inde-
pendent component analysis (FastICA), as implemented in Fieldtrip
(Oostenveld et al., 2011) to remove eye movement artifacts. Based on
visual inspection of the topography and time-course of independent
components, components reflecting eye-blinks and lateralised eye move-
ments were removed from the data. EEG data were then (i) re-referenced
to the average of all scalp electrodes and (ii) notch filtered to remove 50
Hz (and corresponding harmonics) electrical power contamination with
a bandwidth of 1 Hz.

After the initial filtering, the EMG signals were re-referenced to their
respective reference electrode, notch filtered to remove 50 Hz (and cor-
responding harmonics) electrical power contamination with a band-
width of 1 Hz, and high-pass filtered using a 4™ order Butterworth
filter with a cut-off frequency of 10 Hz to remove movement artifacts
(Merletti and Di Torino, 1999; de Vries et al., 2016; Tomiak et al., 2015).
The EMG signals were then rectified and low-pass filtered at 195 Hz.
EMG rectification has been suggested to be an important step for the
examination of CMC, enhancing the power spectral density of the EMG
signal at a frequency of common input that recruits the constituent mo-
tor units (Yoshida et al., 2017a). This assumption is supported by ex-
perimental evidence and computational modelling (Myers et al., 2003;
Ward et al., 2013). Although its benefits remain debated, rectifying EMG
signals has been shown to be appropriate when examining CMC for
low exerted forces (Boonstra and Breakspear 2012; Farina et al. 2013;
McClelland et al., 2012; Ward et al. 2013). We also examined EMG
broadband amplitude in separate analyses to further investigate changes
in muscular activity in the tapping conditions and to control for unin-
structed periodic modulations synchronised with the stimuli in the static
conditions, as detailed below. EMG broadband amplitude was computed
as the envelope of the rectified EMG (10-195 Hz) signals using the
Hilbert transform. Finally, the pre-processed EEG and EMG signals were
down-sampled to 500 Hz.

2.5.3. Data exclusion

Despite being instructed to maintain a constant force in the isomet-
ric (Imagining and Control) conditions, periodic modulations in partic-
ipants’ force and muscular activity synchronised with the stimuli were
found in some trials. Therefore, preliminary analyses were conducted
on the continuous force and EMG envelope to exclude segments that
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exhibited periodic activity at the stimulus frequency, and to exclude
participants when they had a large number of segments to exclude. For
each trial, the 116.8 s data segment left after removing the first four
800 ms stimulus cycles (1.25 Hz period) was first separated into eight
non-overlapping segments of 14.6 s. Segments were excluded when they
showed significant activity at the stimulus frequency (1.25 Hz) or its first
harmonic (2.5 Hz) in the frequency spectrum of the continuous force or
EMG envelope calculated using Fast Fourier Transforms (FFTs). In line
with previous studies that used frequency-tagging techniques, force and
EMG amplitude at the 1.25 Hz and 2.5 Hz frequency bins were consid-
ered to be significant when the Z-score value was greater than 3.1 (p <
.001, one-tailed), which indicated signal amplitude significantly larger
than the background noise (Jacques et al., 2016; Quek et al., 2018). The
Z-scores were computed at each frequency bin as the difference in ampli-
tude between a given frequency bin and the mean of its 10 neighbouring
frequency bins (i.e., 5 on each side, excluding the two immediately ad-
jacent frequency bins), divided by the standard deviation of those 10
neighbouring bins (Quek et al., 2018; Varlet et al., 2020). Data were
excluded for participants who had significant periodic activity in the
equivalent of more than one of the four trials in any of the three iso-
metric (Imagining and Control) conditions (i.e., more than 8 segments
in one of the three conditions, one full trial [116.8 s] in total). This pro-
cedure thus ensured that the participants retained for further analyses
performed the task correctly at least in 75 % of the trials per condition.
Three participants were excluded based on this criterion. Twenty par-
ticipants were kept, with some segments exhibiting significant periodic
activity (77 segments of 14.6 s, 4 % of the total data) removed from
further analyses, as detailed below.

2.5.4. Cortico-muscular coherence

Cortico-muscular coherence (CMC) was computed to measure
changes in the synchronisation between EEG and EMG signals across
the different experimental conditions, over the time-course of the 800-
ms stimulus cycle in particular. For each participant, CMC was calcu-
lated between each EEG electrode and the EMG recorded from the FDS
muscle using the FieldTrip toolbox with a Fast Fourier Transform based
time-frequency analysis (Oostenveld et al., 2011).

The EEG and EMG power spectra and their cross-spectrum required
to compute CMC were calculated over the time-course of each 800-ms
stimulus cycle using a sliding fixed-length window of 250 ms with 20
ms increments, resulting in 40 time-points per stimulus cycle and a fre-
quency resolution of 4 Hz (1/0.250 s window). This window size was
chosen to avoid overlap between consecutive stimuli and to make it
possible to examine within-cycle modulations with sufficient temporal
and frequency resolution. A multitaper approach was taken in order to
improve CMC estimation using 3 Slepian tapers, resulting in a + 6 Hz
frequency smoothing for the computation of power- and cross-spectra
(Reyes et al., 2017).

Coherence was computed for each of the 40 time-points of the stimu-
lus cycle using the 584 corresponding EEG-EMG cross-spectra, and EEG
and EMG auto-spectra (4 trials x 146 stimulus cycles per trial) to ensure
reliable synchronisation estimation (Bastos and Schoffelen, 2016). Data
corresponding to the first four cycles were removed from this analysis
to avoid transient behaviour in line with movement analyses. Data cor-
responding to segments that were excluded because of periodic changes
in participants’ force and/or EMG activity in the isometric (Imagining
and Control) conditions were discarded from the analysis to make sure
CMC was computed on movement-free data in these conditions. These
segments were removed for all three isometric (Imaging and Control)
conditions (231 segments of 14.6 s, 12 % of the data in total) to ensure
that CMC was computed on the same number of cross-spectra and auto-
spectra (Bastos and Schoffelen, 2016), resulting in an average of 515
(SD = 43, 438-584) per condition. This operation resulted in coherence
values between 0 and 1 for each frequency bin and time-point, where 1
indicates perfect synchronisation between EEG and EMG signals and 0
indicates no synchronisation.

Neurolmage 238 (2021) 118209

Coherence was selected for further analyses in the beta range be-
tween 14 and 38 Hz. This range allowed variability within and between
participants to be captured at the frequencies at which CMC usually oc-
curs (Hansen and Nielsen, 2004; Mehrkanoon et al., 2014; Murthy and
Fetz, 1992; Omlor et al., 2007; Salenius et al. 1997a). Beta range CMC
has been shown to occur in contralateral motor regions. For the right
finger/hand in particular, electrode C3 on the left hemisphere is most
commonly reported (Johnson and Shinohara, 2012; Kristeva-Feige et al.,
2002; Safri et al., 2007). Therefore, C3 and its surrounding 8 electrodes
(i.e., FC1-5, C1-5, CP1-5) were selected as our area of interest. For each
participant the electrode with the highest time-averaged CMC within
the area of interest was selected for further analyses (Bourguignon et al.,
2017; Larsen et al., 2017).

2.6. Statistical analysis

All statistical analyses were performed in jamovi version 0.9.5.12
(The jamovi project, 2019). For the tapping, the mean and SD of signed
and absolute asynchronies were compared in Visual and Auditory Tap-
ping using paired t-tests.

To obtain the beta CMC as well as beta EMG and EEG power, values
in the beta range (14-38 Hz) were averaged. For the broadband EMG
amplitude, the 10-195 Hz filtered and rectified EMG signal was down
sampled to 50 Hz to match the 40 time-points of the CMC as well as
EMG and EEG power. Beta (14-38 Hz) CMC, beta (14-38 Hz) EMG and
EEG power, and broadband EMG amplitude (envelope of the 10-195 Hz
filtered and rectified signal) were compared in the different conditions
with repeated-measures ANOVAs.

To test the hypothesis of dynamic (i.e., time-varying) changes in
CMC, EMG, and EEG, repeated-measures ANOVAs including a factor
Time with 40 levels (i.e., increments of 20 ms) were used to test signif-
icant differences within the stimulus cycle. Because of EMG, EEG, and
CMC responses of large magnitude in the tapping conditions due to the
moving finger, tapping conditions were separated from the Imagining
and Control conditions (isometric conditions) in the statistical analy-
ses that included Time as a factor. This allows better assessment of the
potential temporal dynamics in the Imagining and Control conditions,
without being obfuscated by the large responses in the tapping condi-
tions.

2 x 40 ANOVAs with the factors Movement Condition (Auditory Tap-
ping and Visual Tapping) and Time (increments of 20 ms) were used to
compare the two tapping conditions.

To further explore dynamic modulations in CMC, EEG, and EMG
in the tapping conditions, and more specifically differences between
stimulus-locked and tap-locked fluctuations, 2 x 40 ANOVAs were also
conducted with participants’ data realigned according to their respective
mean tap timing, i.e., tap-locked EMG beta power, broadband EMG, EEG
beta power, and CMC. 3 x 40 ANOVAs with the factors Movement Con-
dition (Auditory Imagining, Visual Imagining, and Control) and Time
(increments of 20 ms) were used to compare the three isometric condi-
tions.

Where applicable, the effect of time was further explored us-
ing cluster-based permutation testing using point-by-point t-tests and
ANOVAs with Letswave6 (www.letswave.org) in MATLAB to identify
significant clusters (Oostenveld et al., 2011). Point-by-point one sam-
ple t-tests were used on demeaned EMG, EEG, and CMC data to test
significant deviations from 0. Point-by-point paired t-tests were used to
compare the two tapping conditions and point-by-point ANOVAs were
used to compare the three isometric (Imagining and Control) conditions
where necessary. Clusters of adjacent time-points above the critical t-
value or F-value (¢ = .05) were determined and the magnitude of each
cluster by calculating the sum of the absolute t-values or F-values con-
stituting each cluster. A thousand random permutations for each partic-
ipant’s time-series were calculated to obtain a reference distribution of
maximum cluster magnitude. Clusters in observed data were considered
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to be significant if they had a magnitude larger than the threshold of the
95t percentile of the permutation distribution.

The frequency spectrum of CMC averaged across time was tested in a
5 x 25 ANOVA with the factors Movement Condition (Auditory Tapping,
Visual Tapping, Auditory Imagining, Visual Imagining, and Control) and
Frequency (0 to 100 Hz in 4 Hz bins) to confirm the largest magnitude
of CMC in the beta range.

To confirm that the changes in CMC were due to actual changes in
synchronisation between EEG and EMG signals and not driven by time-
locked amplitude modulations in EEG and EMG signals, CMC was also
calculated on permuted data (Burgess et al., 2013; Hari et al., 2014). For
each participant and condition, the EEG signals of each trial were ran-
domly matched with the EMG signal from another trial (von Carlowitz-
Ghori et al., 2014, Hesterberg et al., 2005). By assigning time-series
that were not recorded simultaneously while preserving any possible
stimulus-locked amplitude modulations in the EEG and EMG signals,
permuted data allowed to control for the magnitude of CMC and its
dynamic modulations that could occur by chance, and thus, determine
genuine changes in CMC. Coherence was calculated for all possible per-
mutations of the 4 trials within the same condition. Coherence values
obtained from these 3 possible permutations were then averaged and
used to test differences with coherence values computed on real data
(Yoshida et al., 2017a).

3. Results

The series of analyses presented below aimed to compare sensorimo-
tor synchronisation across modalities, and cortico-muscular responses
across modalities, over time, and between real and imagined conditions.
First, the results for movement synchronisation performance, EMG ac-
tivity, and EEG activity are presented, followed by the results for CMC.

3.1. Movement synchronisation

As shown in Fig. 2A, the mean of signed asynchronies indicated that
participants tapped significantly earlier with auditory stimuli compared
to visual stimuli, t(19) = -2.800, p = .011, d = .626. However, neither
the accuracy of tapping, as measured by the mean of absolute asyn-
chronies, nor the stability of tapping, as measured by the standard de-
viation of signed asynchronies and the standard deviation of absolute
asynchronies, differed significantly between auditory and visual condi-
tions, t(19) =1.390 p =.181,d = .310; t(19) =-.525, p = .606, d = .117;
and t(19) = .884, p = .388, d = .198; respectively (see Fig. 2B and 2C).

3.2. Muscular responses

The analyses of muscular responses, for both broadband and beta
EMG data, revealed no differences in mean amplitude between the two
tapping conditions and between the three static finger pressure (isomet-
ric) conditions. As expected, the analyses also indicated dynamic mod-
ulations (i.e., time-varying differences), for both broadband and beta
EMG data, in muscular activity, time-locked to auditory and visual stim-
uli in the two tapping conditions but not in the three isometric static
conditions.

3.2.1. Broadband EMG

The 2 x 40 ANOVA with the factors Movement Condition (Audi-
tory Tapping and Visual Tapping) and Time (increments of 20 ms) on
broadband EMG (10-195 Hz, rectified) indicated no difference between
the two tapping conditions, F(1,19) = .181, p = .675, partial #*> = .009,
but a significant effect of Time, F(39,741) = 2.597, p < .001, partial
n* = .120, and interaction between Movement Condition and Time,
F(39,741) = 6.667, p < .001, partial n2 = .260. These results show that
there was no reliable difference in the mean amplitude of broadband
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EMG between the two tapping conditions but there were dynamic mod-
ulations (i.e., time-varying differences) depending on the sensory modal-
ities. Separate one-way ANOVAs to test the effect of Time for each tap-
ping condition yielded a significant main effect for Auditory Tapping,
F(39, 741) = 5.390, p < .001, partial 4> = .221, and Visual Tapping,
F(39,741) = 5.340, p < .001, partial 4> = .219, both showing significant
dynamic modulations (i.e., time-varying differences) in broadband EMG
amplitude over the time of the stimulus cycle.

As depicted in Fig. 3A, these dynamic modulations appeared to be
time-locked to the onset of the stimuli participants were instructed to
synchronise with, hence showing an antiphase relation between audi-
tory and visual conditions. The amplitude of broadband EMG was max-
imal at around 200 ms before the auditory stimulus, in the Auditory
Tapping condition. The amplitude of broadband EMG was maximum at
around 150 ms before the visual stimulus, in the Visual Tapping con-
dition. This effect of time was confirmed by the cluster-based permu-
tation tests, which indicated large significant clusters with significant
deviations from the mean (not represented in Fig. 3A) in both condi-
tions (p-values < .05).

When realigned to individual participants’ mean tap timing, broad-
band EMG data did not show any significant difference between visual
and auditory conditions, as indicated by a significant main effect of
Time, F(39, 741) = 7.645, p < .001, partial 4> = .287, but no main effect
of Movement Condition, F(1,19) = .181, p = .675, partial > = .009 or
interaction between Time and Movement Condition, F(39,741) = 1.348,
p =.079, partial 42 = .066, in the ANOVA. As depicted in Fig. 3D, broad-
band EMG showed a deflection starting about 200 ms prior to the tap
and peaking about 100 ms prior to the tap, and this was similar across
both tapping conditions. Cluster-based permutation tests that compared
broadband EMG data realigned to the participant’s mean tap timing in
the two tapping conditions did not indicate any significant clusters ei-
ther (p-values > .05).

The 3 x 40 ANOVA with the factors Movement Condition (comparing
across the three isometric conditions: Auditory Imagining, Visual Imag-
ining, and Control) and Time (increments of 20 ms) yielded no differ-
ences between the three isometric conditions, F(2,38) = .544, p = .585,
partial #?> = .028, no significant modulations of EMG amplitude over
time, F(39,741) = 1.022 p = .435, partial 4> = .051, and no significant
interaction between Movement Condition and Time, F(78,1482) = .996
p = .489, partial #?> = .050 (see Fig. 3B). These results show that there
were no reliable differences in the amplitude of broadband EMG be-
tween the three isometric conditions, supporting the premise that par-
ticipants (who were not excluded) were doing the task as instructed,
i.e., they were not systemically moving along with the stimuli in these
conditions. Cluster-based permutation analyses on demeaned EMG data
testing for significant deviations from zero supported this result with no
significant clusters in any of the three isometric conditions (p-values >
.05).

3.2.2. EMG beta (14-38 Hz) power

Similar to broadband EMG, the 2 x 40 ANOVA with the factors Move-
ment Condition (Auditory Tapping and Visual Tapping) and Time (in-
crements of 20 ms) on the EMG beta (14-38 Hz) power yielded no signif-
icant main effect of Movement Condition, F(1,19) =.026, p = .873, par-
tial %> = .001, but a significant main effect of Time, F(39,741) = 2.422,
p < .001, partial #> = .113, and interaction between Time and Move-
ment Condition, F(39,741) = 3.112, p < .001, partial »2 = .141. Sepa-
rate one-way repeated-measures ANOVAs for Auditory Tapping and Vi-
sual Tapping conditions both indicated a significant main effect of Time,
F(39,741) = 3.590, p < .001, partial n> = .159, and F(39,741) = 2.640,
p < .001, partial n> = .122, respectively. These results suggest that there
was no difference in the mean EMG beta power between the two tap-
ping conditions but dynamic modulations in both conditions that were
time-locked to the corresponding auditory and visual stimuli in the se-
quence, as shown in Fig. 3B. The amplitude of EMG beta power was
maximal around 250 ms before the auditory stimulus, in the Auditory
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Fig. 2. Tapping performance. Mean and standard deviation of signed asynchronies (A and and B) and absolute asynchronies (C and D) for the visual and auditory
conditions. Error bars represent 1 x CI of the mean computed for within-subject designs (Morey, 2008).

Tapping condition. The amplitude of EMG beta power was maximal
around 150 ms before the visual stimulus, in the Visual Tapping condi-
tion. Cluster-based permutation tests indicated large significant clusters
with significant deviations from the mean (not represented in Fig. 3B)
that confirmed this effect of time (p-values < .05).

When realigned to individual participants’ mean tap timing, EMG
beta power did not reveal any significant difference between visual and
auditory conditions, as shown by the ANOVA indicating a significant
main effect of Time, F(39,741) = 3.938, p < .001, partial 4> = .172,
but no main effect of Movement Condition, F(1,19) = .026, p = .873,
partial 42 = .001, or interaction between Time and Movement Condition,
F(39,741) = 1.348, p = .079, partial #*> = .066. As depicted in Fig. 3E,
EMG beta power peaked about 125 ms prior to the tap and this was
similar for both tapping conditions. Cluster-based permutation testing
that compared EMG beta power data realigned to the participant’s mean
tap timing in the two tapping conditions did not indicate any significant
cluster either (p-values > .05).

Also in accordance with broadband EMG, the 3 x 40 repeated-
measures ANOVA with the factors Movement Condition (Auditory Imag-
ining, Visual Imagining and Control) and Time (increments of 20 ms)
on the EMG beta (14-38 Hz) power indicated no main effect of Move-
ment Condition, F(2,38) = 2.355, p = .109, partial s> = .110, and no
main effect of Time, F(78,1482) = .533, p = 992, partial 4> = .027
(see Fig. 3D). The ANOVA indicated a significant interaction between
the two factors, F(2,38) = 1.399, p = .014, partial 5> = .069 but post-
hoc comparisons with Bonferroni correction did not reveal any signif-
icant difference between the different conditions at any time-point (p-
values > .05, see Fig. 3H). In addition, none of the separate one-way
ANOVAs for the Auditory Imagining, Visual Imagining, and Control con-
ditions indicated a significant main effect of Time, F(39,741) = 1.33,
p = .088, partial %> = .065; F(39,741) = 1.090, p = .326, partial n> = .054;

F(39,741) = .823, p = .771, partial > = .042, respectively. Cluster-based
permutation analyses likewise found no significant clusters in any of the
three isometric conditions (p-values > .05). There was, therefore, no ev-
idence for a difference in EMG amplitude between the three isometric
conditions or for systematic muscular modulations along with visual
and auditory stimuli in participants’ data retained after the exclusion
procedure.

3.3. EEG responses

The 2 x 40 ANOVA with the factors Movement Condition (Auditory
tapping and Visual tapping) and Time (increments of 20 ms) on the EEG
beta (14-38 Hz) power yielded no significant main effect of Movement
Condition, F(1,19) = 1.420, p = .248, partial #*> = .069, but a significant
main effect of Time, F(39,741) = 5.010, p < .001, partial > = .209, and
interaction between Time and Movement Condition, F(39,741) = 4.770,
p < .001, partial »2> = .201. Separate one-way repeated-measures
ANOVAs for Auditory Tapping and Visual Tapping conditions both in-
dicated a significant main effect of Time, F(39,741) = 6.200, p < .001,
partial 5> = .246, and F(39,741) = 2.320, p < .001, partial > = .109,
respectively. These results show that there was no difference in mean
EEG beta power between the two tapping conditions but dynamic mod-
ulations in both conditions. As shown in Fig. 3C, the EEG beta power
was time-locked to the corresponding auditory and visual stimuli in the
sequence, with maximum amplitude around 200 ms after the auditory
stimulus, in the Auditory Tapping condition, and around 350 ms af-
ter the visual stimulus, in the Visual Tapping condition. Cluster-based
permutation testing indicated large significant clusters with significant
deviations from the mean (not represented in Fig. 3C) that confirmed
this effect of time (p-values < .05).
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mean computed for within-subject designs (Morey, 2008).

The ANOVA on EEG beta power realigned to the participant’s
mean tap timing indicated a significant main effect of Time,
F(39,741) = 6.600, p < .001, partial n> = .258, and no main effect of
Movement Condition, F(1,19) = 1.420, p = .248, partial n> = .069. The
ANOVA indicated a significant interaction between Time and Movement
Condition, F(39,741) = 8.770, p < .001, partial n> = .316, but cluster-
based permutation tests that compared tap-locked EEG beta power be-
tween the two tapping conditions did not indicate any significant cluster
(p-values > .05), showing that there was no robust difference between vi-
sual and auditory conditions. As seen in Fig. 3F, EEG beta power peaked
about 325 ms after the tap in both tapping conditions.

The 3 x 40 repeated-measures ANOVA with the factors Movement
Condition (Auditory Imagining, Visual Imagining, and Control) and
Time (increments of 20 ms) on the EEG beta (14-38 Hz) power indi-
cated no main effect of Movement Condition, F(2,38) = 1.279, p = .290,
partial #> = .063, a significant main effect of Time, F(39,741) = 11.895,
p < .001, partial 4> = .385 (see Fig. 3D), and no significant interaction
between the two factors, F(2,38) = .951, p = .600, partial n> = .048.
Separate one-way ANOVAs for the Auditory Imagining, Visual Imagin-
ing, and Control conditions indicated a significant main effect of Time,
F(39,741) = 9.060, p < .001, partial 4> = .323; F(39,741) = 9.090, p <
.001, partial 7% = .324; F(39,741) = 9.350, p < .001, partial n2 = .330,
respectively (see Fig. 3I). These dynamic modulations were confirmed in
the three conditions by cluster-based permutation tests showing signif-
icant clusters with significant decrease from the mean (not represented

in Fig. 3I) prior to the auditory stimulus (~200-400 ms, p-values < .05).
Cluster-based permutation tests that directly compared the three condi-
tions did not reveal any difference at any time-point between the Au-
ditory Imagining, Visual Imagining, and Control conditions (p-values >
.05), suggesting that dynamic modulations exhibited at the electrodes
of interest had similar temporal pattern irrespective of the instruction.

3.4. Cortico-muscular coherence responses

In line with previous studies, the results indicated larger CMC in the
beta frequency band and at electrodes positioned over the contralat-
eral cortical motor regions, as seen in Fig. 4. Maximum beta (14-38 Hz)
coherence was found at C1 (4 participants), C3 (9 participants), FC1
(2 participants), FC3 (1 participants), CP1 (3 participants), and CP3 (1
participant).

3.4.1. Frequency response

The 5 x 25 ANOVA on coherence values at these electrodes, with
the factors Movement Condition (Auditory Tapping, Visual Tapping, Au-
ditory Imagining, Visual Imagining, and Control) and Frequency (0 to
100 Hz in 4 Hz bins), indicated a significant main effect of Frequency,
F(24,456) = 27.470, p < .001, partial #> = .591, of Movement Condition,
F(4,76) = 3.410, p = .013, partial 52 = .152, and a significant interaction
between the two factors, F(96,1824) = 2.690, p < .001, partial 7> = .124.
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The main effect of Frequency confirms that the magnitude of CMC is fre-
quency dependent, with largest CMC values observed around 25 Hz, as
depicted in Fig. 4. Post-hoc comparisons with Bonferroni correction to
further explore the significant interaction indicated differences between
the tapping conditions and the isometric (Imagining and Control) con-
ditions at the two lowest frequency bins (0-8 Hz, p-values < .05, see
Fig. 4A). However, this frequency range is outside of our region of in-
terest (14-38 Hz), because (i) the high-pass filtering at 10 Hz applied
to the EMG signals in line with previous research (de Luca et al., 2010;
Merletti and Cerone, 2020; Merletti and Di Torino, 1999; de Vries et al.,
2016) may have biased this low frequency range, and (ii) CMC values
in this range did not differ from those computed from permuted data (p-
values > .05), suggesting that these CMC differences were spurious and
driven by amplitude differences in EMG due to the produced movement.

Coherence values at the maximum electrode averaged between 14
and 38 Hz were then kept for further analyses. A 5 x 2 repeated-
measures ANOVA with the factors Movement Condition (Auditory Tap-
ping, Visual Tapping, Auditory Imagining, Visual Imagining, and Con-
trol) and Data Type (Real and Permuted) showed no significant main ef-
fect of Movement Condition, F(4,76) = 1.260, p = .294, partial 4> = .062,
confirming the absence of difference in mean beta coherence between
the five different conditions. The ANOVA also yielded a significant main
effect of Data Type, F(1,19) = 49.31, p < .001, partial 4> = .722, show-

ing higher coherence in Real data than Permuted data. No significant
interaction between Movement Condition and Data Type was found,
F(1.94,32.95) = 2.740, p = .083, partial 7> = .126.

3.4.2. Dynamic beta (14-38 Hz) CMC

As depicted in Figs. 5 and 6, CMC exhibited dynamic modulations
time-locked to the stimuli within the sequences and/or produced taps.
In contrast to EMG, these modulations did not only occur during actual
tapping but also during imaginary tapping with visual stimuli.

These observations were confirmed by the 2 x 40 ANOVA with
the factors Movement Condition (Auditory Tapping and Visual Tap-
ping) and Time (increments of 20 ms), which indicated no significant
main effect of Movement Condition, F(1,19) = .597, p = .449, par-
tial 4> = .030, a significant main effect of Time, F(39,741) = 6.663,
p < .001, partial n> = .260, and a significant interaction between the
two factors, F(39,741) = 16.186, p < .001, partial n> = .460. Sepa-
rate one-way ANOVAs for each tapping condition showed that signif-
icant modulations time-locked to their respective modality in the stim-
ulus sequence occurred for both Auditory Tapping and Visual Tapping,
F(39,741) = 14.300, p < .001, partial #*> = .430, and F(39, 741) = 10.600,
p < .001, partial #> = .359, respectively (see Fig. 5A). Maximum CMC
occurs around 100 ms after the auditory stimulus, in the Auditory Tap-
ping condition, and around 250 ms after the visual stimulus, in the Vi-
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are highlighted with the grey rectangles. Shaded areas around the graph line
represent 95 % confidence intervals.

sual Tapping condition. Cluster-based permutation tests indicated large
significant clusters with significant deviations from the mean (not rep-
resented in Fig. 5) that confirmed this effect of time in both real tapping
conditions (p-values < .05).

The 2 x 40 ANOVA on CMC realigned to the individual partic-
ipants’ mean tap timing revealed a significant main effect of Time,
F(39,741) = 29.474, p < .001, partial 2> = .608, and no main effect
of Movement Condition, F(1,19) = .597, p = .449, partial 7> = .030.
Although the interaction between Time and Movement Condition was
significant, F(39,741) = 1.755, p = .003, partial 4> = .085, post-hoc com-
parisons indicated no significant difference between Auditory and Visual
tap-locked CMC at any time-point (p-values > .05). As seen in Fig. 5B,
tap-locked CMC strongly decreases 200 ms prior to the tap and rebounds
to peak around 200 ms after the tap, which was similar for both tapping
conditions. Cluster-based permutation tests that compared tap-locked
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CMC between the visual and auditory tapping conditions confirmed this
result with no significant clusters (p-values > .05).

The 3 x 40 repeated-measures ANOVA with the factors Movement
Condition (Auditory Imagining, Visual Imagining, and Control) and
Time (increments of 20 ms) indicated no significant main effect of
Movement Condition, F(2,38) = 2.722, p = .079, partial *> = .125,
no significant main effect of Time, F(39,741) = .781, p = .830, par-
tial n> = .039, and no significant interaction between the two factors,
F(78,1482) = 1.065, p = .332, partial #2> = .053. With the particular
interest in CMC dynamics that motivated this study, the dynamics of
CMC were explored in all three isometric conditions separately. As ex-
pected, the Control condition did not show any significant modulations
of CMC over time, F(39,741) = .649, p = .953, partial #?> = .033, as de-
picted in Fig. 6C. The Auditory Imagining condition showed no signifi-
cant modulations of CMC over time either, F(39,741) = .309, p = 1.000,
partial n> = .016, as depicted in Fig. 6A. However, the Visual Imag-
ining condition did show a significant modulation of CMC over time,
F(39,741) = 2.250, p < .001, partial > = .106 (see Fig. 6B), with maxi-
mal CMC occurring around 250 ms before the visual stimulus. Cluster-
based permutation testing on (demeaned) CMC for the Visual Imagining
condition indicated significant deviations from the mean at 0-60 and
780-800 ms (p-values < .05). Cluster-based permutation testing did not
indicate any significant deviations in the Auditory and Control condi-
tions (p-values > .05).

3.4.3. Permuted cortico-muscular coherence

Time-locked responses were not present in the Permuted data, show-
ing that they originated from genuine changes in EEG-EMG synchronisa-
tion rather than systematic changes in EEG and EMG signal amplitude.
Two separate repeated-measures ANOVAs for the tapping and isomet-
ric conditions did not find any significant effects. The 2 x 40 ANOVA
with the factors Movement Condition (Auditory Tapping and Visual Tap-
ping) and Time (increments of 20 ms) indicated no main effect of Move-
ment Condition, F(1,19) = .074, p = .789, partial 4> = .004, or of Time,
F(39,741) = .615, p < .970, partial 4> = .031, and no significant in-
teraction between the two factors, F(39,741) = .885, p = .673, partial
#* = .044. The 3 x 40 ANOVA with the factors Movement Condition (Au-
ditory Imagining, Visual Imagining, and Control) and Time (increments
of 20 ms) indicated no significant main effect of Movement Condition,
F(2,38) = .251, p = .779, partial n> = .013, no significant main effect of
Time, F(39,741) = .707, p = .911, partial 5> = .036, and no significant
interaction between the two factors, F(78,1482) = .741, p = .955, par-
tial 2 = .038. None of the five separate ANOVAs on the Permuted data
yielded a significant main effect of Time either (p-values > .05), which
was also confirmed by the cluster-based permutation analyses that did
not reveal significant clusters (p-values > .05).

4. Discussion

The current study investigated the dynamic changes occurring in
cortico-muscular connectivity, using EEG-EMG coherence, during real
and imagined finger tapping synchronised to environmental rhythms.
Participants were presented with isochronous sequences consisting of
interleaved auditory and visual stimuli while either actually producing
finger taps or maintaining constant isometric finger pressure with the
right hand in imagining and control conditions. The results revealed
that modulations of CMC in the beta band (14-38 Hz) frequency range
over contralateral cortical motor regions were selectively time-locked to
taps executed in synchrony with the stimuli. Furthermore, time-locked
modulations of CMC were found to occur not only during actual finger
tapping but also during imagined finger tapping. This modulation was
only observed for imagined taps with visual stimuli and was of lower
magnitude with a different temporal profile compared to that exhibited
during actual tapping, suggesting different processes for executed and
imagined tapping modulated by the stimulus sensory modality, as dis-
cussed below.
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These results extend previous findings of dynamic CMC modulations
with continuous rhythmic movement such as walking and cyclical ankle
movements (Petersen et al., 2012; Yoshida et al. 2017a, 2017b) to finger
tapping, a fine motor skill. In the current study, no difference between
the auditory and visual modality was found for tap-locked CMC, suggest-
ing no effect of the stimulus modality on CMC during real tapping. This
result is also in line with the view that dynamic modulation of CMC is
mostly driven by motor processes, as proposed by Yoshida et al. (2017)
who showed no difference between self- and externally-paced circling
ankle movements. In the current study, CMC between EEG and the FDS
muscle was found to increase immediately after the tap to peak 200 ms
after the tap, irrespective of the modality of the stimulus (i.e., visual or
auditory) participants were instructed to synchronise with. More specif-
ically, the time course of CMC for the FDS muscle seemed to increase
during finger extension and to decrease during finger flexion. These dy-
namic modulations are in line with the hypothesis that CMC has a crit-
ical function in stabilising movement (Reyes et al., 2017). It has been
argued that during sustained contraction of a muscle, groups of sensori-
motor neurons oscillate in synchrony to maintain the current motor state
(Engel and Fries, 2010), while synchrony decreases and can even vanish
during dynamic movements (e.g., Kilner et al., 2003; Mehrkanoon et al.,
2014; Omlor et al., 2007). The peak in CMC with the FDS muscle after
the tap likely represents the stabilisation of the finger in the extension
position while waiting for the next tap to be triggered. Such finger de-
celeration and stabilisation towards maximal extension have been pre-
viously reported in finger tapping studies (e.g., Torre and Balasubrama-
niam, 2009), encouraging further investigations of CMC in the future
together with motion-capture recordings of the entire finger trajectory.

The current study also extends previous research by demonstrating
that dynamic modulations in CMC can also occur when the movements
are imagined. Our results show significant modulations of CMC in the
beta band while imagining tapping with the visual stimuli, even if no
evidence for change in the amplitude of muscular activity over time
was found, suggesting that CMC might capture top-down control mech-
anisms of the movement. Jeannerod (1994, 1995) argued that motor
imagery represents the result of conscious access to the content of the
intention of a movement, which is usually performed unconsciously dur-
ing movement preparation. Conscious motor imagery and unconscious
motor preparation can be considered to share common mechanisms and
are functionally equivalent. Recent studies using brain-imaging tech-
niques, such as fMRI, MEG, and PET, have provided plenty of evidence
supporting this possibility. Motor imagery and execution tasks have
been found to share similar activity in the motor system and functional
networks (Lotze and Halsband, 2006), especially in the posterior SMA
and the premotor cortex (Ehrsson et al., 2003; Miller et al., 2010; Roland
etal., 1980; Stephan et al., 1995). Szameitat et al. (2007) also found that
more complex imagined everyday movements use the same cortical net-
works involved in motor preparation and overt motor performance, and
Mizuguchi et al. (2014) even showed that such motor activity scales to
the imagined force. The current findings further support the existence
of a link between the underlying mechanisms of motor imagery and ex-
ecution. They indicate that shared mechanisms between the two might
not be restricted to the brain but also extend to the coupling between
the brain and the muscles.

Importantly, the modulations found in CMC during real and imag-
ined tapping with visual stimuli had different dynamics, suggesting that
they might reflect different processes. Although the significant trough
in CMC for imagined taps is close to that for executed taps in visual
conditions, the time-locked oscillations in beta CMC during the imag-
ined tapping had much lower magnitude and displayed peaks at dif-
ferent time-points relative to the visual stimuli. During tapping, CMC
peaked 100-200 ms after the visual stimuli whereas CMC peaked around
250 ms before the visual stimuli participants were instructed to imagine
tapping with. These differences might be indicative of different under-
lying processes. The most prominent difference between motor imagery
and execution is the discharge of motor units and the somatosensory
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feedback provided during execution (Baker, 2007; McClelland et al.,
2012). Such discharge and/or kinaesthetic feedback related to the po-
sition of the moving finger might have contributed to the CMC modu-
lations observed during actual tapping. Somatosensory feedback due to
finger contact on the force sensor during the actual tapping could also
have modulated CMC (Spackman et al., 2006; Tecchio et al., 2006) but
the CMC peak about 200 ms after the taps does not support this pos-
sibility. In contrast CMC modulations when imagining tapping might
have reflected movement preparation which is considered to be the
main mechanism responsible for motor activity during motor imagery
(Jeannerod, 1994, 1995; Lebon et al., 2019; Michelon et al., 2006).
The pre-stimulus CMC increase occurring when imagining in the current
study, which we argue might reflect motor preparation, is in line with
changes in EEG beta power reported in previous studies prior to move-
ment (Doyle et al., 2005) and during motor imagery (McFarland et al.,
2000; Nakagawa et al., 2011). These changes in beta power are usually
considered to reflect increased activity in the sensorimotor cortex re-
lated to movement preparation (Kilner et al., 2005; Seki and Fetz, 2012;
Wheaton et al., 2008). There is no direct evidence for such changes in
EEG beta power at the electrodes of interest in the current study, but
more advanced analyses using source localisation to disentangle visual,
auditory, and sensorimotor responses might help in future work to fully
address the link between beta power and CMC. More direct comparisons
between the temporal patterns of CMC during real and imagining tap-
ping could also help in future studies to confirm the difference in the
processes involved, although experimental settings allowing more ro-
bust and less variable CMC responses when imagining might need to be
developed.

Also particularly noteworthy is that modulations in CMC during
imagined tapping were found when participants were instructed to
imagine tapping with the visual stimuli in the sequence but not with
the auditory stimuli. This difference might have occurred because tap-
ping with discrete visual stimuli is more difficult than tapping with
auditory stimuli due to lower temporal resolution of the visual system
(Repp 2005; Repp and Su 2013; Varlet et al., 2012). Signed asynchronies
indicated that participants tapped earlier, i.e., anticipated more, with
auditory stimuli compared to visual stimuli in accordance with previ-
ous studies (Kurgansky, 2008; Lorés et al., 2012; Pollok et al., 2009;
Repp and Su, 2013). However, there was no difference of synchro-
nisation stability between auditory and visual conditions, an absence
of auditory facilitation that has also been reported previously when
both visual and auditory information were available (Chen et al., 2002;
Grahn et al., 2011). The stimulus sequence in the current study always
contained both auditory and visual events, and the auditory events pro-
vided temporal reference points that have likely helped to synchronise
with the visual events (Grahn et al., 2011). Although behavioural per-
formance might have been similar, processing both auditory and visual
information to enable equally accurate timing performance with visual
sequences, might have led to increased attentional demands that may
have affected CMC.

Kristeva-Feige et al. (2002) have previously shown that increased
levels of attention lead to increased levels of CMC. In addition, increased
(perceived) difficulty of motor control, rather than an actual increase of
motor control performance itself (e.g., precision), has been argued to
result in increased CMC (Divekar and John, 2013). Therefore, increased
task difficulty and attentional demands when synchronising with visual
stimuli in the sequence may have elicited higher levels and/or clearer
time-locking of CMC. These results are also in line with studies that
reported larger modulations in brain activity and connectivity with vi-
sual rhythms, especially in the beta frequency band (Pollok et al., 2009;
te Woerd et al., 2018). Pollok et al. (2009) for example found greater
activity in the ventral premotor cortex (PMv), as well as stronger beta
coherence between PMv and the thalamus for sensorimotor synchro-
nisation with visual than auditory rhythms. Using an audio-visual bi-
modal sequence similar to the one used in the present study, te Wo-
erd et al. (2018) also showed that attending to the visual stimuli re-
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sulted in larger amplitude modulations of beta activity in the motor
regions. As discussed above, further analyses allowing visual, auditory,
and sensorimotor responses to be disentangled would be needed in fu-
ture studies to clarify the exact nature of the link between beta band
amplitude and CMC. Nevertheless, together these results suggest that
higher cognitive demands imposed by the processing of visual stimuli
due to the lower temporal resolution of this modality, and more gener-
ally top-down mechanisms, might lead to stronger modulations in beta
amplitude and coherence at central and peripheral levels.

Using experimental stimuli that enable visual, auditory, and senso-
rimotor responses to be teased apart could also be informative in future
studies. Interleaved stimuli as used in the current study are particularly
interesting because they allow the stimuli to be kept the same across all
conditions, thereby allowing relatively direct CMC comparisons. How-
ever, such interleaved stimuli make it difficult to disentangle modal-
ity specific responses. Presenting visual and auditory stimuli in sepa-
rate conditions might help with disentangling these responses but also
makes comparisons across conditions more difficult, as different stimuli
would result in large differences in EEG beta band amplitude that might
influence CMC irrespective of genuine changes in the synchronisation
between EEG and EMG (Bastos and Schoffelen, 2016; Burgess, 2013).
A promising alternative for future research could involve presenting in-
terleaved visual and auditory stimuli but with different frequencies for
the two modalities, which would help tease apart the different responses
while keeping the same sensory input across conditions.

Such designs might also help to enhance differences in tapping per-
formance between visual and auditory conditions during real tapping,
including at the level of CMC, where no difference between the two
modalities was found in the current study. A difference between the
auditory and visual conditions was only observed when imagining tap-
ping. It is possible that this difference in CMC, originating from higher
cognitive demand involved in the processing of visual stimuli, was also
present during actual tapping but was largely hidden by much larger
modulations induced by actual movement. Enhancing modality specific
effects by further separating visual and auditory stimuli might therefore
help to reveal them at the level of CMC, especially during actual tapping
performance.

Having different frequencies for the visual and auditory streams
might also help to control that participants correctly follow the instruc-
tions in imagining conditions, as more distinctive responses would be
expected between conditions or modalities based on the specific period
for each sensory stream. Indeed, controlling if participants are correctly
imagining is a challenging issue (see Zatorre and Halpern, 2005), and us-
ing experimental stimuli that allow more distinctive responses between
conditions when participants perform the task adequately is critical for
future research on imagined sensorimotor synchronisation.

Finally, further manipulations of basic features of visual and audi-
tory stimuli could help in future research to better understand the ex-
tent of these differences between visual and auditory modalities. While
decreased synchronisation performance with the visual modality com-
pared to the auditory modality observed here is generally in line with
previous research (Chen et al. 2002, Repp and Penel, 2002, 2004), dif-
ferences between these two modalities could also have been influenced
by basic features of the selected stimuli such as their intensity, continu-
ity, and tempo (Biatunska et al., 2011; Hove et al., 2010; Repp, 2003;
Zelic et al., 2019), which would need to be explored in future research.

5. Conclusion

In sum, the current findings show that the synchronisation between
cortical and muscular activity in the beta frequency band is dynamically
modulated not only when actively tapping with external sequences but
also when imagining tapping with visual sequences. The results sug-
gest that dynamic modulations in CMC might not only reflect changes
related to movement production—that is, to the discharge of the mo-
tor units and somatosensory feedback in particular—but also to move-
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ment preparation. Moreover, differences between synchronisation with
auditory and visual stimuli suggest that CMC is modulated by higher
attentional demand and/or the task difficulty, further supporting the
importance of top-down mechanisms in CMC. Therefore, these findings
help understand the control mechanisms linking brain and behaviour to
support movement synchronisation with environmental rhythms.
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