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 Abstract 47 
 Perception of, and synchronization to, auditory rhythms is known to be more accurate 48 
than with flashing visual rhythms. The motor system is known to play a role in the processing of 49 
timing information for auditory rhythm perception, but it is unclear if the motor system plays the 50 
same role for visual rhythm perception. One demonstrated component of auditory rhythm 51 
perception is neural entrainment at the frequency of the auditory rhythm. In this study we use 52 
EEG to measure entrainment of both auditory and visual rhythms from the motor cortex while 53 
subjects either tapped in synchrony with, or passively attended the presented rhythms. In order to 54 
isolate activity from motor cortex, we used independent components analysis to first separate out 55 
neural sources, then selected components using a combination of component topography, dipole 56 
location, mu activation, and beta modulation. This process took advantage of the fact that 57 
tapping activity results in reduced mu power, and characteristic beta modulation, that helped 58 
select motor components. Our findings suggest neural entrainment in motor components was 59 
stronger for visual rhythms than auditory rhythms, and strongest during the tapping conditions 60 
for both modalities. We also find mu power increased in response to both auditory and visual 61 
rhythms. These findings indicate that the generally greater rhythm perception capabilities of the 62 
auditory system over the visual system may not depend entirely on neural entrainment in the 63 
motor system, but rather how the motor system is able to utilize the timing information made 64 
available to it. 65 
 66 
 67 
 68 
New and Noteworthy 69 
 We investigated neural entrainment in the motor system for both auditory and visual 70 
isochronous rhythms using electroencephalogram. Counter to expectations, our findings suggest 71 
stronger entrainment for visual rhythms compared to auditory rhythms. Motor system activity 72 
was isolated with a novel procedure using independent components analysis as a means of blind 73 
source separation, along with known markers of mu activity from the motor system to identify 74 
motor components. 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
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Introduction 93 
 Human capability for sensorimotor synchronization (SMS) to auditory rhythms has been 94 
shown to be more precise than SMS to visual rhythms (Repp, 2003), but the exact reasons why 95 
are yet to be uncovered. It has been shown through fMRI work that activation of motor structures 96 
are more pronounced for auditory rhythms than for visual rhythms during SMS tasks as (Hove et 97 
al., 2013). This has led us to the suggestion that the auditory system is more tightly tied to the 98 
motor system for temporal processing, such as needed for rhythm perception, than the visual 99 
system which specializes in spatial processing. In previous works, we have suggested that a 100 
corollary to this is that the visual system performs some rhythm processing in house (Comstock 101 
& Balasubramaniam, 2018; Comstock et al; 2018; Comstock et al 2021). Based on that 102 
suggestion, we would expect to see differences in electrophysiological measures of rhythm 103 
processing in the motor system between auditory and visual rhythms that match those seen in 104 
fMRI data. 105 

The motor system plays a crucial role in the processing of music and auditory rhythms. A 106 
meta-analysis on fMRI studies indicated activation of multiple regions of the motor system 107 
during passive listening including right cerebellum, right primary motor cortex, and left and right 108 
pre-motor cortices (Gordon et al., 2018). Other works have highlighted the importance of the  109 
supplementary motor area (SMA) and basal ganglia in rhythm perception (Grahn & Brett, 2007; 110 
Chen et al., 2008; Grahn & Rowe, 2009; Merchant et al., 2015). These structures are believed to 111 
work in concert with the auditory system in order to drive the precise timing required in rhythm 112 
perception. In their Action Simulation for Auditory Prediction (ASAP) hypothesis, Patel and 113 
Iversen (2014) propose that this audio-motor facilitation is achieved through the dorsal auditory 114 
stream. Likewise, Merchant and Honing (2014) also suggest a key role for the dorsal auditory 115 
stream in rhythm processing in their Gradual Audiomotor Evolution (GAE) hypothesis, and also 116 
highlight a central role for the motor cortico-basal ganglia thalamo-cortical circuit as a key 117 
player in general timing processing. It is, however, not clear if there is a visuomotor equivalent 118 
to the audiomotor coupling for the processing of auditory rhythms, or to what extent visual 119 
rhythm timing is performed in the absence of motor system involvement. Further investigations 120 
are needed to determine what role, if any, the motor system may play in visual rhythm 121 
processing.  122 

It has been demonstrated using EEG that listening to auditory rhythms elicits an increase 123 
in power and phase coherence at the frequency of the beat of the rhythm (f0), that is measured 124 
most strongly over frontal-central regions (Nozaradan et al., 2011, 2012a, 2012b), and this signal 125 
is increased during an SMS task (Nozaradan et al., 2015). Likewise, it has long been known that 126 
the visual system can elicit power at the rhythm of visual flashes in what are dubbed steady-state 127 
visually evoked potentials (SSVEPs) (for review see Vialatte et al., 2010). It is unclear to what 128 
extent activity at f0 induced for auditory rhythms and visual rhythms would both be present in 129 
the motor system. If the auditory system is more tightly tied to the motor system than the visual 130 
system however, we would expect measures of power and phase coherence in the motor system 131 
to be stronger for auditory rhythms than visual rhythms. 132 

Many previous EEG studies investigating activity from the motor system have attempted 133 
to isolate motor system activity by selectively measuring activity from channels that lie over 134 
motor regions (Pfurtscheller & Neuper, 1994; Pfurtscheller et al., 1997; McFarland et al., 2000). 135 
One downside of this approach is that EEG activity arriving at the scalp level is a mix of all 136 
sources of activity in the brain (Makeig et al., 2004). One method used to solve this issue is to 137 
use independent components analysis (ICA), which has been shown to be an effective method of 138 
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separating out sources of neural activity in the brain (Delorme et al., 2012). While the blind 139 
source separation of ICA allows for separating out sources, a method of selecting appropriate 140 
sources for each study is required. Since this study aims to determine the role of the motor cortex 141 
in rhythm processing, a clear marker of motor system activity will be needed.  142 

One such marker can be found in Mu rhythms, which are a well-known marker of motor 143 
system activity, and originate from the primary motor cortex in the range 8-13 Hz (Pfurtscheller 144 
& Lopes da Silva 1999). Mu rhythms are known to reflect cortical idling and have been shown to 145 
increase in power, or what is termed event-related synchronization (ERS), during movement 146 
suppression, and decreased power or event-related desynchronization (ERD), during active 147 
movements (Pfurtscheller & Neuper, 1994; Pfurtscheller et al., 1997; McFarland et al., 2000) as 148 
well as during movement imagery (McFarland et al., 2000; Solomon et al., 2019). Isolating mu 149 
activity using ICA based on component location and characteristics has been previously done in 150 
research into the mirror neuron system (Nyström et al., 2011; McGarry et al., 2012; Behmer & 151 
Fournier, 2016), and more recently to understand the role of mu in music perception (Ross et al., 152 
2022). Using a study design with a sufficient motor task, and a non-motor task could be expected 153 
to induce modulation of mu rhythms that would make mu components further identifiable.  154 

While previous work has primarily identified premotor and subcortical regions for 155 
measuring rhythm processing, measuring activity generated from the primary motor cortex 156 
through mu rhythm identified components is important as it is speculated that mu rhythms may 157 
additionally serve as markers of rhythm perception, suggesting the primary motor cortex is 158 
playing an additional role in processing rhythms.  In previous work Ross et al., (2022) showed 159 
that listening to music while remaining still results in mu ERS relative to silence. That study was 160 
motivated by the premise in the ASAP hypothesis that the motor system is simulating the beat in 161 
music (Patel & Iversen, 2014). While it remains unclear if beat simulation reflects covert motor 162 
imagery of movement plans to a beat, or of a more abstract simulation of the beat in time, the 163 
result is the motor system is able to send temporal predictions to the auditory system, as has been 164 
measured through modulation of beta power (Fujioka et al., 2012, 2015, Comstock et al., 2021). 165 
The findings in Ross et al., (2022) are then somewhat surprising given the previously stated 166 
findings that mu activity reflects cortical idling as opposed to inhibition. A possible explanation 167 
follows from reports that hand-area mu ERS has also been reported during foot movements 168 
(Pfurtscheller & Neuper, 1994; Pfurtscheller et al., 1997). It may be that mu ERS during music 169 
listening reflects an interaction between holding the hand still, and cortical processing for 170 
movement or movement imagery elsewhere in the motor system, such as beat simulation. 171 

In this study we used EEG to measure changes in mu rhythms and activity at the beat 172 
frequency (f0) induced by attending to isochronous auditory or visual rhythms. Based on the idea 173 
that the auditory system is more tightly connected to the motor system than the visual system for 174 
temporal processing, and that listening to music induces mu ERS as a result of motor system beat 175 
simulation, we hypothesized that mu ERS would be greater for auditory rhythms than visual 176 
rhythms during non-tapping conditions. Additionally, we hypothesized that activity at f0, as 177 
measured by power and phase coherence, would reflect auditory rhythms more strongly than 178 
visual rhythms in the motor cortex.  179 
 180 
 181 
 182 
 183 
 184 
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Materials and Methods 185 
 186 
Participants 187 
 21 subjects participated in the experiment (11 female, M = 21.62 years, SD = 3.58). Data 188 
from 3 subjects were not used, 2 for computer error and 1 due to poor signal to noise ratio 189 
resulting in no discernable motor components. 10 subjects reported have some musical training 190 
(M = 6.6 years training, SD = 3.21). All subjects had typical hearing and typical or corrected 191 
vision, and reported being right handed. This study was approved by the UC Merced Institutional 192 
Review Board for Research Ethics and Human subjects, and was carried out in accordance with 193 
the Declaration of Helsinki. All participants gave written informed consent prior to testing. 194 
  195 
Task 196 
 Subjects were seated and fitted with a 32 electrode EEG cap, and were presented with 16 197 
stimulus trains with each train consisting of 40 events. 8 of the trains were of auditory tones 198 
(1000 Hz sine wave, 50 ms duration with 10 ms rise and 30 ms fall), and the other 8 being visual 199 
flashes (light grey flash with 50 ms duration). For both tones and flashes the subjects faced a 200 
black computer screen with a grey fixation cross at the center that remained visible during both 201 
flashes and tones. All stimuli were presented with an inter-onset interval of 600 ms, resulting in 202 
beat frequency (f0) of 1.667 Hz. Subjects were either instructed to tap in synchrony to the tones 203 
or flashes using their right index finger, or to attend to the stimuli while remaining motionless. 204 
During recorded subjects were observed to ensure they remained motionless except for tapping 205 
in the appropriate conditions. Tap times were not recorded. The resulting four groups of stimulus 206 
trains (auditory tapping, auditory non-tapping, visual tapping, visual non-tapping) were 207 
presented as separate blocks, with each block having stimuli from only one condition. The order 208 
of the groups was randomized with the exception that the 2 groups from each modality were 209 
always presented one after the other, and the tapping order was preserved across modalities, e.g., 210 
visual non-tapping, visual tapping, auditory non-tapping, auditory tapping. In order to ensure 211 
subjects were actively attending the stimuli, subjects were presented with an additional short test-212 
stimulus train immediately following each stimulus train, and were asked to compare the tempos 213 
of the stimulus train with the short test stimulus train. The test-stimulus train was always of the 214 
same modality as the stimulus train it followed, with tempo that was either slightly slower or 215 
faster than the preceding train was presented. After the test-stimulus train was presented, subjects 216 
were tasked with reporting if the later train was faster or slower than the previous train. 217 
Following the end of each test-stimulus train and the start of each new stimulus train, participants 218 
had a short break of a minimum of a 6 seconds. 219 
 220 
EEG Processing 221 
 EEG data were recorded using an ANT-Neuro 32 channel amplifier using an ANT-Neuro 222 
32 electrode Waveguard with electrode locations following the 10-20 International system. EEG 223 
data were processed using EEGLAB 2021 (Delorme & Makeig, 2004) and Matlab 2020b. Data 224 
were first downsampled from 1024 to 256 Hz, then high pass filtered with passband edge at 1 Hz 225 
and -6 dB cutoff at .5 Hz. Data were then pruned so only the stimulus trains and 5 seconds prior 226 
to each stimulus train remained, after which the data were inspected and bad channels were 227 
removed. Spherical interpolation was used to fill the removed channels, after which ASR 228 
correction was used to fix noisy bursts in single channels. Data were then referenced to average 229 
and ICA was applied using the AMICA algorithm (Palmer et al., 2012). After ICA Dipoles were 230 
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fitted to the resulting components. Eye blink, eye movement, and heart artifact components were 231 
selected by hand for each subject and removed from the data. 232 
 The independent components were then inspected using the IC Label toolbox (Pion-233 
Tonachini et al., 2019) to visualize and help determine which component corresponded to the left 234 
hemisphere primary motor cortex for each subject based on the following criteria: Scalp 235 
topography and dipole location indication that the component source was in the left motor 236 
cortex, evidence of mu ERS in the spectral power, evidence of mu ERS in the time series based 237 
on the distinctive mu wave shape, mu modulation based on condition (mu ERD during tapping 238 
conditions). Left primary motor cortex components were found for all but 1 subject, resulting in 239 
18 subjects. An example of a motor component can be seen in figure 1, along with the scalp 240 
topography of all selected motor components. Further confirmation of the veracity of the motor 241 
components was made following the time-frequency calculations by inspecting and comparing 242 
beta power modulation between the tapping and no tapping conditions, as beta band power 243 
attenuation from the motor cortex is known to occur during movement onset (Pfurtscheller & 244 
Lopes da Silva, 1999). In this experiment, movement onset is expected to occur just prior to 245 
stimulus onset as participants move to tap in synchrony with stimulus. All selected motor 246 
components followed the expected pattern of beta modulation: clear beta power attenuation prior 247 
to stimulus onset followed by increased beta power after stimulus onset during tapping 248 
conditions, but not for the non-tapping conditions. 249 

 250 
Figure 1 about here 251 

 252 
Three separate time-frequency calculations were performed on the processed component 253 

data: an analysis to inspect beta power modulation, and an analysis to calculate phase coherence 254 
in the lower frequencies. To calculate beta power modulation, the data were epoched into 3 255 
second epochs centered on the stimulus onset. Single-trial time-frequency analysis was 256 
performed on the resulting epochs using Morlet wavelets between 8 and 35 Hz with a constant 257 
wavelet length of 500 ms achieved using 4 cycles at 8 Hz and scaling up to 17.5 cycles at 35 Hz. 258 
A divisive baseline consisting of the entire epoch length for each condition was used to highlight 259 
power modulation of each frequency. The resulting time-frequency activity was used solely to 260 
confirm that the selected motor components did indeed correspond to motor activity. 261 

 A second time-frequency calculation was performed on the un-epoched trials using 262 
Morlet wavelets between 1.066 and 14.066 Hz with a constant wavelet length of 6563 ms 263 
seconds achieved using 7 cycles at 1.066 Hz and 92.31 cycles at 14.066 Hz. The frequencies 264 
used were linearly spaced at 0.1 Hz intervals so that the beat frequency of 1.666 Hz could be 265 
captured. No baseline was used so that power could be compared across all 4 conditions. Using 266 
the un-epoched data allowed for a wider window, removing potential edge artifacts that can arise 267 
from using a narrow window, and additionally allowed for better bandwidth resolution with a 268 
resulting constant bandwidth for each frequency of .3 Hz. Intertrial Phase Coherence (ITC) was 269 
calculated by extracting the phase angles from the time-frequency calculations and epoching 270 
them centered on each stimulus (+/- 300 ms), in a similar manner as implemented by Doelling & 271 
Poeppel (2015). ITC was then calculated as phase coherence across epochs for each condition at 272 
each time-frequency point for each component. Average ITC at each frequency was then 273 
calculated by averaging across time.  274 

A third time-frequency calculation was performed to extract mu activity from the selected 275 
components on the un-epoched trials using a fast Fourier transform between 7 and 30 Hz with a 276 
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window length of 2 seconds. A divisive baseline specific to each condition was used with the 277 
period defined as the 5 seconds prior to the start of each stimulus-train. Mu activity used for 278 
analysis was the average power between 8 and 13 Hz and taken from the onset of the second 279 
stimulus in each train to the end of the stimulus train. 280 

To extract amplitude, a discrete Fourier transform was applied to the un-epoched data 281 
from start of the second stimulus in each stimulus train, to the end of the train, using the length 282 
of the entire stimulus train as the window size resulting in a frequency resolution of 0.0439 Hz.  283 
To extract amplitude induced by the beat frequency, signal power for the individual frequencies 284 
were noise corrected by subtracting the average power of the neighboring frequencies (+ 0.088 to 285 
0.132 Hz and – 0.088 and 0.132 Hz) in a similar fashion as used by Nozaradan et al (2011).  286 
 287 
Statistical Analysis  288 
 Analyses were carried out on the selected motor components for mu power, f0 amplitude, 289 
and ITC. Analyses were also carried out on grand average activity for f0 amplitude and ITC to 290 
assess overall activity without location bias as a point of comparison to other existing works, 291 
e.g., Nozearadan et al (2011, 2015), Doelling & Poeppel (2015). The grand averages were 292 
calculated for each subject for each condition, and consisted of the averages of the measures of 293 
all components, which is equivalent to the grand scalp-average. One sample t-tests were used to 294 
investigate if average calculated mu activity significantly increased in response to the stimuli 295 
compared to baseline for each condition. To test if the rhythms induced a significant neural 296 
response at f0, one sample-tests were used for each condition on the grand averaged data and 297 
motor component data to test if the noise-corrected amplitude at f0 was greater than zero. Since 298 
ITC activity is effectively always greater than zero, paired-sampled t-tests were used to 299 
investigate if the rhythms induced significant phase coherence. ITC for both selected motor 300 
components and for the grand averaged data was tested against randomly sampled ITC activity at 301 
frequencies not likely to contain f0 activity or from any of the harmonics. To correct for multiple 302 
comparisons, FDR was used on all test results (Benjamini & Hochberg, 1995). 303 

To compare changes in mu power, noise corrected f0 power and f0 ITC across the four 304 
conditions, separate 2 by 2 repeated measures ANOVAs were used with within-subject factors 305 
being modality (audition and vision), and tap condition (no tapping and tapping). All statistical 306 
analyses were performed using Jamovi (Version 2.2; The jamovi project 2021) statistical 307 
software. 308 
 309 
 310 
Results 311 
  312 
Mu Power   313 
 one sample t-tests of mu activation in response to stimuli revealed increased mu activity 314 
compared to baseline for the visual non-tapping conditions (M = 2.316, SD = 3.08) t(17) = 3.192, 315 
p = 0.021 and for the auditory no-tapping conditions (M = 2.208, SD = 3.34) t(17) = 2.801, p = 316 
0.025, but not for either tapping condition (figures 2 & 3) 317 

 318 
Analysis of power for mu activity from left motor component data showed a main effect 319 

only for tapping F(1,17) = 13.072, p = 0.002, np
2 = 0.445, indicating mu activity was greater 320 

during non-tapping conditions (M = 2.262, SE = 0.713) than during tapping conditions (M = -321 
0.248, SE = 0.2.93). 322 
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 323 
Figure 2 about here 324 

 325 
Figure 3 about here 326 

 327 
Beat induction at f0 328 

Single-sample t-tests of amplitude at f0 indicated all conditions induced significant 329 
amplitude in the grand average conditions, and for both tapping conditions in the motor 330 
components (table 1a, 1b, figure 4). Amplitude in f0 for the visual non-tapping conditions near 331 
significant at p = 0.059 (table 1a). Paired-sample t-tests of ITC at f0 indicated all conditions 332 
induced significant phase-coherence for both grand averaged and left motor component data 333 
(table 1c, 1d, figure 5).  334 

 335 
Table 1 about here 336 

 337 
Amplitude at f0  338 
 The repeated measures ANOVA of amplitude at f0 for the grand averaged data show only 339 
a main effect for modality F(1,17) =8.439, p = 0.010, np

2 = 0.332, indicating greater f0 amplitude 340 
for the visual modality (M = 1.094, SE = 0.111) than the auditory modality (M = 0.65, SE = 341 
0.091) (figure 4 d). We report no interaction effects, and therefore no post-hoc tests. The 342 
repeated measures ANOVA of amplitude at f0 for the left motor component data shows only a 343 
main effect for tapping F(1,17) =17.346, p < 0.001, np

2 = 0.509, indicating greater f0 amplitude 344 
in the tapping conditions (M = 0.216, SE = 0.032) than in the non-tapping conditions (M = 345 
0.053, SE = 0.03) (figure 4b).  346 
 347 

Figure 4 about here 348 
 349 
 Examination of the scalp topography of f0 power indicates power peaking in the frontal-350 
central region for auditory conditions, with stronger activity for the auditory tapping condition 351 
than the auditory not-tapping condition. Similar activity in the topography is seen in the visual 352 
conditions except there is additional stronger activity peaking over the posterior regions that does 353 
not appear to change between tapping conditions. (figure 5) 354 
 355 

Figure 5 about here 356 
 357 

ITC  358 
 The repeated measures ANOVA of ITC on grand averaged data revealed main effects for 359 
modality F(1,17) =17.653 p < 0.001, np

2 = 0.509, indicating visual ITC at f0 (M = 0.364, SE = 360 
0.014) was greater than auditory ITC at f0 (M = 0.311, SE = 0.009). We additionally find a main 361 
effect for tapping F(1,17) = 26.283, p < 0.001, np

2 = 0.607, showing the tapping conditions (M = 362 
3.65, SE = 0.014) had greater f0 ITC than the non-tapping conditions (M = 0.31, SE = 0.007) 363 
(figure 6 d). There were no interaction effects seen in the grand averaged f0 ITC. The repeated 364 
measures ANOVA of ITC on left motor components data revealed main effects for modality 365 
F(1,17) = 11, p = 0.004, np

2 = 0.394, and for tapping F(1,17) = 19.961, p < 0.001, np
2 = 0.54, 366 

with no interaction effects. The main effects result indicate left motor f0 ITC was greater in the 367 
visual conditions (M = 0.481, SE = 0.032) than in auditory conditions (M = 0.359, SE = 0.031), 368 
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and that left motor f0 ITC was greater in tapping conditions (M = 0.525, SE = 0.041) than in 369 
non-tapping conditions (M = 0.314, SE = 0.027) (figure 6b).  370 
 371 
 372 

Figure 6 about here 373 
 374 
Discussion 375 
 376 
Summary of Results 377 
 In this experiment, we compared the effects of synchronizing to, or passively attending, 378 
auditory and visual rhythms on neural activations at the beat frequency and on mu rhythms. Our 379 
results show clear activation of the beat frequency for both auditory and visual rhythms in the 380 
motor system in ITC and in both ITC and  noise-corrected power in grand averaged data, 381 
suggesting both modalities can entrain rhythms at the beat frequency in neural populations 382 
(figures 4 & 6). We additionally show strong differential activation at the beat frequency and in 383 
mu power between tapping in synchrony to auditory and visual rhythms compared to passively 384 
attending the rhythms, where tapping in synchrony increases both power (figure 4) and phase-385 
coherence (figure 6) at the beat frequency, while decreasing mu power (figures 2 & 3). 386 
Surprisingly, we find evidence of stronger induced activation at the beat frequency from visual 387 
rhythms over auditory rhythms in ITC measures (figure 6), yet see no evidence of differential 388 
activation of mu rhythms nor of noise-corrected amplitude across modalities (figures 2, 3, & 4). 389 
Inspections of the spectral topography plots of noise corrected amplitude for all components at f0 390 
indicate that f0 amplitude is most modulated by tapping in the frontal-central regions for both 391 
modalities, while both visual conditions show relatively high f0 power posteriorly (figure 5). 392 
While we make no direct statistical comparisons between the activity from the left-motor 393 
components and grand-averaged data, it does appear that amplitude at the beat frequency is seen 394 
in the motor components clearly only when tapping, as opposed to in all cases in the grand 395 
averaged data (figure 4). Yet when looking at ITC at f0, there appears to be stronger activation 396 
for all conditions in the motor components compared to the grand averaged data (figure 6) 397 
indicating stronger phase locking to the rhythms.  398 
 399 
Mu Power 400 
 Mu rhythm activity is thought to increase during movement suppression (Pfurtscheller & 401 
Neuper, 1994; Pfurtscheller et al., 1997), and has been shown that it can serve as a marker for 402 
rhythmic timing processing (Ross et al., 2022), based on the idea that the motor system is 403 
simulating the beat (Iversen & Patel, 2014; Ross et al., 2016), and that the work of beat 404 
simulation may result in mu ERS. Existing work made it unclear if attending rhythms would 405 
result in mu ERS or ERD as Wu et al., (2016) reported mu ERD while listening to music while 406 
Ross et al., (2022) reported mu ERS. Our results are in line with those reported by Ross et al 407 
(2022) where they showed mu ERS during music listening compared to baseline. We show mu 408 
ERS in response to both auditory and visual rhythms, suggesting a modality general response to 409 
rhythms at the level of the motor cortex. The effect found by Wu et al., (2016) may be due to 410 
motor imagery, as the ERD was seen in trained pianists while they listened to piano pieces they 411 
were familiar with, and therefore may have been imagining the movements required to play the 412 
pieces. As the study did not test non-musicians, nor musicians with music they were not familiar 413 



10 

with, it cannot be confirmed that the mu ERD was a result of simply attending or processing of 414 
music 415 

It is well known that humans synchronize with greater precision and across a greater 416 
range of tempi to auditory rhythms than to visual rhythms (see Repp & Su, 2013 for review). 417 
One prominent explanation is that the auditory system is tightly tied into the motor system to use 418 
the motor system for auditory rhythmic timing processing (Iversen & Patel, 2014; Ross et al., 419 
2016), while more recent work has suggested that the visual system is able to do some rhythmic 420 
timing in house (Comstock & Balasubramaniam, 2018; Comstock et al., 2021). Under those 421 
conditions, and given the assumptions that mu ERD is seen during motor imagery, it could be 422 
expected that auditory rhythms would elicit mu greater ERD compared to visual rhythms if the 423 
motor system is involved in beat simulation as stated in the ASAP hypothesis. Yet our results are 424 
in line with Ross et al., (2022) showing mu ERS during the auditory rhythms, and we 425 
surprisingly also show mu ERS during visual rhythms, with no significant differences between 426 
the two.  427 

These results can be interpreted in several ways. The simplest interpretation is as 428 
evidence that the motor cortex is not simulating the beat for either auditory or visual rhythms. 429 
However, we urge caution in interpreting the results in this way as mu ERS during the non-430 
tapping tasks may reflect an interaction between holding the hand still, and cortical processing 431 
for movement or movement imagery elsewhere in the motor system, such as reported in the 432 
interactions between hand-area mu during foot movements (Pfurtscheller & Neuper, 1994; 433 
Pfurtscheller et al., 1997). This would suggest an unexpected result: the motor system is 434 
engaging in rhythm processing equally for both auditory and visual rhythms. A further 435 
explanation may be that the isochronous rhythms used in this study did not modulate mu activity 436 
in the same way music would. This could be due to the isochronous rhythms simply not driving 437 
motor beat simulation in a way that would differentiate between auditory and visual rhythms. A 438 
final consideration on the mu results is that mu activity arising from the primary motor cortex is 439 
known to be modulated by the premotor areas including SMA (Ulloa & Pineda, 2007). Given 440 
that the SMA has been implicated in rhythm processing (Iversen & Patel, 2014; Merchant & 441 
Honing, 2014; Ross et al., 2016), and since this study did not isolate pre-motor or SMA activity, 442 
it may be pre-motor activity would show the differentiation we hypothesized between modalities. 443 
 444 
Activity at f0 445 
 Numerous studies have shown neural activation at the beat frequency of a rhythm in 446 
power and phase coherence measures using a frequency tagging approach (Nozaradan et al., 447 
2011, 2012a, 2012b, 2015; Doelling & Poeppel, 2015). Likewise, visual rhythms have been long 448 
known to entrain to flashing rhythms (Vialatte et al., 2010), although visual rhythms studies 449 
usually look at activity at higher frequency ranges, e.g. 10 to 12 Hz, rather than at the lower 450 
frequencies used for SMS or auditory rhythm perception tasks. A recent study (Varlet et al 2020) 451 
has shown that audio-visual rhythms can elicit beta-coherence between EMG activity from a 452 
subject’s non-moving finger and EEG activity over the cortical motor region that was stronger 453 
than elicited by audio rhythms alone, suggesting that information of the timing of the visual 454 
rhythms is present in the motor system, even when the subject is instructed to remain motionless. 455 
Counter to our hypothesis, the f0 activity localized to the left motor cortex in the current study 456 
revealed greater ITC for visual rhythms than auditory rhythms, although we find no modality 457 
differences in the motor component data in mu activation or in noise-corrected f0 amplitude. 458 
This finding suggests that differences in SMS and rhythm perception capabilities between 459 
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auditory and visual rhythms may not be due to greater entrainment ability of one modality over 460 
the other, but rather in how that entrained activity is utilized. 461 
 Recent findings have shown that synchronization to visual rhythms can be achieved with 462 
similar levels of accuracy found in synchronization to auditory rhythms when those rhythms are 463 
moving. Importantly, the rhythm must move in a compatible way to the synchroning movement 464 
(Hove et al., 2010; Varlet et al., 2014 ). Further improvements have been seen when the moving 465 
visual rhythm follows an ecologically valid movement pattern, such as with a bouncing ball (Gan 466 
et al., 2015; Iversen et al., 2015; Huang et al., 2018). Yet, the benefit of using moving visual 467 
rhythms does not appear to apply when there is no explicit motor task (Silva & Castro, 2016; Gu 468 
et al., 2020). When these findings are taken into consideration with the motor cortex f0 ITC 469 
activity we report in response to visual rhythms, it suggests the visual system is tightly connected 470 
to the motor system in a way that allows for precise timing in response to visual stimuli in the 471 
same way the motor system can with auditory stimuli. However, that tight visuo-motor timing is 472 
only facilitated when visual stimuli are action compatible. When the stimuli are not action 473 
compatible, such as a flashing rhythm, or when there is no action intention, the motor system is 474 
not able to facilitate the same level of timing precision as is seen in synchronizing to a bouncing 475 
ball.  476 
 477 

 478 
Limitations and Future Directions 479 

  One major limitation of this study is in its use of isochronous rhythms, and interpreting 480 
the resultant frequency domain activity. There has been controversy over whether or not activity 481 
at the beat frequency of a rhythm represents neural entrainment to a rhythm, or if the activity at 482 
the beat frequency is essentially an artifact from applying an FFT to rhythmic stimulus to evoked 483 
potentials (Capilla et al., 2011; Novembre & Iannetti, 2018; Rajendran & Schnupp, 2019). One 484 
way around the issues is to use syncopated or metered stimuli that would produce little or no 485 
increase in frequency power at the frequency of interest (Lenc et al., 2019, Nozaradan et al., 486 
2018). As this study was designed to use as simple stimuli as possible, one needs to take care to 487 
not over interpret the results. Indeed, it is possible that greater f0 activity seen in visual rhythms 488 
compared to auditory rhythms is simply due to the evoked potentials to visual stimuli being 489 
generally more pronounced than those evoked from similar auditory stimuli. However, this 490 
concern applies primarily only to the grand-averaged f0 ITC and noise-corrected power, as we 491 
see it as unlikely that the activity measured from the components isolated in the left motor cortex 492 
would contain large sensory evoked potentials, as those components are not sourced in either 493 
auditory or visual regions.  494 

Additionally, we cannot entirely rule out effects of possible attentional differences 495 
between stimuli conditions. If the visual rhythms resulted in increased attentional focus 496 
compared to the auditory rhythms, we may expect to see greater entrainment for visual 497 
conditions. As we did not have a direct measure of attentional effort, nor did we inquire about 498 
the participants level of effort, it is unclear if there were attentional differences between our 499 
conditions. 500 

A further limitation is taps were not recorded. Future studies of a similar design would be 501 
able to directly connect SMS performance metrics with the neural data. This may be particularly 502 
useful in understanding how musical expertise affects neural processing of rhythms. Further 503 
explanations such as a role for error correction in driving auditory and visual rhythm processing 504 
differences should be tested in future studies. 505 
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 506 
Conclusions 507 
 We showed that mu rhythm activity in response to passively attending and synchronizing 508 
to simple isochronous rhythms is not modulated by the modality of that rhythm. Further we find 509 
evidence that entrainment to visual rhythms may be stronger than auditory rhythms, even though 510 
humans are generally able to perceive and synchronize to auditory rhythms more precisely than 511 
to visual rhythms. This indicates that how the entrainment activity is utilized by the motor 512 
system is just as important as the entrainment activity itself. We suggest that how, and to what 513 
extent, the motor system is able to couple with the visual system for rhythm processing is 514 
dependent on the stimulus appropriateness and the action intention regarding that stimulus.  515 
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Figure Legend 734 
 735 
Figure 1  736 
Example of left motor component from a single subject. Characteristic mu wave shape can be seen in the time-series 737 
data (a), which is present only during the non-tapping conditions (b). The topography of the component suggests its 738 
source is from the left-motor cortex (c), while the spectral power shows the characteristic 10 Hz power with a beta 739 
harmonic resultant from mu activity (d). Topographic plots of activity from the selected left motor components with 740 
activity of all components averaged together can be seen in the top topographic plot (e). All individual left-motor 741 
component plots from selected mu components are shown (f). 742 
 743 
Figure 2 744 
Average Event Related Spectral Perturbation (ERSP) plots from motor components for each condition showing time 745 
frequency power response compared to rest (baseline period).. The dashed line at zero indicates stimulus train onset. 746 
The area inside the dotted lines is the region of interest for mu activity.  747 
 748 
Figure 3 749 
 Box pots depicting the distribution of power in the mu range (8 - 13 Hz) compared to baseline across conditions for 750 
left-motor component activity. The center line of each box depicts the median the red circle indicates the mean. 751 
ANOVA results indicate significant mu increase for both auditory and visual no tapping conditions, but no 752 
difference across modalities. 753 
 754 
Figure 4 755 
Frequency domain representation of noise-corrected amplitude for left motor components (a) and grand average (c). 756 
Average noise-corrected amplitude is represented with the dark blue line, and shaded areas represent 95% 757 
confidence intervals. Box plots show distribution of noise-corrected amplitude at f0 for left motor components (b) 758 
and grand average (d). The center line of each box depicts the median the red circle indicates the mean. ANOVA 759 
results indicated greater f0 amplitude in visual conditions over auditory conditions in the grand averaged data (d) 760 
and greater f0 amplitude in tapping conditions than non-tapping conditions in the left motor components (b).  761 
 762 
Figure 5 763 
Scalp topography of f0 amplitude from grand average data. 764 
 765 
Figure 6 766 
Frequency domain representation of ITC left motor components (a) and grand average (c). Subject average ITC is 767 
represented with the thik red line, and individual ITC are shown in thin black lines.. Box plots show distribution of 768 
ITC at f0 for left motor components (b) and grand average (d). The center line of each box depicts the median the 769 
red circle indicates the mean. ANOVA results indicated both left motor component and grand average f0 ITC was 770 
greater in visual conditions than auditory conditions and also greater in tapping conditions over non tapping 771 
conditions. 772 
 773 
Table 1 774 
T-test tables for f0 amplitude and ITC. One-Sample t-test results comparing amplitude at f0 to zero for both motor 775 
components (a) and grand average (b). Paired sample t-tests to assess if f0 ITC is significantly different from 776 
randomly selected ITC values for both motor components (c) and grand average (d). Randomly sampled ITC values 777 
are denoted as rSamp. All p-values are corrected for multiple comparisons using FDR correction. 778 
 779 
 780 
 781 















Left Motor f0 Amplitude Grand Avg. f0 Amplitude 
One Sample T-Test   One Sample T-Test 

   Condition N Mean SD t df p 
Effect 
Size    Condition N Mean SD t df p 

Effect 
Size 

L.Motor Aud No Tap 18 0.040 0.122 1.37 17 0.094 0.323 Avg. Aud No Tap 18 0.593 0.364 6.92 17 < .001 1.63 

L.Motor Aud Tap 18 0.182 0.177 4.37 17 < .001 1.03 Avg. Aud Tap 18 0.708 0.581 5.17 17 < .001 1.219 

L.Motor Vis No Tap 18 0.066 0.164 1.72 17 0.059 0.405 Avg. Vis No Tap 18 0.984 0.606 6.89 17 < .001 1.624 

L.Motor Vis Tap 18 0.250 0.198 5.37 17 < .001 1.267 Avg. Vis Tap 18 1.204 0.492 10.39 17 < .001 2.45 

Left Motor f0 ITC Grand Avg. f0 ITC 

    Paired Samples T-Test Paired Samples T-Test 

   Condition N Mean SD t df p 
Effect 
Size     Condition N Mean SD t df p 

Effect 
Size 

L.Motor Aud No Tap 18 0.244 0.121 7.44 17 < .001 1.750 Avg. Aud No Tap 18 0.286 0.031 34.15 17 < .001 8.050 

L.Motor Aud No Tap rSamp 18 0.031 0.003         Avg. Aud No Tap rSamp 18 0.031 0.002         

L.Motor Aud Tap 18 0.473 0.256 7.32 17 < .001 1.720 Avg. Aud Tap 18 0.335 0.058 22.16 17 < .001 5.220 

L.Motor Aud Tap rSamp 18 0.031 0.003         Avg. Aud Tap rSamp 18 0.031 0.002         

L.Motor Vis No Tap 18 0.384 0.158 9.42 17 < .001 2.220 Avg. Vis No Tap 18 0.334 0.048 27.08 17 < .001 6.380 

L.Motor Vis No Tap rSamp 18 0.030 0.004         Avg. Vis No Tap rSamp 18 0.031 0.002         

L.Motor Vis Tap 18 0.577 0.172 13.35 17 < .001 3.150 Avg. Vis Tap 18 0.394 0.080 19.30 17 < .001 4.550 

L.Motor Vis Tap rSamp 18 0.031 0.004         Avg. Vis Tap rSamp 18 0.031 0.002         
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