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ABSTRACT 

Movement to a steady beat has been widely studied as a model of alignment of motor 

outputs on sensory inputs. However, how the encoding of sensory inputs is shaped during 

synchronized movements along the sensory pathway remains unknown. To investigate this, 

we simultaneously recorded brainstem and cortical electro-encephalographic activity while 

participants listened to periodic amplitude-modulated tones. Participants listened either 

without moving or while tapping in sync on every second beat. Cortical responses were 

identified at the envelope modulation rate (beat frequency), whereas brainstem responses 

were identified at the partials frequencies of the chord and at their modulation by the beat 

frequency (sidebands). During sensorimotor synchronization, cortical responses at beat 

frequency were larger than during passive listening. Importantly, brainstem responses were 

also enhanced, with a selective amplification of the sidebands, in particular at the lower-

pitched tone of the chord, and no significant correlation with electromyographic measures 

at tapping frequency. These findings provide first evidence for an online gain in the cortical 

and subcortical encoding of sounds during synchronized movement, selective to behavior-

relevant sound features. Moreover, the frequency-tagging method to isolate concurrent 

brainstem and cortical activities even during actual movements appears promising to reveal 

coordinated processes along the human auditory pathway. 

 

 
Keywords: EEG, neural entrainment, sensorimotor synchronization, steady-state evoked 
potentials, frequency-following responses, human auditory brainstem 
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1. INTRODUCTION 

Movement synchronization to a steady beat is a fundamental sensorimotor skill, which has 

been extensively studied as a model of tight temporal alignment of motor outputs to 

sensory inputs (Repp, 2005; 2012). Most of the studies have focused on the neural 

correlates of the motor output (see, e.g., Gerloff et al., 1998; Penhune et al., 1998; Jäncke et 

al., 2000; Ullen et al., 2008; Bengtsson et al., 2009; Hove et al., 2013). However, little is 

known about the impact of motor outputs on the processing of sensory inputs on which the 

movement is synchronized. Recent models of active sensing have proposed that the motor 

system could modulate the cortical processing of sensory information. This modulation 

would optimize the coordination of motor output on sensory inputs over time through cyclic 

fluctuations in sensory gain related to motor acts (Morillon et al., 2014; Schubotz, 2007; 

Schroeder et al., 2010; Zagha et al., 2013).  This dynamic sensory gain could act as a filter, 

sharpening the temporal representation of auditory inputs, thus facilitating perception of 

behavior-relevant items (e.g. temporal structure of a dynamic sensory input to which a 

movement needs to be aligned in a sensorimotor task) (see e.g. Morillon et al., 2014).  

Importantly, this online modulation of the sensory input may arise earlier in the auditory 

hierarchy, namely at brainstem level of the sound encoding. Indeed, a specific link between 

sensorimotor synchronization behavior and brainstem auditory processing has been 

highlighted in previous work (Tierney and Kraus, 2013; 2014). For example, it has been 

shown that the variability in tapping on a steady beat correlates with the variability in 

response latency in the auditory brainstem (Tierney and Kraus, 2013). Moreover, to account 

for the fast corrections usually observed in tapping movements synchronized to sound 

onsets (phase corrections <100 ms of latency in finger tapping on sound sequences; see e.g. 

Hove et al., 2014), recent work has suggested the existence of a rapid subcortical pathway 
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involved in movement correction (Schwartze and Kotz, 2013; Hove et al., 2014; Doumas et 

al., 2005; Bijsterbosch et al., 2011). Specifically, a rapid subcortical/cerebellar pathway (via 

the brainstem’s dorsal cochlear nucleus) may be responsible for the highly accurate 

encoding of sound onsets timing and the fast transmission of the temporal structure of 

sounds (i.e. the sound envelope) to thalamic and cortical targets (Schwartze and Kotz, 2013). 

This rapid feedforward route with highly accurate temporal precision, modulated itself via 

corticofugal fibers in a continuous feedforward-feedback dynamic, could be critical in 

sensorimotor synchronization (Schwartze and Kotz, 2013), thus placing the brainstem 

auditory nuclei in a key role in monitoring sensorimotor temporal alignment. However, there 

is currently no direct evidence of the modulation of the auditory brainstem response when 

synchronizing movements to sounds. 

The general goal of our study was to fill this gap in knowledge by directly testing whether 

cortical but also brainstem responses to sound are shaped during synchronized movement 

to the sound. Previous work has provided evidence that brainstem auditory processing can 

be dynamically modulated by task contexts in humans (Galbraith et al., 1998; 2003; Rinne et 

al., 2008; Chandrasekaran et al., 2009; Lehmann and Schönwiesner, 2014) and also non-

human animals (Slee and David, 2015). This sensitivity to ongoing contextual and task 

demands has been explained by the existence of efferent connections from the cortex to 

subcortical nuclei (see e.g. Winer, 2006; Winer and Lee, 2007; Bajo and King, 2013). These 

efferent corticofugal fibers project to the major levels of the auditory system, including the 

thalamus, the inferior colliculus, the superior olivary complex and the cochlear nucleus, 

allowing the brainstem encoding of sounds to be modulated depending on the level of 

activity in cortical auditory areas (Diamond et al., 1969; Weedman and Ryugo, 1996; Winer 

et al., 1998; Mulders and Robertson, 2000). 
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Building on this work, the current study aimed to test a more specific hypothesis, - i.e. that 

the brainstem encoding of sound would be enhanced during auditory-motor 

synchronization. More specifically, we hypothesized that this sensory gain would be 

selective to the sound envelope, as this sound component drives the movement 

synchronization, in contrast with the tones' pitch which is a sound component not directly 

relevant to the tapping behavior. Hence, we aimed to test whether the envelope 

representation at brainstem level was enhanced during synchronized movements, thus 

providing first evidence of auditory brainstem modulation driven by a task involving 

sensorimotor temporal alignment. Alternative to this sensory gain hypothesis however, one 

could predict to observe a sensory attenuation, due to an effect of agency related to the 

synchronization between sound and tapping (Schröger et al., 2015; Timm et al., 2014).  

Processes of sensory modulation throughout the human auditory pathway remain poorly 

understood, probably due to the scarcity of methods to simultaneously measure the activity 

at different levels of the auditory pathway with high temporal resolution, specifically while 

performing movements. The current study addressed this question by investigating 

concurrent activities produced by distant neural populations throughout the auditory 

hierarchy. Participants listened to a chord made of three tones periodically amplitude-

modulated in order to induce a steady beat. They were asked to carefully listen either 

without moving or to tap in synchrony to every second beat. Importantly, our study made an 

original use of the frequency-tagging method to simultaneously measure cortical and 

brainstem responses to sounds with electroencephalography (EEG). The frequency-tagging 

method consists in identifying and isolating different components of the neural response to 

a stimulus based on the expected frequencies of these components (i.e. steady-state evoked 

potentials, or SS-EPs; see e.g. Galambos et al., 1981; Rees et al., 1986; Picton et al., 1987; 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

6 

Regan, 1989; Ross et al., 2000; 2004; Bidet-Caulet et al., 2007; Norcia et al., 2015). In the 

current study, these frequencies were determined by the frequency structure of the 

stimulus itself (i.e. sound envelope at 2.4 Hz and harmonics, partials at 200, 400 and 600 Hz 

and sidebands at partial frequencies ± 2.4 Hz and harmonics). Importantly, the frequency 

content of the sound was specifically set such as to elicit frequency-locked responses that 

are likely to originate in most part from the brainstem auditory nuclei (i.e. partials and 

sidebands > 200 Hz) and the cortex (i.e. amplitude modulation < 3 Hz) respectively (Skoe and 

Kraus, 2010). Hence, the frequency-tagging approach appears to be particularly well suited 

to isolate concurrent cortical and brainstem processes. 

We also moved the method a step further by capturing these activities not merely during 

perception but also during actual movements synchronized on the dynamic sensory input, 

thus providing first empirical cues about the possible effects related to auditory-motor 

coordination on the subcortical encoding of sound. Moreover, a significant signal-to-noise 

ratio was expected for both brainstem and cortical activities, although the auditory 

stimulation lasted less than 7 min in total per condition. Indeed, the use of long-lasting 

continuous stimuli allowed a fine spectral resolution (0.02 Hz) to be obtained in the current 

study, thus concentrating the frequency-locked activities within very narrow frequency 

bands in the EEG spectrum (Norcia et al., 2015). In addition, the use of long-lasting 

sequences of continuous stimuli were likely to improve the opportunity to capture dynamic 

aspects of the processes at stake in sensorimotor synchronization, in contrast with transient 

event-related potentials (ERPs) reflecting transient neural responses triggered by the 

occurrence of transient stimuli (Norcia et al., 2015; Nozaradan, 2014).
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2. MATERIALS AND METHODS 

2.1. Participants 

Twenty-two healthy volunteers (10 females, 12 males, all right-handed, mean age 21.2 ± 2.9 

years, aged between 18 and 29) took part in the study after providing written informed 

consent. They were either music amateurs as listeners or dancers, or considered as 

musicians according to the number of years of music practice (11 participants with 8.5 ± 3.8 

years). None had prior experience with the tapping task used in the present study. They had 

no history of hearing, neurological or psychiatric disorder, and were not taking any drug at 

the time of the experiment. The study was approved by the Research Ethics Committee of 

the Faculty for Arts and Sciences of the University of Montreal. 

2.2. Auditory stimulation 

The auditory stimulus consisted in a continuous sequence of 39.5 s. The sound was 

composed of a harmonic tone with three partials at 200, 400, and 600 Hz composing a 

consonant chord (Fig. 1). These frequencies were chosen because frequency-following (i.e. 

frequency-locked) responses at these rates recorded in humans with scalp EEG are most 

likely to originate from brainstem nuclei of the ascending auditory pathway due to the low-

pass limitation in the production of sustained frequency-locked responses to sounds in the 

human auditory cortex (Skoe and Kraus, 2010). A harmonic relationship between the three 

tones was chosen to optimize the emergence of brainstem frequency-following responses to 

the chord, as brainstem responses to consonant intervals are known to be more robust than 

for non harmonic intervals (Bidelman, 2013). A beat was induced by modulating the 

amplitude of the chord at a frequency of 2.4 Hz (144 beats per minute), using an 

asymmetrical Hanning envelope (12 ms rise time and 404 ms fall time with a modulation 

depth of 75%, as in Nozaradan et al., 2015). A 2.4 Hz frequency was chosen because (i) this 
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tempo lies within the ecological range of beat perception and production (Drake and Botte, 

1993), (ii) we previously showed that this beat frequency elicits a measurable steady-state 

evoked potential (SS-EP) in the human EEG (Nozaradan et al., 2011; 2015), (iii) pilot 

experiments showed that participants are comfortable tapping on every second beat at this 

beat frequency, and (iv) frequency-locked responses to amplitude modulation of a carrier 

tone below 20 Hz are most likely to originate from cortical auditory sources rather than 

brainstem nuclei when recorded with scalp EEG (Wong and Stapells, 2004; Ross et al., 2000). 

An asymmetrical Hanning window was chosen because (i) it is well suited to tapping 

synchronization due to the sharp slope of the rising ramps, and (ii) it was previously shown 

to elicit a measurable cortical beat SS-EP (Nozaradan et al., 2011; 2015). Stimuli were 

generated using Matlab (The MathWorks, Natick, USA) and presented binaurally through 

electromagnetically shielded insert earphones at 75 dB SPL (ER 2, Etymotic Research, Elk 

Grove Village, IL, USA). 

To determine the frequencies at which the brainstem and cortical SS-EPs were expected in 

the EEG, the auditory stimulus was transformed in the frequency domain using a discrete 

Fourier transform. The frequencies of interest appeared in the obtained spectrum as three 

peaks of equal acoustic energy at 200, 400 and 600 Hz, flanked by sidebands at [+/‐] 2.4 Hz 

[and multiples] above and below each partial, corresponding to each partial periodically 

amplitude-modulated at beat frequency by the non-sinusoidal envelope (Fig. 1). 

To determine the frequencies at which the cortical frequency-locked response to the 

envelope was expected in the EEG, the temporal envelope of the auditory stimulus was 

transformed into the frequency domain using a discrete Fourier transform. The frequencies 

of interest appeared in the obtained spectrum as peaks of acoustic energy at 2.4 Hz and 

harmonics (Fig.1). 
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Figure 1. Experimental design and stimulus. A. Time-frequency excerpt of the stimulus. The 

harmonic chord (200, 400 and 600 Hz) was amplitude-modulated at 2.4 Hz to induce a steady beat. 

The spectrum of this sound exhibits three peaks at the partials’ frequencies, each flanked by 

sidebands at ± 2.4 Hz and harmonics. B. Excerpt of the sound envelope with the periodic non-

sinusoidal amplitude modulation. The envelope spectrum presents peaks at 2.4 Hz and harmonics. C. 

In the auditory condition, participants carefully listened to the sound without moving. In the tapping 

condition, they were asked to listen to the same sound and tap the right hand in synchrony on every 

second beat (at 1.2 Hz, i.e. at half the beat frequency). On the right, the spectrum represents the 

group-level average (black) and standard deviation (grey) of the electromyographic (EMG) signal 

(magnitude normalized between 0 and 1) recorded on the right forearm during the tapping. As 

expected, a peak is observed at 1.2 Hz and harmonics. 

 

2.3. Experimental conditions 

Participants were comfortably seated in a chair with their head resting on a support. They 

were instructed to relax, avoid any unnecessary head or body movement and keep their 

eyes fixed on a point displayed on the wall in front of them. They were asked to perform two 
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different tasks: first, an auditory task, and second, a tapping task, in separate runs (Fig. 1C). 

Each run consisted of 10 trials, each starting with 3 s of silence, followed by the 39.5-s sound 

stimulus. The polarity of the sound waveform was inverted on every other trial to prevent 

potential electrical artifacts at the frequencies of the sound input (Skoe and Kraus, 2010). 

However, our insert earphones were electrically shielded and no such artifacts were 

observed at either polarity. The experiment always started with the auditory task. Each trial 

onset was self-paced. To ensure that participants focused their attention on the sound in the 

auditory task, they were asked to carefully listen to the sound and report any irregularity in 

the sound and specifically in the beat duration at the end of each trial. There was no actual 

irregularities in any of the sequences (so that there was no extensive assessment of the 

detection performance), but probably due to the long-lasting repetition of the sound 

participants reported hearing subtle changes throughout the trial in half of the trials on 

average. 

During the second condition, participants were asked to perform a tapping with their right 

hand as accurately as possible on every other beat of the sequence, i.e., at half the beat 

frequency (fbeat/2 = 1.2 Hz) (Fig. 1). This design aimed to reduce the frequency overlap 

between the responses to the sound envelope (i.e. the beat at 2.4 Hz and harmonics) and 

the neural activity related to motor activity (i.e. the tapping at 1.2 Hz and harmonics), 

although an overlap of the two activities at 2.4 Hz cannot be excluded completely 

(Nozaradan et al., 2015). All participants underwent a short training session before the 

experiment to ensure that they understood the task. They were asked to start tapping on 

the third auditory beat of each stimulus, and to maintain their movement as synchronized as 

possible throughout the entire trial. The tapping was performed with small up and down 

movements of the hand starting from the wrist joint, maintaining the forearm and elbow 
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fixed on an armrest cushion. When performing the tapping movement, the fingers of the 

tapping hand came transiently in contact with the armrest cushion. All participants naturally 

synchronized their movement such that the occurrence of this contact coincided with the 

occurrence of the beat. Importantly, the contact with the armrest produced tactile feedback, 

but did not produce any auditory feedback, as the participants were fitted with earphone 

inserts. The experimenter regularly went to the recording room, to monitor compliance to 

these instructions.  

2.4. EEG recording  

The EEG was recorded using 64 active sintered Ag-AgCl electrodes placed on the scalp 

according to the International 10/10 system (ActiveTwo, BioSemi, The Netherlands). Active 

electrodes contain the first amplifier stage within the electrode cover and provide 

impedance transformation on the electrode to prevent interference currents from 

generating significant impedance-dependent nuisance voltages. We therefore did not 

control electrode impedances but rather kept direct-current offset close to zero during 

electrode placement. Vertical and horizontal eye movements were monitored using three 

additional electrodes placed on the outer canthus of each eye and on the inferior area of the 

left orbit. Two additional electrodes were placed on the right forearm (on the extensor carpi 

ulnaris) to record the electromyographic activity generated by the hand tapping in the 

movement condition. Although this montage does not provide an extensive recording of the 

electromyographic activity corresponding to the flexor and extensor muscles or an accurate 

measure of the tapping movement starting points, it provides an estimation of the 

frequency of the movement throughout the trials, thus allowing the compliance of the 

participants to the instruction to tap at 1.2 Hz to be indexed. Reference-free electrode 

signals were amplified, sampled at 8192 Hz (ActiveTwo amplifier, BioSemi, The Netherlands), 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

12 

and stored for offline analysis using BioSemi ActiView software. To facilitate computer 

processing of the recorded data, the signal of three EEG channels (Fz, FCz and Cz) was 

exported at 8192 Hz for further analysis, as these electrodes are known to capture the major 

part of auditory brainstem and cortical responses (Skoe and Kraus, 2010). Those signals were 

re-referenced to average mastoids, a standard montage to measure brainstem and cortical 

auditory responses (Skoe and Kraus, 2010). 

2.5. SS-EPs analysis 

EEG processing was carried out using Letswave5 (www.nocions.org/letswave5) running 

under Matlab (The MathWorks, Natick, USA). Continuous EEG recordings were filtered using 

a 0.1-Hz high-pass fast-Fourier transform (FFT) filter to remove slow drifts in the recorded 

signals. Epochs lasting 39.5 s were obtained by segmenting the recordings from +0 to +39.5 s 

relative to the onset of the auditory stimulus, thus yielding 10 epochs for each participant 

and condition. Baseline correction of these epochs was computed by subtracting the 

amplitude of each epoch by the average amplitude measured from -0.6 to -0.2 s relative to 

the onset of the auditory stimulus. A notch FFT filter centered on 60 Hz with a width of 1 Hz 

was used to remove the artefact due to the electric line noise.  

For each participant and condition, EEG epochs were averaged across trials. The time-

domain averaging procedure was used to enhance the signal-to-noise ratio of the EEG 

activities elicited in response to the stimulus by attenuating the contribution of activities 

that were not strictly phase-locked to the sound stimulus across trials. The obtained average 

waveforms were then transformed into the frequency domain using a discrete Fourier 

transform, thus yielding spectra with 0.02 Hz resolution. These spectra were normalized by 

subtracting the average amplitude measured at -3 to -5 and +3 to +5 frequency bins relative 

to each frequency bin across the x-axis of the spectra. Hence, in the absence of an SS-EP, the 
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signal amplitude at a given frequency should be similar to the signal amplitude of the mean 

of the surrounding frequency bins (Mouraux et al. 2011, Nozaradan et al. 2011; 2012a; 

2012b; 2015; Chemin et al., 2014; Nozaradan et al., 2016). Importantly, while alternative 

approaches might be used to calculate the signal-to-noise ratio of the responses, the 

subtraction procedure used here did not specifically aim to calculate a signal-to-noise ratio 

of the responses. Rather, it was used to correct for the background noise when measuring 

the amplitude of the responses over the different frequency ranges, thus being closer to 

procedures of spectrum baseline flattening through running subtraction (see e.g. Kay, 1988; 

Wang et al., 2012). Moreover, it allows the amplitudes to be provided in microvolt units, 

thus giving an intuitive idea on the actual size of the responses throughout the frequency 

spectrum. For each condition and participant, the obtained spectra were then averaged 

across the three scalp electrodes. The magnitude of the SS-EPs was then estimated by taking 

the maximum noise-subtracted amplitude measured in a range of 3 frequency bins centered 

over the expected SS-EP frequency, based on the spectrum of the sound envelope. This 

range of frequencies allowed accounting for possible spectral leakage due to the occurrence 

of small fluctuations of the form of the response over the cycles throughout the sequences. 

The magnitude of the cortical responses to the beat, further referred to as cortical SS-EP, 

was estimated at the frequency of the beat and its harmonics (to the sixth one, thus 2.4, 4.8, 

7.2, 9.6, 12 and 14.4 Hz). Indeed, given the non-sinusoidal waveform of the beat amplitude-

modulation applied to the chord, a number of harmonics were expected to be elicited (Fig. 

1). Moreover, the magnitude of the brainstem SS-EPs was estimated at the frequency of the 

three partials of the chord (200, 400 and 600 Hz), further referred to as brainstem partials 

SS-EPs. Finally, the magnitude of the brainstem response to the amplitude-modulation of the 

sound, further referred to as brainstem sidebands SS-EPs, was obtained at the frequencies of 
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the sidebands flanking each partials, thus at + and - 2.4 Hz to the sixth harmonics (as for the 

cortical beat SS-EP) (Fig. 1). 

2.6. Statistical evaluation 

Statistical analyses were performed using SPSS Statistics 21.0 (IBM, Armonk, NY, USA). 

Significance level was set at p < 0.05. When relevant, the Greenhouse-Geisser correction was 

used to correct for violations of sphericity in the performed ANOVAs. 

We first examined whether the auditory stimulus elicited cortical SS-EPs and brainstem 

partials and sidebands SS-EPs at the expected frequencies in the two conditions. For each 

condition and participant, a one-sample t-test was used to determine whether the 

amplitudes of the SS-EPs were significantly different from zero (Table 1). Indeed, in the 

absence of significant entrainment to the input, the averaged noise-subtracted signal 

amplitude may be expected to tend towards zero (Mouraux et al., 2011). 

The general goal of the study, however, was to test the hypothesis of a boost of amplitude 

of the SS-EPs in the tapping compared to the auditory condition. This hypothesis was tested 

using paired t-tests comparing the amplitudes across the two conditions for the cortical SS-

EPs and the brainstem partials and sidebands SS-EPs.  

Our second goal was then to specify how the gain in amplitude in the tapping condition 

compared to the auditory condition was distributed over the different components of the 

brainstem response to the sound, i.e. over the sideband and partial SS-EPs and over the 

three tones of the chord. The gain in amplitude was calculated for each participant as the 

percentage of difference in amplitude between the tapping minus the auditory condition. 

Hence, in the absence of significant gain in amplitude in the tapping condition, the 

percentage may be expected to tend towards zero. Most importantly, this normalization 

allowed the distribution of the gain to be compared across the different components of the 
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brainstem SS-EPs, irrespective of the expected difference in absolute amplitude between 

these components. Indeed, independently of the conditions, a brainstem frequency-

following response is expected to present a greater amplitude at 200 Hz compared to 400 

and 600 Hz, as the frequency-locking of auditory brainstem neural populations becomes 

weaker with increasing frequency (Greenberg et al., 1987; Krishnan, 2007), reflecting the 

low-pass nature of brainstem frequency-locking (Skoe and Kraus, 2010). Moreover, 

according to the spectral structure of the sound itself, the brainstem responses to the 

sidebands are expected to be much smaller than their respective partials (Fig. 1).  However, 

independently of this amplitude difference, the distribution of the gain in amplitude when 

tapping could be hypothesized not to be uniform over the different components of the 

brainstem response. The obtained measures of gain were thus compared using a 2 x 3 

repeated-measures ANOVA with the factors ‘component’ (two levels, for the partial and 

sideband SS-EPs) and ‘frequency’ (three levels, for the three tones of the chord). A 

significant interaction between the two factors would indicate that the different 

components of the brainstem response to the sound did not present similar profiles of gain 

during the tapping condition. When significant, post hoc comparisons were conducted using 

paired t-tests.  

Moreover, a correlation between the gain of the cortical SS-EPs and the different 

components of the brainstem SS-EPs was tested across participants. A multiple linear 

regression analysis was conducted with the cortical gain as dependent variable and the gain 

obtained for the three partials and the three sidebands SS-EPs as independent variables. For 

all brainstem SS-EP components, partial Pearson’s correlations were then used to examine 

the association between cortical and brainstem gain in amplitude when tapping. 
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Finally, we also tested the hypothesis of a direct relationship between the tapping 

movement precision, as estimated by the amplitude of the peak obtained at the movement 

frequency (1.2 Hz and harmonics) in the EMG signal, and the cortical and brainstem auditory 

gain. A multiple linear regression analysis was conducted across participants with the EMG 

value as dependent variable and the sensory gain obtained for the cortical and brainstem 

partials and sidebands SS-EPs as independent variables. For all SS-EP components, partial 

Pearson’s correlations were then used to examine the association between the EMG value 

and the sensory gain when tapping. 

Phase lag of cortical and brainstem SS-EPs. Cortical and brainstem responses to the sound 

envelope were hypothesized to be generated by cortical and brainstem nuclei of the 

ascending auditory pathway respectively. If so, these two responses should be related not 

merely in frequency (both frequency-locked at 2.4 Hz beat frequency) but also in phase (i.e. 

elicited with a consistent lag due to the distinct latencies of these responses if they actually 

originate from distinct nuclei of the auditory hierarchy). Phase values of the cortical 

response to the sound envelope were obtained for each participant and condition at 2.4 Hz 

from the complex-valued Fourier transform of the epochs averaged across the three 

channels. To obtain the phase values of the brainstem responses to the sound envelope, the 

brainstem responses to the sound envelope were first isolated for each participant and 

condition by filtering each epoch using a 190 Hz - 610 Hz bandpass FFT filter (thus isolating 

the portion of signal corresponding to the brainstem response to the sound) and then 

extracting the envelope of this response using a Hilbert transform as implemented in 

Matlab. The phase values of these brainstem responses to the envelope were finally 

measured from the complex-valued Fourier transform of these envelopes averaged across 

the three channels, as for the cortical SS-EP phase estimation. 
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A 2 × 2 repeated-measures circular ANOVA as implemented in a Matlab toolbox (Berens, 

2009) was used to compare these values, with the response component (cortical and 

brainstem SS-EP) and the conditions (auditory and tapping condition) as factors. Importantly, 

the aim of this analysis was not to provide an absolute measure of latency of the expected 

cortical and brainstem activity frequency-locked at 2.4 Hz, but to provide an estimate of the 

phase lag between the two responses (see e.g. Ross et al., 2000). 

Time course of cortical and brainstem SS-EPs. The time course of the responses to the sound 

envelope was also analyzed for each participant and condition, to investigate the shape of 

the responses and to test whether it was modulated by the tapping. The time course of 

cortical responses to the sound envelope was obtained by filtering the EEG signal between 

0.3 and 30 Hz (FFT filter). The time course of brainstem responses to the sound envelope 

was obtained by filtering the EEG signal between 190 and 610 Hz (FFT filter), then by 

extracting the envelope of the response using a Hilbert transform.  

For both cortical and brainstem data, epochs were then segmented into chunks of 416 ms 

long, corresponding to the window between each beat onset (starting at + 832 ms relative to 

the onset of the entire sound sequence, to avoid the evoked potentials elicited by the onset 

of the sound sequence). Furthermore, the 416-ms chunks were split into odd and even 

beats, allowing the comparison of the responses to the beats with and without synchronized 

tapping (odd and even beats respectively).  

Because there was no a priori assumption regarding the latencies at which a difference could 

arise between these waveforms, we used a point-by-point comparison by means of a 

cluster-based permutation approach (Maris and Oostenveld, 2007; Van den Broeke and 

Mouraux, 2015). The technique assumes that true neural activity will tend to generate signal 

changes over contiguous time points (Groppe et al., 2011). First, the waveforms were 
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compared by means of a point-by-point paired t-test. Then, clusters of contiguous time 

points above the critical t value for a parametric two-sided test were identified, and an 

estimate of the magnitude of each cluster was obtained by computing the sum of the t-

values constituting each cluster (cluster-level statistics). Random permutation testing (1000 

times) of the subject-specific waveforms of the different chunks (performed independently 

for every subject) was then used to obtain a reference distribution of maximum cluster 

magnitude. Finally, the proportion of random partitions that resulted in a larger cluster-level 

statistic than the observed one (i.e. p value) was calculated. Clusters in the observed data 

were regarded as significant if they had a magnitude exceeding the threshold of the 97.5th 

and 2.5th percentiles. 

 

3. RESULTS 

As shown at the group-level average of the frequency spectra (Fig. 2), the auditory input 

elicited significant cortical SS-EPs at 2.4 Hz and harmonics in the two conditions, thus 

corresponding to responses frequency-locked to the sound envelope. Moreover, significant 

SS-EPs were observed at 200, 400 and 600 Hz  2.4 Hz and harmonics in the two conditions, 

thus corresponding to brainstem responses frequency-locked to the three tones and their 

beat periodic amplitude modulation (see Table 1). This result corroborates our hypothesis to 

obtain valid estimates of concurrent cortical and brainstem frequency-locked responses to 

the sound, even when performing movement, with less than 7 min of stimulation per 

condition. 
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Figure 2. Spectra of the cortical and brainstem responses. Average across channels Fz, FCz and Cz 

and participants, for the auditory (blue) and tapping (red) conditions. A. Cortical SS-EPs at beat 

frequency (2.4 Hz) and harmonics in response to the amplitude modulation of the sound. B. 

Brainstem partial SS-EPs at 200, 400 and 600 Hz. C. Spectra zoomed on each of these brainstem 

partial SS-EPs. D. Brainstem sideband SS-EPs at ± 2.4 Hz and harmonics in response to the amplitude 

modulation of the sound. Note that for the three types of response (cortical, brainstem partials, 

brainstem sidebands), the amplitude in the tapping condition was enhanced as compared to the 

auditory condition.  
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auditory 
condition 

tapping 
condition 

gain 

cortical beat SS-EP 
2.4 Hz 

(and harmonics) 
t=11.28 **** t=11.34**** 

60±63% 
t=4.50*** 

brainstem 
partials SS-EP 

200 Hz t=11.24 *** t=11.52 **** 
12±28% 

t=2.04 ns 

400 Hz t=6.31 **** t=6.51 **** 
11±26% 

t=2.07 ns 

600 Hz t=4.11 ** t=3.86 ** 
32±64% 
t=2.38* 

brainstem 
sidebands SS-EP 

 

200 Hz ± 2.4 H 
 (and harmonics) 

t=11.24 *** t=11.52 **** 
54±74% 
t=3.44** 

400 Hz ± 2.4 Hz 
(and harmonics) 

t=11.24 *** t=11.52 **** 
12±53% 

t=1.09 ns 

600 Hz ± 2.4 Hz 
(and harmonics) 

t=11.24 *** t=11.52 **** 
29±35% 

t=3.91*** 

 
Table 1. T-tests against zero of the peaks amplitudes and percentage of gain across conditions. In 

the two conditions, the chord elicited significant responses identified in the EEG spectra in the form 

of brainstem partial steady-state evoked potentials (SS-EPs). Significant responses to the envelope 

were also elicited in the form of cortical SS-EPs at 2.4 Hz and harmonics and in the form of brainstem 

sideband SS-EPs. Finally, the gain in amplitude during the tapping (measured as the percentage of 

difference in amplitude between the tapping and the auditory condition) was significant for the 

cortical SS-EP but this was not systematically the case for the different brainstem components (mean 

± standard deviation; t-test against zero; all df=21). ns: non significant; *: p≤.05; **: p≤.01; ***: 

≤.001; ****: p≤.0001. 

 

The phase values obtained for the cortical and brainstem envelope SS-EPs in the auditory 

and tapping conditions respectively were compared using a 2 x 2 circular ANOVA (response 

component and condition as factors). This test revealed a significant main effect of response 

component (cortical vs. brainstem; F=147.99, p<0.0001, η²=19.01). However, it did not 

reveal any effect of condition (F=0.34, p=0.55, η²=0.04) nor interaction between the two 

factors (F=0.31, p=0.55, η²=0.04). This result indicates that the phase lag between the 

brainstem and cortical responses was significant and consistent across participants, and was 

not modulated by the experimental conditions (Fig. 3).  
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Figure 3. Phase lag between the brainstem and cortical responses to the sound envelope (at 2.4 

Hz). In the two conditions (blue: auditory, red: tapping condition), there was a consistent phase lag 

between the two repsonses, compatible with the hypothesis of a distinct source (cortical vs. 

brainstem) for these responses to the envelope, as recorded from the scalp. 

 

Of primary relevance to our hypotheses, however, was the amplitude of SS-EPs in the 

tapping as compared to the auditory condition. The amplitude of the cortical SS-EPs was 

significantly greater in the tapping condition, as revealed by a paired t-test across conditions 

(t21=4.34, p=0.0003). Moreover, the amplitude of the brainstem SS-EPs averaged across the 

different components was also significantly enhanced in the tapping condition (t21=2.45, 

p=0.02), for both the averaged partial SS-EPs (t21=2.27, p=0.03) and the averaged sideband 

SS-EPs (t21=2.29, p=0.03). These results thus corroborate our first hypothesis of a boost in 

amplitude of the sound encoding when tapping as compared to passive listening. 

In order to specify the distribution of this gain in amplitude over the different components of 

the brainstem response to the sound, a 2 × 3 ANOVA revealed no significant main effect of 

‘component’ (partials vs. sidebands; F(1,21)=1.95, p=0.17, η2=0.08), no significant main effect 

of ‘frequency’ (200 vs. 400 vs. 600 Hz; F(1.78,37.39)=2.35, p=0.11, η2=0.10), but a significant 

interaction between the two factors (F(1.95,40.97)=4.80, p=0.01, η2=0.18) (Fig. 4). Post hoc t-

tests revealed a significant difference in the gain between the partials and sidebands at 200 
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Hz, in favor of the sidebands (t21=3.36, p=0.003), whereas no significant differences were 

observed between the partials and sidebands at 400 and 600 Hz (t21=0.04, p=0.96 and 

t21=0.22, p=0.82 respectively). These results are also corroborated by the t-tests against zero 

assessing whether the gain values for the different components of the brainstem response 

were significant (see Table 1 for detailed values). Together, these results indicate a 

dissociated profile of amplitude gain in favor of the sidebands, particularly at the lower 

frequencies of the chord. 

 

 

 

Figure 4. Gain in amplitude in the tapping vs. auditory condition. Both brainstem and cortical SS-EPs 

were generally enhanced in the tapping condition. However, this gain in the brainstem response was 

not uniformly distributed over the partials and sidebands and over the three tones of the chord 

(interaction between the two factors). Rather, it was relatively more pronounced in the sidebands, in 

particular at the lower tone of the chord (200 Hz) which was also significantly correlated with the 

cortical gain (p=0.01). *: p<0.5, **: p<.01.  

 

Moreover, the multiple linear regression analysis with the cortical gain as dependent 

variable and the gain obtained for the three brainstem partials SS-EPs at 200, 400 and 600 

Hz as independent variables did not yield a significant model (R2=0.14, F3,18=1.04, p=0.39), 

neither the partial correlations between these values were significant (all with p>0.05). In 

contrast, when taking the gain obtained for the brainstem sidebands SS-EPs at 200, 400 and 

600 Hz ± 2.4 Hz and harmonics as independent variables, the model was marginally 
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significant (R2=0.34, F3,18=3.07, p=0.054), with significant partial correlations between the 

cortical and brainstem sidebands’ gain at 200 Hz (R=0.48, p=0.01) and 600 Hz (R=0.41, 

p=0.02) but no significant correlation at 400 Hz (R=0.15, p=0.24). Hence, although the results 

of these correlation tests did not yield robust statistical power, they suggest a particular 

relationship between the cortical gain and the sidebands, in particular at the lower tone of 

the chord, in contrast with the partial responses. 

We also examined whether a movement on every second beat yielded an enhanced 

amplitude of the response of every second beat in the tapping condition. If so, this should 

correspond to the emergence of a peak at 1.2 Hz and harmonics, and at 200, 400 and 600 Hz 

± 1.2 Hz and harmonics in the EEG spectra. The amplitude of the cortical activity at 1.2 Hz 

and harmonics f3 and f5 (i.e. at 3.6 Hz and 6 Hz, thus not including the harmonics which 

overlap with 2.4 Hz and harmonics) were measured from the EEG spectra of each participant 

in the two conditions. Amplitudes of 0.16±0.18 µV (mean and standard deviation) were 

obtained in the tapping condition at 1.2 Hz and harmonics, which was significantly greater 

than zero (one-sample t-test: t21=4.03, p=0.0006). In contrast, there was no significant 

activity at these frequencies in the auditory condition (-0.01±0.08, t21=0.68, p=0.50). The 

amplitude of the brainstem activity at 200, 400 and 600 Hz ± 1.2 Hz and harmonics were also 

analyzed for each participant in the two conditions. None of these measures were 

significantly different from zero, in any of the two conditions (all p>0.1). These results 

indicate that while the cortical SS-EPs were modulated at a frequency corresponding to the 

movement, this was not the case for the brainstem responses. 

Finally, the multiple linear regression analysis with the EMG value as dependent variable and 

the gain obtained for the cortical and brainstem SS-EPs as independent variables did not 

yield a significant model (R2=0.02, F3,18=0.13, p=0.94). None of the partial correlations 
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between these values were significant (all with p>0.21). This absence of significant 

correlation may be because there was no actual correlation, thus suggesting an indirect 

relationship between the observed sensory gain and the actual tapping movement, or may 

be because there was not enough variance in the data (participants were not specifically 

selected in the current study to maximize interindividual differences in tapping accuracy). 

Time course of cortical and brainstem SS-EPs. The time course of cortical and brainstem 

responses was compared across the auditory and tapping conditions, yielding observations 

which corroborated the results obtained using the frequency domain analysis. Specifically, 

the cortical responses were significantly increased in the tapping condition as compared to 

the auditory condition, in a temporal window spanning 71 to 169 ms (averaged p value over 

the window = 0.01) and between 320 and 416 ms (average p value = 0.01) for the even beats 

(Fig. 5). Similarly, the cortical responses to the odd beats also significantly increased in the 

tapping condition, between 73 and 175 ms (average p value = 0.01) and between 332 and 

396 ms (average p value = 0.01). Brainstem responses also significantly increased, within a 

window of 13 to 42 ms (average p value = 0.02) and 15 to 43 ms (average p value = 0.02) for 

responses elicited by even and odd beats respectively (Fig. 5). 

In contrast, for both cortical and brainstem responses, there were no differences between 

the neural responses to the even and odd beats (all p values = 1), neither in the auditory, nor 

in the tapping condition. Hence, while the amplitude of these responses was enhanced in 

the tapping condition as compared to the auditory condition, this enhancement did not 

systematically follow the movement cycles over the sequence.  
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Figure 5. Time course of the cortical and brainstem SS-EPs (group-level average). The 416-ms chunks 

(corresponding to the window between each beat onset) were separated into odd and even beats 

(i.e. beats with and without synchronized tapping respectively). For both the cortical responses 

(obtained by filtering the EEG between 0.3 and 30 Hz) and the brainstem responses (obtained by 

filtering the EEG between 190 and 610 Hz, then by extracting the envelope of the filtered signal using 

a Hilbert transform), no significant differences were found between odd and even beats (solid and 

dashed lines). In contrast, comparison of the time courses across conditions yielded significant 

differences in similar time windows between odd and even beats (grey boxes).  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

26 

4. DISCUSSION 

Participants listened to a chord made of three partial tones whose envelope was modulated 

in amplitude to induce a steady periodic beat. Concurrent auditory brainstem and cortical 

responses to the sound were isolated in the EEG signal based on their frequencies using a 

frequency-tagging approach. When the participants tapped in synchrony on the beat, the 

cortical responses at beat frequency and harmonics were larger than during passive 

listening. Importantly, brainstem responses at the frequencies of the partial and sideband 

components were also enhanced. However, this gain in amplitude during tapping was not 

uniformly distributed over the different components of the brainstem response. Rather, we 

observed a sharpened amplification for the sideband components as compared to the 

partials, located in particular at the lower-pitched tone of the chord. To our knowledge, 

these results constitute the first evidence of a gain in amplitude of auditory brainstem 

responses when synchronizing movements to a sound. Moreover, they are compatible with 

the view that sensorimotor synchronization implies an online modification of the encoding 

of the sound not merely in the cortex but also in the brainstem, in particular for the auditory 

features that are relevant to the sensorimotor coupling behavior. 

4.1. Enhanced brainstem encoding: preferential encoding of the envelope 

Our observations provide evidence for an enhancement of the brainstem encoding of sound 

during sensorimotor synchronization. Specifically, the sideband components of the 

brainstem response were selectively enhanced as compared to the partial components. This 

enhancement could be interpreted as a top-down modulation from cortical areas 

descending to subcortical nuclei through corticofugal tracks (Bajo and King, 2013). In line 

with this interpretation, it has recently been proposed to consider the auditory system as a 

series of dynamic loops in which the neural encoding of sounds in the subcortical nuclei is 
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continually updated by changes in activity at higher levels, thus shaping in turn the cortical 

processing of auditory information (Bajo and King, 2013). A mechanistic explanation for such 

sensitivity in the brainstem encoding of sound could be that in the current study efferent 

corticofugal projections transmitted the gain in amplitude of the cortical response 

frequency-locked to the beat back to the inferior colliculus. This interpretation is supported 

by previous studies having demonstrated that the brainstem encoding of sounds as gathered 

from the human scalp is not invariant. Rather, there is increasing evidence for task-

dependent modulations of auditory brainstem encoding explained by the existence of 

efferent corticofugal projections (Musacchia et al., 2007; Chandrasekaran et al., 2009; 

Lehmann and Schönwiesner, 2014). 

What is the nature of the sensory gain observed for both cortical and subcortical responses 

to sounds in the tapping condition remains an open question.  For instance, it could be 

hypothesized that explicit motor or tactile factors were responsible for this enhancement, 

via corollary discharges due to movement command or somatosensory feedback transmitted 

to the brainstem through the corticofugal tracks. According to this interpretation, the time 

course of the sensory gain would be expected to relate to the time course of the movement. 

However, frequency and time domain analyses of the responses to the sound envelope 

revealed no significant modulation corresponding to the movement. 

Alternatively, the sensory gain observed in the current study could also reflect a general 

modulation of the state of arousal caused by the concurrent production of body movement, 

resulting in a larger response to the sound input by the auditory neurons throughout the 

ascending auditory pathway (see e.g. McGinley et al., 2015, for a recent evidence of optimal 

arousal states for sensory signal detection in non-human animals). According to this 

hypothesis, the cortical and subcortical sensory gain in response to the sound input would 
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be expected to arise regardless of the fact that the movement is synchronized or not to the 

sound input. Moreover, the sensory gain would be expected to exhibit a uniform distribution 

over the different components of the sound input (i.e. no selective gain of the sound 

envelope vs. sound partials).  

Rather, the enhanced brainstem encoding of the envelope observed in the tapping condition 

could reflect a general mechanism of enhanced encoding of behavior-relevant components 

of the incoming sensory stream (corresponding here to the sound envelope to which the 

tapping were synchronized). Such mechanism of active sensing has been proposed to rely on 

a feedforward high-accuracy pathway (e.g. via connections with the cerebellum) and 

feedback modulations through descending corticofugal pathways (see e.g. Schwartze and 

Kotz, 2013). Along this line, brainstem responses to sounds have been shown to be 

modulated by selective attention (Lehmann and Schönwiesner, 2014; Chandrasekaran et al., 

2009). In the current study, the sensorimotor synchronization component of the task might 

thus constitute a means to drive a selective sharpening of the behavior-relevant feature of 

the auditory input through a process of selective dynamic attention, as proposed by recent 

models of active sensing (see e.g. Morillon et al., 2014). This interpretation fits well with our 

current observations of a selective enhancement of the encoding of the sound envelope, 

particularly at the lower-tone. Future research should clarify the selectivity of the sensory 

gain by comparing experimental conditions in which the participant is asked to focus on 

distinct behavior-relevant components (sound envelope vs. sound pitch for instance). 

Moreover, the current study provides a new valid experimental design to investigate the 

model in cerebellar patients, with the hypothesis of an impaired selective gain of the 

sidebands as compared to control participants in the tapping condition. Finally, future 

studies are needed to compare extensively with the same method different kinds of body 
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movement vs other kinds of dynamic sensory inputs for instance in their ability to drive a 

selective shaping of the auditory input in real time. 

4.2. Preferential encoding of low-pitched tones: the timing cues hypothesis 

In the current study, the gain in amplitude of the sound encoding during movement was 

particularly salient in the lower-pitched tone of the chord. This observation could be 

interpreted as a direct cortical effect, if we consider the responses frequency-locked at 200 

Hz and sidebands as a mix of cortical and brainstem responses. Indeed, it could be 

hypothesized that EEG responses frequency-locked to sounds could actually consist in a 

mixture of activities originating not merely from brainstem auditory nuclei but also from 

cortical neurons, with a relative weight moving towards a smaller influence of the cortical 

sources in favor of brainstem auditory sources at higher frequencies. However, this is 

unlikely to be the case in our current study, based on the analysis of the phase of the 

responses. Indeed, the relative phase of the 2.4 Hz modulation measured in the 200-600 Hz 

frequency band (mostly driven by the 200 Hz response because of its higher amplitude than 

the 400 and 600 Hz responses) was significantly different from the relative phase of the 

cortical activity at 2.4 Hz. Hence, this result suggests that the activity measured at 200 Hz 

and sidebands originates mainly from brainstem to the detriment of cortical sources. 

Alternatively, our current finding of a gain in amplitude of the brainstem sideband 

components particularly located at the lower-pitched tone of the chord when synchronizing 

to the sound could be explained by a low-tone/timing connection hypothesis. Indeed, there 

is increasing evidence that bass frequencies have a pronounced effect on body movement 

(Hove and Keller, 2014). For instance, low-pitched frequencies were associated with 

increased temporal regularity of movement in motion-capture studies of moving to music 

(Van Dyck et al., 2013). When participants synchronized tapping movements with chords 
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containing small onset asynchronies, tap timing was more strongly influenced by the lower-

pitched tone (Hove et al., 2007). Moreover, the tendency to move along with the lower-

pitched tones is reflected by the musical convention that bass-ranged instruments often lay 

down the rhythmic foundation and provide the pulse on metrically strong beats (Large, 

2002). Recently, an EEG study found that cortical responses to timing deviants randomly 

inserted in a sequence of repeated chords were larger for the lower compared to the higher 

tone of the chord, thus suggesting a more robust temporal encoding of the lower-pitched 

stream (Hove et al., 2014). A possible mechanistic explanation for this greater influence of 

the lower tone on auditory–motor synchronization was recently proposed based on a 

biologically plausible model of the auditory periphery (Zilany et al., 2009). The modeling 

revealed that superior time encoding for the lower-pitched tones already arises at peripheral 

level, namely in the cochlea of the inner ear due to specificities of its functional organization 

(Hove et al., 2014). Together with these studies, our current finding of a gain in amplitude of 

the brainstem sideband components particularly located at the lower-pitched tone of the 

chord when synchronizing to the sound provides support to this low-tone/timing connection 

hypothesis. 

4.3. Enhanced cortical encoding: motor overlap confound vs. auditory-motor interaction 

An enhancement of the cortical responses frequency-locked to the beat envelope was 

observed during sensorimotor synchronization as compared to the auditory condition, thus 

confirming previous EEG findings (Nozaradan et al., 2015). This enhancement could be 

explained by the motor cortical responses overlapping in part with the auditory activity 

frequency-locked to the beat at the electrodes of interest. Indeed, a substantial peak of 

electromyographic activity was measured at the beat frequency (2.4 Hz) in addition to the 

expected peak measured at 1.2 Hz corresponding to tapping movement on alternating 
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beats. In turn, a significant activity was observed at 1.2 Hz and harmonics on the electrodes 

of interest, which could reflect this motor overlap confound. In fact, this confound cannot be 

totally excluded, due to the uncertainty inherent to scalp EEG on the possible sources of the 

activities gathered from the head surface (Nozaradan et al., 2015). However, several 

arguments make the motor confound hypothesis unlikely to explain the gain in amplitude of 

the cortical beat SS-EPs when tapping. For example, the amplitude of the activity at 1.2 Hz 

and harmonics was found to be much smaller than the amplitude elicited by the sound 

envelope at 2.4 Hz. Moreover, the measures were done on electrodes located on the 

median line of the scalp, i.e. on electrodes that do not correspond to the left-lateralized 

electrodes typically used to capture right hand motor-evoked potentials (Bourguignon et al., 

2015). Furthermore, the signals were aligned to the sound onset rather than to each 

tapping, such as to optimize the measure of cortical responses specific to the sound to the 

detriment of motor responses. Also, in the case of a significant motor confound, a significant 

difference across conditions could be expected in the relative phases of the cortical beat SS-

EPs, due to the different latencies and variability of motor-evoked potentials. However, no 

significant difference in the phase of the cortical SS-EP at 2.4 Hz was observed across the 

two conditions. Finally, source analysis of cortical beat SS-EPs conducted with similar 

experimental parameters than in the current study has provided evidence for sources 

compatible with auditory cortical areas rather than movement-related areas for these 

cortical beat SS-EPs (Nozaradan et al., 2015). All these points argue in favor of the view that 

the cortical gain and the small activity at 1.2 Hz and harmonics observed in the tapping 

condition are actual effects of the task (auditory-motor synchronization process) rather than 

merely an effect of motor overlap confound. 
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Alternatively, the observed increase in frequency-locking to the sound envelope during 

movements may reflect a mechanism of temporal selective attention (Calderone et al., 2014; 

Lakatos et al., 2008). Indeed, a dynamic attention process, possibly supported by an 

underlying selective neural entrainment to the behavior-relevant stream, may enable 

listeners to better predict when sound features are likely to occur, thus facilitating overt 

synchronization (Tierney and Kraus, 2014; Nozaradan et al., 2016). Hence, if a movement 

synchronization to a repeated beat involves a process of selective frequency-locking of 

neural populations to the beat time-course (Large, 2008), this would yield enhanced SS-EP 

amplitudes at beat frequency (Chemin et al., 2014; Nozaradan et al., 2015). According to this 

view, it has recently been shown that during sensorimotor synchronization to a steady beat 

the tapping behavior produces cyclic fluctuations in sensory gain that are locked to 

individual movements (Merchant et al., 2015). This evidence suggests that signals aligned to 

rhythmic motor execution may tune representations of incoming sensory information, thus 

explaining the additional 1.2 Hz activity observed here during movement.  

4.4. Conclusion: relationship between sensorimotor synchronization and sensory gain 

The current results support the view that, although the human auditory pathway shows a 

remarkable ability to synchronize to the incoming acoustic input over time, these 

synchronous neural responses do not merely constitute an invariant encoding of the input. 

Rather, the system transforms the dynamic input already at subcortical levels by amplifying 

features that are relevant for perception and behavior. This dynamic shaping would thus 

allow to selectively lock individuals’ mind and body to incoming rhythmic sensory streams. 

While the frequency-tagging method appears to be revealing about the neural encoding of 

these behavior-relevant sensory features, the functional relevance of this enhanced 

encoding during the actual behavior remains to be addressed directly. For instance, further 
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research using the same approach but tracking movement kinematics more extensively (e.g. 

via measures of force, trajectory, accuracy and precision) across a sample of individuals with 

large variance in sensorimotor synchronization performance (e.g. musicians and 

nonmusicians) could address this question more adequately, by testing the correlation 

between the gain in sensory encoding and individual differences in tapping performance. 

Hence, our study providing first evidence of enhanced cortical and subcortical encoding of 

sounds during movement opens to future studies investigating the ability of dynamic inputs 

(including movement) to drive a selective shaping of sound encoding in real time. 
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Highlights 

- enhanced cortical and subcortical encoding of sound during synchronized movement 
- selective boost of behavior-relevant sound features in the brainstem when moving 
- the brainstem encoding of bass tones is selectively boosted during sync movement 


