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Sensory perception and memory are enhanced during restricted phases of ongoing brain rhythms, but whether voluntary
movement is constrained by brain rhythm phase is not known. Voluntary movement requires motor commands to be
released from motor cortex (M1) and transmitted to spinal motoneurons and effector muscles. Here, we tested the hypothesis
that motor commands are preferentially released from M1 during circumscribed phases of ongoing sensorimotor rhythms.
Healthy humans of both sexes performed a self-paced finger movement task during electroencephalography (EEG) and elec-
tromyography (EMG) recordings. We first estimated the time of motor command release preceding each finger movement by
subtracting individually measured corticomuscular transmission latencies from EMG-determined movement onset times.
Then, we determined the phase of ipsilateral and contralateral sensorimotor mu (8–12Hz) and beta (13–35Hz) rhythms dur-
ing release of each motor command. We report that motor commands were most often released between 120 and 140° along
the contralateral beta cycle but were released uniformly along the contralateral mu cycle. Motor commands were also released
uniformly along ipsilateral mu and beta cycles. Results demonstrate that motor command release coincides with restricted
phases of the contralateral sensorimotor beta rhythm, suggesting that sensorimotor beta rhythm phase may sculpt the timing
of voluntary human movement.
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Significance Statement

Perceptual and cognitive function is optimal during specific brain rhythm phases. Although brain rhythm phase influences
motor cortical neuronal activity and communication between the motor cortex and spinal cord, its role in voluntary move-
ment is poorly understood. Here, we show that the motor commands needed to produce voluntary movements are preferen-
tially released from the motor cortex during contralateral sensorimotor beta rhythm phases. Our findings are consistent with
the notion that sensorimotor rhythm phase influences the timing of voluntary human movement.

Introduction
Voluntary movement allows us to effectively interact with our
environment and is central to human behavior. Such movements
are produced when the primary motor cortex (M1) issues de-
scending motor commands that are transmitted to spinal

motoneurons and connected effector muscles. However, M1 ac-
tivity is rhythmic in nature, oscillating in both the mu (8–12Hz)
and beta (13–35Hz) ranges (Pfurtscheller and Lopes da Silva,
1999; Pineda, 2005). These oscillations reflect rapidly alternating
periods of excitation and inhibition (Pfurtscheller and Aranibar,
1979; Murthy and Fetz, 1992; Salmelin and Hari, 1994; Murthy
and Fetz, 1996a,b; Pfurtscheller and Lopes da Silva, 1999) that
correlate with local neuronal firing rates (Murthy and Fetz,
1996a; Haegens et al., 2011), population-level neuronal activity
(Miller et al., 2012) and communication between M1 and spinal
motoneurons (Mima and Hallett, 1999; Mitchell et al., 2007; Berger
et al., 2014; Ferreri et al., 2014; Khademi et al., 2018; Zrenner et al.,
2018; Bergmann et al., 2019; Hussain et al., 2019; Khademi
et al., 2019; Torrecillos et al., 2020). Outside the motor system,
oscillatory phase shapes sensory and cognitive function, including
perception (Busch et al., 2009; Dugué et al., 2011; Hanslmayr
et al., 2013; Baumgarten et al., 2015; VanRullen, 2016),
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attention (Busch and VanRullen, 2010; VanRullen, 2018) and
memory (Kerrén et al., 2018; Ten Oever et al., 2020; Ter Wal
et al., 2021). Yet, the relationship between sensorimotor oscil-
latory phase and voluntary motor behavior has remained
largely unexplored.

Within M1, single-neuron spiking rates, population-level
neuronal activity, and corticospinal motor output are all
increased during restricted phases of sensorimotor mu and
beta rhythms (Murthy and Fetz, 1996a; Haegens et al., 2011;
Miller et al., 2012; Zrenner et al., 2018; Bergmann et al.,
2019; Hussain et al., 2019; Wischnewski et al., 2022). Based
on these findings, it has been proposed that oscillations in
the membrane potential of the layer V pyramidal neurons
that causally produce voluntary movement (Brecht et al.,
2004) generate phase-dependent fluctuations in M1 activity
and its output (Zrenner et al., 2018; Bergmann et al., 2019;
Hussain et al., 2019). Because motor commands are only
released from M1 when its activity reaches an excitatory
threshold (Hanes and Schall, 1996; Chen et al., 1998), phase-
dependent fluctuations in M1 activity may determine when
along mu and beta oscillatory cycles motor commands are
most likely to be released.

Here, we addressed this question using a combination of
transcranial magnetic stimulation (TMS), electromyography
(EMG), electroencephalography (EEG), and self-paced finger
movements. We hypothesized that motor commands are pre-
ferentially released from M1 during restricted phase ranges
of sensorimotor mu and beta rhythms. If true, contralateral
but not ipsilateral sensorimotor rhythm phase during volun-
tary motor command release should be biased toward a
specific phase range. Alternatively, if sensorimotor rhythm
phase is unrelated to motor command release, contralateral
and ipsilateral sensorimotor rhythm phase during motor
command release should be uniformly distributed across all
possible phases. We report that motor commands needed to
produce self-paced finger movements were preferentially
released from M1 during the falling phase of the contralateral
beta cycle but were released uniformly along contralateral mu,
ipsilateral mu, and ipsilateral beta cycles. Our results show
that motor commands are most often released from M1 dur-
ing restricted phases of sensorimotor b rhythms, suggesting
that beta phase may sculpt the timing of voluntary human
movement.

Material and Methods
Data acquisition

Subjects and experimental design. Twenty-one healthy sub-
jects participated in this study (11 female, 10 male, age = 27.66
6 5.01 years old [mean 6 SD]). This sample size was selected
as recent work has detected phase-dependent variation in cor-
ticospinal motor output with sample sizes between 12 and 23
(Zrenner et al., 2018; Bergmann et al., 2019; Hussain et al.,
2019; Torrecillos et al., 2020). This study was approved by the
National Institutes of Health Combined Neuroscience Section
Institutional Review Board. Before participation, all subjects
provided their written informed consent. This study involved
a combination of single-pulse TMS, EEG, EMG, and behav-
ioral testing.

EEG and EMG recording. Sixty-four-channel EEG signals
(ground, O10; reference, AFz) and bipolar EMG signals
(ground, dorsum of left wrist) were recorded using TMS-
compatible amplifiers (NeurOne Tesla, Bittium) at 5 kHz
(low-pass hardware filtering cutoff frequency, 1250Hz;

resolution, 0.001 mV) during single-pulse TMS delivery and
during the self-paced finger movement task. EEG impedances
were maintained below 10 kV, and EMG was recorded from
the left first dorsal interosseous muscle (L FDI) using dispos-
able adhesive electrodes arranged in a belly-tendon montage.

Single-pulse TMS delivery. The scalp hotspot for the L FDI
muscle was identified over the hand representation of the
right M1 as the site that elicited the largest motor-evoked
potential (MEP) and a visible, focal twitch in the L FDI muscle
following suprathreshold single-pulse TMS. Resting motor
threshold (RMT) was determined using an automatic thresh-
old-tracking algorithm (Adaptive PEST Procedure, MTAT
2.0, https://www.clinicalresearcher.org/software.htm). Then,
50 single TMS pulses were delivered to the L FDI hotspot at
120% RMT (interpulse interval, 6 s with 0.9 s jitter). The MEP
latency was defined as the amount of time needed for action
potentials produced by TMS to travel from the stimulated M1
to the L FDI muscle (see below, EMG processing). All TMS
procedures were performed using a figure-of-eight coil held at
;45° relative to the midsagittal line (MagStim Rapid2, bipha-
sic pulse shape). RMT was 61.62 6 12.27% (mean 6 SD) of
maximum stimulator output.

Self-paced finger movement task. Subjects performed a self-
paced voluntary finger movement task during which they viewed
a series of unique pictures on a computer screen (Places Scene
Recognition Database; Zhou et al., 2018; Fig. 1a). A self-paced
movement task rather than an externally paced (e.g., visually cued)
reaction time task was used because sensory perception of a stimu-
lus varies with oscillatory phase (Busch et al., 2009; Hanslmayr
et al., 2013; Baumgarten et al., 2015; VanRullen, 2016). Using a
self-paced movement task therefore eliminates the possibility that
any phase-dependent motor command release observed in the cur-
rent study could be confounded by phase-dependent variation in
sensory perception of the stimulus.

During the self-paced finger movement task, subjects were
instructed to view each picture for as long as they desired and
then use their left index finger to press a button on a standard
keyboard (left CTRL button) when they wished to view the next
picture in the series. Between pictures, a fixation cross was pre-
sented (intertrial interval, 1.5 s with 0.2 s jitter). The task was
designed to ensure that subjects produced a self-paced, discrete
finger movement when they desired. During the task, the left
arm was supported on a pillow to ensure full muscle relaxation
and prevent extraneous movement. The finger movement task
was divided into six blocks of 100 unique pictures. Subjects were
given a short break after three blocks. To ensure that subjects
were not merely reacting as fast as possible to the presentation of
each picture and that movements were truly self-paced, trials
with reaction times faster than 400ms were excluded from fur-
ther analysis (see below, Experimental design and statistical
analysis).

Data analysis
EMG processing. EMG signals were processed using FieldTrip

software (Oostenveld et al., 2011) combined with custom-written
scripts (MATLAB, MathWorks). EMG signals were used to (1)
measure MEP latencies obtained using single-pulse TMS and (2)
determine movement onset during the finger movement task.

To measure MEP latencies, data were divided into segments
(�0.25 to 10.100 s relative to TMS pulse), demeaned, and line-
arly detrended. For each subject, MEP signals were averaged
over trials to generate a mean MEP signal. The inflection point
between poststimulus baseline EMG activity and the beginning
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of the mean MEP waveform was visually identified as the MEP
latency (Fig. 1b). For two subjects in whom MEP latencies could
not be reliably identified, MEP latencies were set equal to the
mean latency obtained in all other subjects. At the group level,
MEP latencies were 23.49 6 1.73ms (mean 6 SD; range, 20.4–
26.8, Table 1).

To measure movement onset, EMG data were divided into
2.4 s segments (6 1.2 s relative to the button press during the
task) demeaned, and linearly detrended. A notch filter (zero-
phase shift Butterworth filter; order 4, stop band 58–60 Hz)
was applied to remove line noise, followed by a high-pass fil-
ter (zero-phase shift Butterworth filter; order 6, cutoff fre-
quency 20 Hz, De Luca et al., 2010). Voluntary EMG activity
onset for each button press was visually identified using a
combination of frequency- and time-domain EMG analysis.
EMG signals were spectrally decomposed over time (multi-
taper method using Hanning tapers, 20–500Hz, time win-
dow 0.100 s, 0.2 ms resolution). To identify voluntary EMG
onsets preceding each button press, trimmed EMG time-
frequency representations (�1.2 s to 0 s, where 0 s reflects
the button press) were plotted alongside time series EMG but
not EEG signals. The experimenter identifying EMG onsets
(M.K.V.) was thus blinded to EEG activity during EMG onset
identification and did not analyze EEG signals. EMG onsets
were detected by first localizing the general latency at which
the time-frequency representation of each movement showed
increased EMG power across multiple frequencies. Then, the
experimenter examined the corresponding general latency of

the time series EMG signal to detect the exact time point at
which the signal visually deviated from background noise
(Figs. 2c–f, 3c–f; note that some temporal smearing of EMG
power occurs because of the 100ms window used during
time-frequency decomposition of EMG signals). During EMG
onset detection, we noted that L FDI muscle activity did not
return to quiet baseline after many movements, precluding
reliable EMG onset detection of the following movement.
These trials were excluded from further analysis (see below,
Experimental design and statistical analysis).

EEG processing. EEG signals were processed with FieldTrip
(Oostenveld et al., 2011) and custom-written MATLAB scripts
(MathWorks). Signals recorded during the finger movement task
were divided into 2.4 s segments (6 1.2 s relative to the button
press). Segmented data were rereferenced to the average refer-
ence, demeaned, and linearly detrended. Channels with impedan-
ces .10 kV were removed, and independent components
analysis (ICA) was used to attenuate EEG artifacts. ICA was
applied using the infomax algorithm (Bell and Sejnowski, 1995)
in all subjects except four in whom this approach did not con-
verge. In these four, the FastICA algorithm was used instead
(Hyvarinen, 1999). After ICA, components with scalp topogra-
phies reflecting EEG artifacts (i.e., eye movements, eyeblinks,
electrode noise, etc.) were rejected, and all remaining components
were back projected into EEG sensor space (on average, 5.33 6
0.61 [mean6 SD] components were rejected per subject).

After ICA, channels previously removed because of high
impedances were interpolated using spherical splines, and a

Figure 1. Experimental design and EEG analysis approach. a, Subjects viewed a series of pictures on a computer screen while they performed a self-paced finger movement task. Subjects
were instructed to press a button using their left index finger when they wished to move to the next picture. EMG and EEG signals were recorded during the task. b, Before task performance,
single-pulse TMS was used to determine each subject’s corticomuscular conduction time by measuring the L FDI MEP onset latency. Corticomuscular conduction times were used to identify the
time of motor command release from M1 preceding each finger movement. c, Flowchart depicting EEG processing steps.
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Figure 2. EMG and contralateral EEG data during individual finger movements recorded from a representative subject. a, b, Raw (colored) and bandpass-filtered (white) contralateral EEG
data during individual finger movements. c, d, Time-domain representation of L FDI EMG data during individual finger movements. e, f, Time-frequency representation of L FDI EMG data during
individual finger movements. Cooler and warmer colors indicate smaller and larger values, respectively. Note that color scaling was chosen to emphasize the onset of EMG activity. g, h, Raw
power spectra (black), aperiodic fit of raw power spectra (gray), and fooof-modeled power spectra (colored). Black lines indicate MCRM1 time points, and gray lines indicate EMG onset time
points (a–f). Left, contralateral mu; right, contralateral beta. Note the oscillatory activity present in all raw EEG traces (a, b) and power spectra (g, h) for mu and beta, respectively.

Table 1. Individual MEP latencies, center frequencies, and fooof model fits

Subject MEP latency (ms)

Individual frequencies (Hz) Fooof fits (r2)

Contralateral Ipsilateral Contralateral Ipsilateral

Mu Beta Mu Beta Mu Beta Mu Beta

1 25.0 10.64 (1.18) 20.16 (4.41) 10.92 (1.15) 22.54 (4.84) 0.86 (0.13) 0.74 (0.19) 0.79 (0.15) 0.77 (0.19)
2 22.8 10.35 (1.10) 20.61 (4.58) 11.13 (1.23) 21.40 (4.21) 0.83 (0.10) 0.79 (0.18) 0.81 (0.20) 0.83 (0.10)
3 22.2 10.87 (1.32) 20.62 (5.64) 10.85 (1.13) 21.58 (5.58) 0.79 (0.15) 0.79 (0.17) 0.83 (0.15) 0.84 (0.16)
4 22.0 10.93 (1.06) 20.68 (5.80) 11.10 (1.13) 22.45 (5.76) 0.90 (0.11) 0.82 (0.17) 0.85 (0.10) 0.77 (0.20)
5 — 10.94 (1.04) 22.35 (5.43) 11.43 (1.05) 22.59 (4.71) 0.87 (0.11) 0.87 (0.14) 0.92 (0.09) 0.90 (0.11)
6 26.2 10.61 (1.11) 22.31 (5.93) 10.94 (1.10) 22.38 (5.18) 0.81 (0.13) 0.79 (0.18) 0.82 (0.11) 0.83 (0.17)
7 23.8 — — — — — — — —
8 22.6 11.67 (0.78) 21.09 (5.04) — — 0.85 (0.10) 0.80 (0.14) — —
9 20.4 — — 11.29 (1.24) 21.45 (5.57) — — 0.80 (0.15) 0.76 (0.17)
10 26.8 10.55 (0.89) 23.40 (6.50) 10.12 (0.78) 24.46 (5.97) 0.86 (0.12) 0.83 (0.14) 0.87 (0.15) 0.78 (0.17)
11 — 11.67 (1.12) — 11.81 (1.14) 22.20 (5.78) 0.88 (0.12) — 0.89 (0.12) 0.89 (0.08)
12 23.4 11.10 (1.08) 21.44 (5.69) 11.30 (1.23) 21.16 (5.05) 0.79 (0.15) 0.78 (0.17) 0.82 (0.14) 0.77 (0.16)
13 23.2 11.27 (0.86) 25.15 (4.90) 11.04 (0.94) 22.52 (5.67) 0.86 (0.13) 0.85 (0.16) 0.83 (0.11) 0.81 (0.19)
14 22.4 11.21 (1.07) 20.72 (4.20) 11.07 (0.87) 20.99 (3.65) 0.89 (0.12) 0.88 (0.12) 0.93 (0.10) 0.89 (0.09)
15 23.4 10.69 (1.26) 19.85 (5.31) 11.33 (0.96) 20.07 (5.11) 0.86 (0.12) 0.75 (0.17) 0.86 (0.11) 0.77 (0.14)
16 24.6 10.75 (1.04) 21.91 (5.64) 11.01 (1.18) 21.96 (6.51) 0.83 (0.12) 0.80 (0.17) 0.82 (0.16) 0.73 (0.24)
17 21.6 10.62 (1.04) 23.89 (5.43) 10.41 (0.76) 24.32 (5.51) 0.88 (0.12) 0.84 (0.16) 0.85 (0.11) 0.86 (0.13)
18 26.2 10.41 (1.32) 22.25 (5.06) 10.79 (0.95) 21.58 (5.64) 0.80 (0.17) 0.81 (0.16) 0.88 (0.09) 0.87 (0.10)
19 25.0 11.37 (1.24) 21.60 (6.58) 11.84 (1.00) 20.08 (6.58) 0.82 (0.18) 0.87 (0.11) 0.86 (0.12) 0.88 (0.12)
20 22.8 — 20.26 (4.23) — 23.10 (5.79) — 0.82 (0.16) — 0.83 (0.13)
21 22.0 — — 11.02 (1.22) 23.88 (6.34) — — 0.84 (0.13) 0.85 (0.13)
Mean 23.49 10.92 21.66 11.08 22.20 0.85 0.81 0.85 0.82
SD 1.73 0.41 1.44 0.42 1.26 0.03 0.04 0.04 0.05

For MEP latencies, dashes depict subjects for whom latencies could not be reliably identified. For all other columns, dashes depict subjects with fewer than 10 trials per hemisphere and frequency.
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subset of channels overlying the right sensorimotor cortex (con-
tralateral to the L FDI; FC2, FC4, FC6, Cz, C2, C4, C6, T8, CP2,
CP4, CP6) and the left sensorimotor cortex (ipsilateral to the
L FDI; FC1, FC3, FC5, Cz, C1, C3, C5, T7, CP1, CP3, CP5) were
selected for further analysis. Each selected channel and its four
neighbors were then used to obtain Hjorth-transformed EEG sig-
nals (Hjorth, 1975) by subtracting the average of the four neigh-
boring surround channels from the central channel at each time
point (Zrenner et al., 2018; Hussain et al., 2019). This approach
attenuates the effects of volume conduction and enhances the
signal-to-noise ratio of local EEG features (Hjorth, 1975).

We individualized the Hjorth-transformed scalp channels
used for mu and beta analysis by identifying those that best cap-
tured movement-related mu and beta reactivity (Torrecillos
et al., 2020) over the contralateral hemisphere. To achieve this,
we first performed time-frequency analysis (wavelet method
using Hanning tapers, width 7, 8–40Hz with 0.25Hz resolution,
1Hz smoothing, 0.2ms resolution [5 kHz]) on EEG data from
channels overlying the right sensorimotor cortex. Afterward, we
parameterized the power spectrum of each time point per
channel into periodic and aperiodic components using the
fooof algorithm (Donoghue et al., 2020). Briefly, this algo-
rithm decomposes power spectra into their aperiodic compo-
nents (reflected as the general 1/f trend of the spectrum) and
periodic components (reflected as peaks that exceed the 1/f
trend). The rationale for this decomposition is that these dif-
ferent components are related to distinct neural processes,
with periodic components reflecting rhythmic oscillatory ac-
tivity (Donoghue et al., 2020) and the aperiodic component

estimating population-level neuronal spiking (Manning et al., 2009)
and synaptic excitation-inhibition balance (Gao et al., 2017). The
fooof algorithm fits power spectra using an aperiodic component
combined with multiple gaussians (Donoghue et al., 2020, their Fig.
2) and allows the user to set its parameters, including the maximum
number of peaks and the minimum peak height. The maximum
number of peaks was set to 4 to account for up to four possible
spectral peaks between 8 and 40Hz. To avoid misidentifying noisy
EEG epochs as periodic oscillatory activity, the minimum peak
height was set to 0.1. Peak width limits were set to 0.5–12Hz, and
the peak threshold was set to 2.0 (Donoghue et al., 2020, refer to
their Supplementary Table 2 for default fooof algorithm parameter
values). Center frequencies and the number of detected spectral
peaks tended to be more consistent across different time points of
the same trial than across different trials (Table 2).

To characterize the role of rhythmic oscillatory phase in
human motor command release, all subsequent spectral analyses
were performed using the fooof algorithm (Donoghue et al.,
2020). At each time point, fooof-modeled power values were
averaged in the mu (8–12Hz) and beta (13–35Hz) ranges, gener-
ating fooof-modeled mu and beta power time series signals.
These signals were subsequently smoothed (moving average,
time window = 50ms), and the channel showing the strongest
movement-related power modulation within 6 750ms of the
button press was identified separately for mu and beta. Time se-
ries signals were also visually inspected to ensure appropriate
channel selection. One channel was selected per subject and fre-
quency. This channel was used for analysis of oscillatory phase
within the contralateral hemisphere. For mu, Cz, C2, C6, T8, and

Figure 3. EMG and ipsilateral EEG data during individual finger movements recorded from a representative subject. a, b, Raw (colored) and bandpass-filtered (white) ipsilateral EEG data dur-
ing individual finger movements. c, d, Time domain L FDI EMG data during individual finger movements. e, f, Time-frequency representation of L FDI EMG data during individual finger move-
ments. Cooler and warmer colors indicate smaller and larger values, respectively. Note that color scaling was chosen to emphasize the onset of EMG activity. g, h, Raw power spectra (black),
aperiodic fit of raw power spectra (gray), and fooof-modeled power spectra (colored). Black lines indicate MCRM1 time points and gray lines indicate EMG onset time points (a–f), Left, ipsilat-
eral mu; right, ipsilateral beta. Note the oscillatory activity present in all raw EEG traces (a, b) and power spectra (g, h) for mu and beta, respectively.
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CP2 were selected in one subject each, FC2 was selected in two
subjects, CP4 was selected in three subjects, CP6 was selected in
5 subjects, and C4 was selected in six subjects. For beta, C4, C6,
and T8 were each selected in one subject each, Cz and FC2 were
selected in two subjects each, CP2 and CP4 were each selected in
three subjects each, and CP6 was selected in eight subjects. For
analysis of oscillatory phase within the ipsilateral hemisphere,
the mirror-symmetric channel was used for each subject. For
the subject in whom Cz was used for contralateral hemisphere
analysis, C1 was used for ipsilateral analysis. Based on our
main results (see below, Results; see Fig. 4), the same analysis
described below (see Estimating time of motor command
release from M1 [MCRM1] and Phase angle calculation) was
performed using the C4 channel in all participants (i.e., with-
out individualizing channel selection) for contralateral beta.
C4 phase angles did not show any deviation from uniformity
at MCRM1 (p = 0.27, z = 1.30 for group-level mean phase
angles; p = 0.55 and z = 0.58 for group-level pooled phase angles;
see below, Experimental design and statistical analysis), indicating

the importance of individualizing channels before analysis
(Torrecillos et al., 2020; Ibáñez et al., 2021). After selecting sub-
ject-specific channels, movement-related potentials time locked
to each button press were calculated for each subject. To control
for the possibility that any observed phase-dependent motor
command release is related to movement-related potentials, these
potentials were subtracted from each EEG trial (Klimesch et al.,
1998; Pellicciari et al., 2017; Premoli et al., 2017).

Estimating time of motor command release from M1 (MCRM1).
The time of MCRM1 was estimated for each finger movement by
subtracting the individual MEP latency from the EMG-defined
onset time of each movement (see above, EMG processing; Figs.
2, 3). Because the MEP latency reflects the amount of time
needed for an action potential to travel from the stimulated M1
to the L FDI muscle involved in the self-paced movement task (i.
e., corticomuscular conduction time; see above, Single-pulse
TMS delivery; Fig. 1b), this approach provided an individualized
and physiologically informed estimate of MCRM1 preceding each
finger movement.

Table 2. Group-level coefficients of variation for center frequencies and the number of spectral peaks detected by the fooof algorithm

Calculation method

Coefficient of variation of center frequencies Coefficient of variation of number of detected peaks

Contralateral Ipsilateral Contralateral Ipsilateral

Mu Beta Mu Beta Mu Beta Mu Beta

Across time points within the same trial 0.01 (0.004) 0.03 (0.01) 0.01 (0.004) 0.03 (0.02) 0.17 (0.06) 0.16 (0.04) 0.14 (0.04) 0.15 (0.03)
Across trials at MCRM1 time points 0.10 (0.02) 0.25 (0.03) 0.10 (0.01) 0.25 (0.06) 0.37 (0.05) 0.41 (0.04) 0.34 (0.09) 0.42 (0.09)

Coefficients of variation were calculated per trial at each time point within 6 5 ms of MCRM1 (top row) and across trials at MCRM1 (bottom row).

Figure 4. Contralateral mu and beta phase angles during MCRM1. a, b, Variation in phase angles during MCRM1 at the individual subject level for contralateral mu (a) and beta (b) rhythms.
Each dot reflects an individual subject’s mean phase angle during MCRM1. Each circular line reflects an individual subject’s phase angle SD during MCRM1. c, d, Mu (c) and beta (d) phase angles
during MCRM1 along the oscillatory cycle and in phase space. Each dot indicates a single subject’s mean phase angle during MCRM1. Phase angle histograms represent group-level distributions of
mean phase angles during MCRM1. Radii values indicate the number of subjects showing mean phase angles within a given phase bin. The black square and horizontal line in d reflect the mean
beta phase angle and the group-level SD. For c, the group mean and SD is not shown because of lack of significant deviations from uniformity. The asterisk reflects significance at p, 0.05.
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Phase angle calculation. If sensorimotor rhythm phase shapes
voluntary motor command release, phase-dependent motor
command release should only be detectable in the hemisphere
contralateral to the moving finger. We therefore examined the
mu and beta phase during motor command release for each
hemisphere, focusing only on those finger movements in which
(1) EMG onsets could be reliably detected (see above, EMG proc-
essing) and (2) periodic activity was detected within mu and beta
frequencies, indicating the presence of a sustained oscillation in
the target frequency. Preprocessed EEG data recorded during
individual finger movements were used to identify those move-
ments during which contralateral and ipsilateral periodic mu
and beta oscillatory activity was present. Time-frequency repre-
sentations were computed using the same approach described
for each finger movement (see above, EEG processing). Then,
the fooof-modeled power spectrum centered on the MCRM1

time point (see above, Estimating time of motor command
release from M1 [MCRM1]) was used to determine the domi-
nant mu and beta center frequency of each finger movement in
each hemisphere.

All movements containing detectable periodic components at
MCRM1 were bandpass filtered into individually defined, move-
ment-specific frequency ranges (one-pass finite impulse response
filter with phase delay correction, window length 500ms, order
2500, passband6 2Hz relative to the periodic component center
frequency of each movement, rounded to the nearest integer).
Movements with EEG activity containing visible artifacts not
attenuated by previous ICA were excluded from further analysis.
The ipsilateral and contralateral mu and beta phase angles during
each MCRM1 time point was calculated for each movement using
the Hilbert transform. Phase angles for each hemisphere and fre-
quency were combined across all analyzed movements, and each
subject’s mean phase angle was computed for each frequency
and hemisphere. Of note, phase angles as calculated here are in
principle generated by a mixture of periodic and aperiodic ac-
tivity. However, by analyzing only those finger movements
with detectable periodic activity, these angles reflect the
phase of a neural signal containing sensorimotor mu and/or
beta rhythms. Figures 2 and 3 contain EEG and EMG data
obtained from a representative subject during self-paced fin-
ger movements.

Experimental design and statistical analysis
After removing trials in which subjects reacted to picture presen-
tation too quickly (see above, Self-paced finger movement task),
on average 587.57 6 40.19 (mean 6 SD) trials (range, 417–600)
were available for analysis per subject. After removing trials in
which reliable EMG onsets could not be detected because of
inadequate L FDI relaxation between trials (see above, EMG
processing), 139.29 6 88.39 trials (range, 29–335) were avail-
able for analysis. Finally, 34.906 25.00 of these trials (range, 0–
80) contained contralateral mu periodic activity, 78.48 6 75.47
contained contralateral beta periodic activity (range, 0–294),
34.33 6 22.82 contained ipsilateral mu periodic activity (range,
1–84), and 82.10 6 73.85 contained ipsilateral beta activity
(range, 17–306; see above, EEG processing and Phase angle cal-
culation). These trials were used for final statistical analysis.
Further, some subjects had fewer than 10 trials available for a
given hemisphere and frequency band; these subjects were
excluded from statistical analyses for that hemisphere and fre-
quency (contralateral mu, four subjects excluded; contralateral
beta, four subjects excluded; ipsilateral mu, three subjects
excluded; ipsilateral beta, two subjects excluded).

We tested whether phase angles during MCRM1 immediately
preceding self-paced finger movements preferentially clustered
within restricted phase ranges of the mu and beta rhythms using
circular statistics. At the individual level, phase angles during
MCRM1 were tested for unimodal deviations from uniformity
using the Rayleigh test for each frequency and hemisphere. At
the group level, we concatenated the mean phase angles obtained
for each subject during MCRM1 across all subjects for each fre-
quency and hemisphere. As a secondary group-level analysis, we
also pooled phase angles during MCRM1 across all subjects
within the mu and beta ranges by concatenating them to create a
group-level pooled phase angle distribution for each hemisphere.
This was done to control for the possibility that our subject-
specific phase angle averaging procedure may have biased our
results. All group-level frequency- and hemisphere-specific phase
distributions were tested for unimodal deviations from uniform-
ity using the Rayleigh test. Statistical analyses were performed in
MATLAB using custom-written scripts combined with the
CircStat Toolbox (Berens, 2009). Alpha was equal to 0.05 for all
statistical tests. All reported summary statistics are mean6 SD.

Data availability
Data and code used in this study are available from the corre-
sponding author on reasonable request.

Results
We first determined whether MCRM1 required to produce self-
paced voluntary finger movements preferentially occurred dur-
ing restricted phase ranges of contralateral, right hemisphere
sensorimotor rhythms. Contralateral mu and beta activity during
self-paced finger movements oscillated at 10.91 6 0.41Hz and
21.72 6 1.43Hz, respectively. At the individual subject level,
contralateral phase angles at MCRM1 time points deviated from
uniformity in one subject for mu (z = 3.86, p = 0.02) and one
subject for beta (z = 6.99, p = 0.001; all others z , 2.97, p .
0.05), likely because of low statistical power. At the group level,
mean beta phase angles during MCRM1 exhibited a signifi-
cant, unimodal deviation from uniformity at 137.58 6 59.80°
(z = 3.52, p = 0.027; Fig. 4b,d), which coincides with the fall-
ing phase of the beta cycle. Consistent with this, the pooled
group-level distribution of contralateral beta phase angles
during MCRM1 also deviated from uniformity within the fall-
ing phase (124.95 6 79.22°, z = 3.19, p = 0.041). In contrast,
neither mean contralateral mu phase angles or the pooled
group-level distribution of contralateral mu phase angles
during MCRM1 significantly differed from uniformity (Fig.
4a,c; z , 1.30, p . 0.27 for both). Thus, contralateral phase
angles during motor command release were biased between
120 and 140° (i.e., the falling phase) of the beta but not the
mu oscillatory cycle.

If sensorimotor rhythm phase influences voluntary
motor command release, a relationship between sensorimo-
tor rhythm phase and MCRM1 time points should only be
present for the contralateral right hemisphere. We therefore
also tested whether MCRM1 time points clustered near any
specific oscillatory phase recorded from the ipsilateral left
hemisphere. During self-paced finger movements, ipsilat-
eral mu and beta rhythms oscillated at 11.09 6 0.39 Hz and
22.19 6 1.21 Hz, respectively. At the individual subject
level, ipsilateral mu and beta phase angles at MCRM1 time
points deviated from uniformity in one subject each (mu,
z = 4.94, p = 0.006; beta, z = 3.26, p = 0.037; all others z ,
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2.46, p . 0.08). At the group level, neither the mean nor
pooled group-level distribution of ipsilateral phase angles
during MCRM1 deviated significantly from uniformity for
either frequency (Fig. 5; z , 1.09, p . 0.33 for all). Thus,
phase angles during motor command release were not bi-
ased toward any specific phase range of either the ipsilateral
mu or beta cycle.

We also performed all group-level analyses on EEG data from
which movement-related potentials were not subtracted. In the
contralateral hemisphere, mu and beta rhythms oscillated at
10.98 6 0.39Hz and 21.87 6 1.27Hz, respectively. Group-level
mean beta phase angles at MCRM1 time points deviated signifi-
cantly from uniformity at 115.67 6 62.31° (z = 3.00, p = 0.047),
whereas this was not the case for group-level mean mu phase
angles (z = 1.67, p = 0.19). Group-level pooled phase angles did
not deviate from uniformity for either mu or beta (z , 2.46,
p , 0.11). In the ipsilateral hemisphere, mu and beta rhythms
oscillated at 11.05 6 0.38Hz and 21.92 6 1.87Hz, respectively.
Group-level mean and pooled phase angles at MCRM1 time
points did not deviate from uniformity for either mu or beta
(z, 0.63, p. 0.52).

Discussion
We tested the hypothesis that motor commands required to pro-
duce self-paced finger movements are preferentially released
fromM1 during restricted phase ranges of ongoing sensorimotor
rhythms. If so, contralateral but not ipsilateral phase angles dur-
ing motor command release should be biased toward a specific
oscillatory phase. To evaluate this hypothesis, we first estimated

the time at which motor commands needed to produce self-
paced finger movements were released from M1 using a combi-
nation of TMS, EEG, EMG, and behavioral testing. Then, we cal-
culated the contralateral and ipsilateral mu and beta oscillatory
phase angles at the identified time of motor command release.
Consistent with our hypothesis, phase angles during MCRM1 were
nonuniformly distributed across all phase angles for the contralat-
eral beta cycle but uniformly distributed for the contralateral mu
cycle. Moreover, phase angles during MCRM1 were evenly distrib-
uted across ipsilateral mu and beta cycles. These results were
largely consistent regardless of whether movement-related poten-
tials were subtracted from EEG signals before analysis. Our results
thus show that the release of motor commands from M1, a
requirement for voluntary movement, is beta phase-dependent.

Sensorimotor beta oscillatory activity covaries with M1 sin-
gle-neuron spiking rates (Murthy and Fetz, 1996a; Zanos et al.,
2018), M1 population-level neuronal activity (Miller et al., 2012),
and corticospinal output (Mitchell et al., 2007; Berger et al., 2014;
Ferreri et al., 2014; Khademi et al., 2018; Torrecillos et al., 2020),
all of which are necessary for voluntary movement. In addi-
tion, corticospinal communication during voluntary move-
ment occurs through phase synchronization of cortical and
spinal rhythms (i.e., corticomuscular coherence; Farmer et al.,
1993; Conway et al., 1995; Mima and Hallett, 1999; Womelsdorf
et al., 2007). Outside the motor domain, perceptual function is
enhanced at specific phases of oscillatory activity recorded from
task-relevant brain regions (Busch et al., 2009; Dugué et al., 2011;
Hanslmayr et al., 2013; Busch and VanRullen, 2010; Baumgarten
et al., 2015; VanRullen, 2016; but see Ruzzoli et al., 2019), sug-
gesting that human perception occurs through rhythmic, phase-

Figure 5. Ipsilateral mu and beta phase angles during MCRM1. Variation in phase angles during MCRM1 at the individual subject level for ipsilateral mu (a) and beta (b). Each dot reflects an
individual subject’s mean phase angle during MCRM1. Each circular line reflects an individual subject’s phase angle SD during MCRM1. c, d, Mu (c) and beta (d) phase angles during MCRM1 along
the oscillatory cycle and in phase space. Each dot indicates a single subject’s mean phase angle during MCRM1. Phase angle histograms represent group-level distributions of mean phase angles
during MCRM1. Radii values indicate the number of subjects showing mean phase angles within a given phase bin. For c and d, group means and SDs are not shown because of lack of signifi-
cant deviations from uniformity.
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dependent sampling of the environment (VanRullen, 2016). Our
results demonstrate that voluntary human motor output exhibits
similar rhythmicity.

Motor commands were most often released from M1 during
the falling phase of the ongoing beta cycle but were released uni-
formly across the mu cycle. Why might motor command release
be coupled to the beta but not mu rhythm, and why to the falling
phase? Mu and beta rhythms are generated by distinct neural
mechanisms (Stolk et al., 2019). Mu rhythms localize to the pri-
mary somatosensory cortex (Salmelin and Hari, 1994), exhibit
little if any somatotopy (Salmelin et al., 1995) and travel cau-
dorostrally across the cortex (Stolk et al., 2019). In contrast,
beta rhythms localize to the primary motor cortex (Salmelin
and Hari, 1994), exhibit more precise somatotopic organization
(Salmelin and Hari, 1994; Salmelin et al., 1995), and travel ros-
trocaudally across the cortex (Stolk et al., 2019). Further, beta
activity is closely tied to movement initiation, as entraining
beta oscillations slows movement (Pogosyan et al., 2009), and
patients with Parkinson’s disease often exhibit exaggerated beta
activity that correlates with bradykinesia and movement initia-
tion deficits (Little and Brown, 2014; Martin et al., 2018).
Corticomuscular coherence is also strongest in the beta range
(Conway et al., 1995; Baker et al., 1997; Mima and Hallett,
1999), indicating the presence of a beta-specific communication
channel between M1 and spinal motoneurons during voluntary
motor output (van Elswijk et al., 2010; Romei et al., 2016;
Khademi et al., 2018). Further, movement-related hand muscle
EMG bursts have been reported to occur during sensorimotor
beta trough phases (Baker et al., 1997). To observe this pattern
of phase-dependent EMG activity, the motor command initiat-
ing this EMG activity would need to be released ;20–25ms
(i.e., equal to the corticomuscular conduction delay) before the
sensorimotor beta trough phase. Given that beta typically oscil-
lates near 20Hz (see above, Results), such motor command
release would likely occur between 90 and 126° of the beta
cycle, which is grossly consistent with the falling beta phase
identified here (Fig. 4d). Along these lines, recent work also
showed that corticospinal excitability oscillates synchronously
with the beta cycle and is maximal during falling beta phases
(Wischnewski et al., 2022).

What might be the advantage of the phase-dependent motor
command release observed here? Previous invasive recording
studies have shown that resting population-level neuronal activ-
ity in M1 transitions from low to high activity states during beta
falling phases (Miller et al., 2012) and that such background-level
spiking is present during movement itself (Murthy and Fetz,
1996a). Given that motor commands are released when M1 ac-
tivity reaches an excitatory threshold (Hanes and Schall, 1996),
the transition from low to high background activity may bring
M1 activity to this threshold, thus triggering motor command
release. This may occur through beta phase-dependent activation
of M1 neurons by thalamocortical projections that cause move-
ment initiation (Takahashi et al., 2021) so that these projections
only adequately excite M1 neurons when their firing coincides
with beta falling phases. This possibility mirrors phase coding
mechanisms discovered outside the motor domain, where the os-
cillatory phase at which a neuron spikes encodes behaviorally rel-
evant information that is not reflected by spiking rate alone
(Montemurro et al., 2008; Siegel et al., 2009). Our results there-
fore suggest that phase coding also contributes to voluntary
human movement generation.

Several classic studies have demonstrated that sensorimotor
rhythms weaken (i.e., desynchronize) during motor imagery,

movement preparation, and movement itself (Pfurtscheller and
Aranibar, 1979; Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller
et al., 2006). Although we identified contralateral and ipsilateral per-
iodic mu and beta rhythms during a substantial number of self-
paced finger movements, periodic mu and beta rhythms were
not detected during all finger movements. When considered
alongside our findings, this suggests that either (1) motor com-
mand release is only biased toward restricted contralateral beta
phases during movements with detectable contralateral beta
periodic activity, or (2) contralateral beta periodic activity (and
thus contralateral beta phase-dependent motor command
release) is present but not detectable at the scalp level during a
large portion of movements. Although our data cannot defini-
tively distinguish between these two possibilities, the most par-
simonious conclusion is that the low signal-to-noise ratio of
scalp EEG signals limits detection of contralateral beta periodic
activity at the single trial level (Kosciessa et al., 2020).

Some limitations to the current work exist. First, we esti-
mated the time of motor command release from M1 by
quantifying each subject’s corticomuscular conduction delay
using TMS-evoked MEPs, which are generated by artificially
evoked descending volleys (Di Lazzaro and Ziemann, 2013)
after very brief M1 activation (here, 400 ms). In contrast,
voluntary M1 activation is more temporally dispersed (i.e.,
100–200ms for discrete movements, Hanes and Schall, 1996).
As a result, our findings only reflect beta phase-dependency of
an initial voluntary descending volley, with all later volleys
spread throughout subsequent beta phases. Second, our results
do not imply that motor commands are only released during
certain phase ranges but rather indicate that motor commands
are disproportionately released during beta falling phases.
Patients with bradykinesia may for example experience exag-
gerated phase-dependent motor command release that patho-
logically delays movement. Examining the relationship between
phase-dependent motor command release and movement ini-
tiation deficits in patients with Parkinson’s disease may shed
light on this possibility. Finally, it is also possible that move-
ment-related cortical activity alters non-phase-locked contralat-
eral beta oscillations in a way that aligns motor command
release to the falling contralateral beta phase identified here.
Interventional studies that evaluate phase-dependent motor
command release while also entraining the contralateral beta
rhythm could address this possibility.

In sum, we report that motor commands preceding self-paced
finger movements were preferentially released from M1 during
the falling phase of the contralateral beta cycle between 120 and
140° but were released uniformly across the contralateral mu, ip-
silateral mu, and ipsilateral beta cycles. These findings show that
motor command release coincides with restricted beta rhythm
phases, consistent with the notion that sensorimotor rhythm
phase shapes the timing of voluntary movement in the healthy
human brain.
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