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Zhang X, Li H, Xie T, Liu Y, Chen J, Long J. Movement speed
effects on beta-band oscillations in sensorimotor cortex during vol-
untary activity. J Neurophysiol 124: 352–359, 2020. First published
June 24, 2020; doi:10.1152/jn.00238.2020.—Beta-band oscillations
are a dominant feature in the sensorimotor system, which includes
movement-related beta desynchronization (MRBD) during the prep-
aration and execution phases of movement and postmovement beta
synchronization (PMBS) on movement cessation. Many studies have
linked this rhythm to motor functions. However, its associations to the
movement speed are still unclear. We make a hypothesis that PMBS
will be modulated with increasing of movement speeds. We assessed
the MRBD and PMBS during isotonic slower self-paced and ballistic
movements with 15 healthy subjects. Furthermore, we conduct an
additional control experiment with the isometric contraction with two
levels of forces to match those in the isotonic slower self-paced and
ballistic movements separately. We found that the amplitude of PMBS
but not MRBD in motor cortex is modulated by the speed during
voluntary movement. PMBS was positively correlated with movement
speed and acceleration through the partial correlation analysis. How-
ever, there were no changes in the PMBS and MRBD during the
isometric contraction with two levels of forces. These results demon-
strate a different function of PMBS and MRBD to the movement
speed during voluntary activity and suggest that the movement speed
would affect the amplitude of PMBS.

NEW & NOTEWORTHY Beta-band oscillations are a dominant
feature in the sensorimotor system that associate to the motor func-
tion. We found that the movement-related postmovement beta syn-
chronization (PMBS) over the contralateral sensorimotor cortex was
positively correlated with the speed of a voluntary movement, but the
movement-related beta desynchronization (MRBD) was not. Our
results show a differential response of the PMBS and MRBD to the
movement speed during voluntary movement.

EEG; movement-related beta desynchronization; postmovement beta
synchronization; speed; voluntary movement

INTRODUCTION

Speed is one of the important movement-related parameters
that would affect the accuracy of a motor task. Most of our
daily tasks involve continuous changes in movement speed that

is maintained by a continuous drive from the cortex to spinal
motoneurons and by fine motor adjustments according to
proprioceptive feedback (Omrani et al. 2013). The neurophys-
iological basis of this communication is the neural oscillations
in the sensorimotor cortex. Previous studies have suggested a
central role of the sensorimotor oscillations at beta band
(14–30 Hz) in both the encoding of the motor command and
the processing of proprioceptive feedback (Aumann and Prut
2015; Baker 2007; Riddle and Baker 2005; Witham et al. 2011).

Sensorimotor activity in beta band is observed in the forms of
movement-related beta desynchronization (MRBD) and post-
movement beta synchronization (PMBS). MRBD is a power
decrease during the preparation and execution phases of move-
ment, while PMBS is a power increase following movement
cessation. Studies showed that MRBD likely reflects an increase
in processing during movement planning and execution and even
movement imagination (Kühn et al. 2004; Pfurtscheller and Lopes
da Silva 1999; Pfurtscheller and Neuper 1997; Pfurtscheller et al.
1997). In contrast, the PMBS is thought to reflect the reinforce-
ment of existing motor states and steady motor output (Engel and
Fries 2010; Gilbertson et al. 2005; Jenkinson and Brown 2011;
Swann et al. 2009). Furthermore, PMBS has been associated with
the processing of movement-related sensory afference. Evidence
supporting the latter includes observations that a similar phenom-
enon also follows passive movements (Alegre et al. 2002; Cassim
et al. 2001) and that the PMBS is modulated by how a movement
is terminated (Alegre et al. 2008) and by errors related to the
completed movement (Tan et al. 2014). Despite a vast number of
studies about the functional contributions of sensorimotor activity
in beta band to motor control, however, the modulation of move-
ment speed on the sensorimotor beta activities is still unclear.

Regarding the MRBD, many observations had linked this to
a cortical gate that would switch off beta oscillations necessary
to facilitate local processing (Fry et al. 2016; Stančák et al.
1997; Stevenson et al. 2011). For example, the reduction in
beta amplitude during volitional contractions of the fingers/arm
has been shown to be unrelated to movement speed (Pfurt-
scheller et al. 1998; Stancák and Pfurtscheller 1996) and the
rate of force development (Fry et al. 2016). In addition, the
amplitude of MRBD has been shown to be unrelated to
the weight of a manipulated load (Pistohl et al. 2012; StančákCorrespondence: J. Long (jinyil@jnu.edu.cn).
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et al. 1997). In contrast, the PMBS is more variable in its
relationship with movement parameters (Fry et al. 2016;
Stancák and Pfurtscheller 1995). The increases in movement
speed also result in increments in electromyographic (EMG)
activity during movement execution. A greater PMBS has been
observed following finger extension movements performed
against a heavy resistive load compared with unloaded exten-
sions (Stančák et al. 1997). In an isometric wrist flexion task to
remove the influence of movement, the increase in the rate of
force development results in increments in the amplitude of
PMBS (Fry et al. 2016). Furthermore, accumulating evidence
suggests that the quantity of afferent input is correlated to the
amplitude of PMBS. For example, the magnitude of PMBS is
modulated by intensity of electrical stimuli (Stancák et al.
2003). Furthermore, voluntary movement and mixed-nerve
stimulation elicit a stronger beta rebound than pure tactile
stimulation (Houdayer et al. 2006). Indeed, the afferent signals
generated during voluntary activation are proportional to
movement speed (Cordo et al. 1994; Gritsenko et al. 2007;
Sittig et al. 1987). Therefore, we hypothesized that although
MRBD is unchanged with increasing of movement speeds,
PMBS will be modulated with increasing of movement speeds.
To test our hypothesis, we used EEG over the contralateral
sensorimotor cortex to measure the PMBS and MRBD during
isotonic slower self-paced and ballistic index finger move-
ments.

METHODS

Subjects

Fifteen volunteers (5 women, 22.2 � 0.89 yr old) participated in
this study. All participants were right handed according to the Edin-
burgh Inventory of Handedness (Oldfield 1971) and had good phys-

ical and mental health, with no dyskinesia or mental illness. Partici-
pants provided written informed consent before the recordings. The
experimental procedures were approved by the local ethics committee
at Jinan University and were in accordance with the guidelines
established in the Declaration of Helsinki.

Experimental Paradigm

The experiment was carried out in a quiet and comfortable envi-
ronment. During the experiment, the subjects sat in a chair 1 m away
from the screen, with their hands on the table in front of the chair
flexed at their elbows at a 90-degree angle and the wrist restrained by
straps. The position of the tested right hand was shown as in Fig. 1,
A and B. The pegs were used to limit the distance for the index finger
movement. In Fig. 1A, the distance of the two pegs was modulated
based on comfort for each subject, while the two pegs in Fig. 1B were
used to constraint the movement of the index finger and avoid the
interference of the other fingers.

The paradigms for experimental condition and control condition
were based on the experimental procedure in Fig. 1C. At the start of
each experiment, subjects performed three brief maximal voluntary
isometric contractions (MVICs) for 3–5 s into index finger abduction,
separated by 30 s. The MVIC was calculated as the maximal average
rectified EMG amplitude within a window of 500 ms screening across
the trials (Tazoe and Perez 2013).

At the beginning of each trial, a fixation cross appeared in the
center of the screen for a variable delay (1.25–1.75 s). Then, an
imperative stimulus consisting of a green or a red circle appeared for
0.25 s (Fig. 1C). These two colors appeared randomly. During the
experiment, subjects were instructed to complete a single isotonic
abduction movement with right index finger at two different speeds
after the stimulus (Fig. 1A): as fast as possible (ballistic movement;
red circle) and at a slower comfortable speed (self-paced movement;
green circle). In the control experiment, subjects were instructed to
perform isometric abduction with right index finger at two different
force levels, which were computed in ballistic movement and self-
paced movement, separately (Fig. 1B). To ensure similar force levels

Fig. 1. Experimental setup. A and B: schematic of the experimental setup showing the posture of the hand during index finger abduction movement at speed
movement experiment (A) and at force contraction experiment (B). C: diagram showing the visual display presented to subjects during testing. A fixation cross
appeared in the center of the computer screen at the beginning of all trials, followed by an imperative visual signal of red or green circle. Raw traces show rectified
electromyographic (EMG) activity in the right first dorsal interosseous muscle in a representative subject during speed movement experiment (D) and during force
contraction experiment (E).
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between the speed movement experiment and the force contraction
experiment (i.e., the control experiment), the EMG activity from the
first dorsal interosseous (FDI) muscle in the speed movement exper-
iment was recorded. Then, in the control experiment, the average
EMG activities recorded in the speed movement experiment were
shown on the screen of a oscilloscope to visually show the force level
that subjects need to reach (i.e., the big force to match the force in the
ballistic movement, and the small force to match the force in the
self-paced movement). Verbal feedback was given to subjects to
remind them that they should reach similar levels of EMG activity by
adjusting the force during the big force or small force trials (Federico
and Perez 2017). In other words, the subjects were told to put more or
less force to make sure the EMG activities were at similar level during
the force contraction tasks with the level during the speed movement
tasks. In addition, the participants were instructed to exert their force
in the control experiment in the same way as in the main experiment.
In other words, they should keep accelerating the speed during the big
force condition just like how they did in the ballistic movement and
should keep relatively constant speed during the small force condition
just like they did in the self-paced movement. The recorded EMG
activities show that there was no significant difference in EMG
activity between ballistic movement and big force contraction (P �
0.886), and between self-paced movement and small force contraction
(P � 0.939), which suggests that the force level was well matched
between the speed movement experiment and the force contraction
(i.e., control) experiment.

A blank screen was presented to indicate the intertrial interval of
3–4 s during which subjects should relax. A familiarization trial was
completed at the beginning of each experimental condition to ensure
that subjects were able to complete the task at the adequate speed.
There were six blocks for each of the speed movement experiment
and the force contraction experiment. In each block, 15 red and 15
green trials were tested in a randomized order. After each trial, the
subjects were required to report whether they ever missed the task or
performed the wrong movement. In addition, we would also check the
raw data during offline analysis to figure out which trials were missed
or not. For further analysis, we discarded the trials that the participants
ever missed or performed the wrong movement. If the discarded trials
exceeded 20%, this session needed to be recollected. This led to the
exclusion of zero to three trials per session per subject, and no session
was recollected.

EEG and EMG Recordings

EEG data were acquired from 64 scalp sites (extended 10-20
system) using a cap with active Ag/AgCl electrodes (quickcap64).
Wet electrodes were used in the cap, and the electrode impedance was
modulated to be less than 5 K�. The reference electrode was on
the bilateral mastoid. A Neuroscan Synamps2 amplifier amplified the
EEG signal. The sampling rate of the EEG signal was 1 kHz. The
bandpass filtering range was 0.5–30 Hz with a 50-Hz notch filter. In
the preprocessing stage of the offline data, we performed the infomax
independent component analysis (ICA) algorithm using the EEGlab
toolbox (Delorme and Makeig 2004). After visual inspection of the
scalp map and of the time course of the activation in each ICA
component, we eliminated the components clearly related to eye
blinks. The EEG data were back-projected with the remaining subset
components for further analysis.

The FDI is a functional muscle responsible for index finger abduc-
tion (Pereira Botelho et al. 2019). Therefore, the EMG activity was
recorded from the FDI muscle using Ag-AgCl surface electrodes
(10-mm diameter). EMG signals were amplified and filtered (5 Hz–
2,000 Hz) with a bioamplifier (Neurolog System, Digitimer, UK), and
then digitized at 5 kHz with an analog-to-digital (A/D) converter
(CED Micro 1401, Cambridge Electronic Design, UK). The signals
were stored with sampling rate of 5 kHz with an A/D converter (CED
Micro 1401, Cambridge Electronic Design) on a computer for off-line

analysis. The mark from the presentation software (E-Prime 3.0) was
sent to the EEG acquisition software (Curry 8) and EMG acquisition
software (Spike) simultaneously for their synchronization in the
experiment.

Data Processing

EMG, reaction time, and movement speed. The EMG was rectified
and averaged across the trials. The EMG signal was then normalized
as a percentage of MVIC. We measured reaction time (RT) as the
latency (in milliseconds) of the first burst of EMG activity following
stimulus presentation. In each trial, the time point of imperative stimulus
was defined as the onset and the RT was defined as the time point in
which EMG activity exceeded the �4 SD of the average contracting
mean rectified EMG, measured 100 ms beforethe stimulus artifact, while
the end time of movement in that trial, defined as the time point in which
the mean EMG activity returned to �4 SD of the average contracting
mean rectified EMG, measured 100 ms before the stimulus artifact.
Therefore, the movement duration was set to the interval between
movement initiation and movement termination. Since the distance for
index finger movement was constant during the experiment for each
subject, the average movement speed for each trial can be defined as the
reciprocal of movement duration by set the distance to be 1. For the force
contraction experiment, we recorded the time taken from 0 to the
maximum value of EMG (with a sliding window of 10 ms), and then the
mean rate of change of force was calculated for each trial (the maximum
EMG/time taken). Mean averages of these values were calculated within
each individual.

EEG analysis. The response-locked EEG time series (�0.25 s
before and 2 s after the stimulus) were extracted for artifacts screen-
ing. Artifacts were defined as EEG signals with amplitude larger than
mean � 5 SD, with the mean and SD calculated for each time point
based on the response-locked EEG time series for all trials. The
response-locked EEG time series from each artifact-free single trial
were decomposed into their time-frequency representations using the
Fieldtrip software package (http://www.ru.nl/fcdonders/fieldtrip/).
Finger movement presents a contralateral activation advantage in the
cerebral hemisphere (Pfurtscheller et al. 1998; Stančák et al. 1997;
Stancák and Pfurtscheller 1996). Hence, we used the EEG data of C3
channel in the sensorimotor area for the following analysis.

Spectral power in time-frequency domain was calculated for each
trial using a fast Fourier transform (multi)taper approach to the short
sliding time windows (Osipova et al. 2006; Percival and Walden
1993). For frequency band of 5–30 Hz (in steps 0.5 Hz), we applied
an adaptive time window of three cycles for each frequency 	t � 3/f.
The Hanning taper was used to reduce spectral leakage and control the
frequency smoothing. The time windows were advanced in steps of 50
ms. The time-frequency representation of power was calculated by
averaging the squared absolute values of the convolutions over trials.
Event-related EEG power change was subsequently calculated as the
percentage change relative to the baseline by dividing the power at
each frequency and each time point by the average power of that
frequency across baseline and then subtracting 100 from the normal-
ized value. The baseline was defined from �250 ms to 0 ms of the
starting of movement task (Fry et al. 2016; Stančák et al. 1997;
Stevenson et al. 2011). If the value of event-related EEG power
change was larger than 0, then it indicated that the power was higher
than the baseline average power of that frequency and vice versa.

Event-related power changes in the beta band (14–30 Hz) were
investigated. In the ballistic and slow motion of the index finger, the
duration of MRBD and PMBS is generally longer than 0.5 s (Stancák
and Pfurtscheller 1996). Since this study focuses on observing the
differences in the peak value and its vicinity between different
conditions, the PMBS was defined as the average normalized power
over a 200-ms window centered on the peak of the power change after
movement termination (Tan et al. 2014), while the MRBD was
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defined as the average normalized power over a 200-ms window
centered on the trough of the power change during movement.

Statistical analysis. Overall, this study used a 2 (speed movement
versus force contraction) by 2 (big force versus small force) design. In
the speed movement experiment/condition, ballistic movement had a
big force, whereas the self-paced movement had a small force. In the
force contraction experiment/condition, subjects were asked to per-
form isometric abduction with right index finger at two different force
levels (big force versus small force). The temporal structure of the big
force contraction was similar with that of the ballistic movement,
whereas the temporal structure of the small force contraction was
similar with that of the self-paced movement. The force contraction
experiment (big force versus small force) serves as a control experi-
ment in this study aiming to rule out the possibility that the main
finding in the speed movement experiment was due to the difference
in force, rather than in speed.

First, repeated-measures two-way ANOVAs were performed to
determine the effect of movement task (speed movement versus force
contraction) and force condition (big force versus small force) on
EMG, RT, rate of change of force, movement duration, and power
change at beta band. One-way repeated-measures ANOVA was per-
formed on the movement speed and movement acceleration during
speed movement. Bonferroni post hoc correction was used to check
for significant comparisons (significance level � of 0.05). A priori
comparisons were made as specified. Normal distribution was tested
by the Shapiro-Wilk test (all P � 0.05). The significance level was set
at P � 0.05 and group data were presented as mean SD in the text and
as SE in the figures. To explore the relationship between MRBD/
PMBS and behavior variables (i.e., EMG, RT, rate of change of force,
movement speed, movement duration, and movement acceleration),
we chose the simplest model, a linear model, to describe the effects of
these correlations. Pearson correlation analysis was conducted to
evaluate the relationships in different experiment conditions using
IBM SPSS (1,000 Bootstrap samples, confidence interval 95%). To
avoid the influence of mutual interference between behavioral vari-
ables, we corrected the respective correlation between MRBD/PMBS
and behavior variables by means of partial correlation (Pearson).

RESULTS

Behavioral Measurements

Table 1 presents the behavioral measurements during the
speed movement experiment and force contraction experiment.
Note that EMG activity, RT, rate of change of force, movement
duration, movement speed and movement acceleration in-
creased during the ballistic movement as compared with the
self-paced movement.

Repeated-measures ANOVA showed a significant effect of
movement task (F1,43 � 16.76, P � 0.002), but not force condi-
tion (F1,43 � 2.35, P � 0.1 6) nor in their interaction (F1,43 �
2.24, P � 0.17) on the magnitude of EMG. Post hoc analysis

showed that EMG in the speed movement task was larger during
ballistic compared with the self-paced movement condition (bal-
listic,15.5 � 3.2%; self-paced, 8.7 � 2.1%; P � 0.001), and the
same significance was found within force contraction task (big
force, 18.1 � 4.9%; small force,10.4 � 3.3%; P � 0.01). We
found that EMG was not changed between ballistic movement
and big force (P � 0.886) and between self-paced movement and
small force (P � 0.939).

For RT, similar analysis showed no significant effects of
movement task (F1,43 � 0.0004, P � 0.983), and their inter-
action (F1,43 � 3.87, P � 0.075; Table 1) but showed signif-
icant effects of force condition (F1,43 � 43.96, P � 0.001).
Post hoc analysis showed that the RT was decreased during
ballistic compared with self-paced movement condition (bal-
listic, 0.23 � 0.04 s; self-paced, 0.28 � 0.05; P � 0.001); RT
showed same significance in force contraction task (big force,
0.23 � 0.05 s; small force, 0.27 � 0.06 s; P � 0.001). In
addition, we found that RT showed no difference between
ballistic movement and big force (P � 0.469) and between
self-paced movement and small force (P � 0.493).

For rate of change of force, repeated-measures ANOVA
showed no significant effects of movement task (F1,43 � 0.65,
P � 0.444) or their interaction (F1,43 � 1.21, P � 0.303; Table
1) but showed significant effects of force condition (F1,43 �
9.07, P � 0.017). Post hoc analysis showed that the rate of
change of force was increased during ballistic compared with
self-paced movement condition (ballistic, 2.70 � 0.63 mV/s;
self-paced, 1.59 � 0.27 mV/s; P � 0.027) and had the similar
significance in force contraction task (big force, 3.11 � 0.58
mV/s; small force, 1.79 � 0.27 mV/s; P � 0.011). We found
that rate of change of force was no change between ballistic
movement and big force (P � 0.317) and between self-paced
movement and small force (P � 0.630).

For movement duration, repeated-measures ANOVA showed
no significant effects of movement task (F1,43 � 0.20, P � 0.667)
and their interaction (F1,43 � 1.07, P � 0.323; Table 1) but
showed significant effects of force condition (F1,43 � 32.42, P �
0.001). Post hoc analysis showed that movement duration was
decreased during ballistic compared with self-paced movement
condition (ballistic, 0.13 � 0.07 s; self-paced, 0.18 � 0.06 s; P �
0.002) and had similar significance in the force contraction task
(big force, 0.13 � 0.05 s; small force, 0.20 � 0.05 s; P � 0.001).
We found that movement duration was no change between bal-
listic movement and big force (P � 0.985) and between self-
paced movement and small force (P � 0.421). For speed, one-
way ANOVA showed a significant effect (F1,23 � 7.19; P �
0.012) that the subjects performed faster during ballistic compared
with the self-paced movement condition. Similar analysis showed

Table 1. Behavioral measurements

Speed Movement Experiment Force Contraction Experiment

Ballistic Self-paced P value Big force Small force P value

EMG, %MVIC 15.50 � 3.20 8.7 � 2.10 �0.001 18.10 � 4.90 10.40 � 3.30 0.010
Reaction time, s 0.23 � 0.04 0.28 � 0.05 �0.001 0.23 � 0.05 0.27 � 0.06 �0.001
Rate of change of force 2.70 � 0.63 1.59 � 0.27 0.027 3.11 � 0.58 1.79 � 0.27 0.011
Movement duration, s 0.13 � 0.07 0.18 � 0.06 0.002 0.13 � 0.05 0.20 � 0.05 �0.001
Movement speed, cm/s 9.03 � 3.66 6.21 � 1.79 0.012
Movement acceleration, cm/s2 94.16 � 46.45 41.51 � 23.05 0.016

Values are means � SD. EMG, electromyogram; MVIC, maximal voluntary isometric contractions.
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a significant effect (F1,23 � 6.52; P � 0.016) on movement
acceleration.

MRBD and PMBS

Figure 2 illustrates the time-frequency results during speed
movement and force contraction tasks. We can see that a
relative decrease in EEG power across the beta frequency band
(14–30 Hz) was consistently observed over contralateral sen-
sorimotor cortex during speed movement (Fig. 2, A and C) and

force contraction tasks (Fig. 2, B and D). The decrease in
power was followed by a rebound synchronization after move-
ment. Note that this PMBS was increased during ballistic
compared with self-paced movement.

Repeated two-way ANOVA with task and condition as main
factors showed no effects of movement task (F1,43 � 0.19, P �
0.682), force condition (F1,43 � 3.054, P � 0.111), and their
interaction (F1,43 � 4.71, P � 0.06) on MRBD (Fig. 2E). In
contrast, the main effect of movement task on PMBS was not
significant (F1,43 � 0.230, P � 0.642), but the main effect of
force condition (F1,43 � 5.373, P � 0.030) and their interaction
(F1,43 � 9.18, P � 0.013; Fig. 2F) were significant. Post hoc
analysis showed that the PMBS was increased during ballistic
compared with self-paced movements (ballistic, 57.13 �
30.84%; self- paced, 36.01 � 19.98%; P � 0.001; Fig. 2F), but
there was no difference in PMBS between the big force and
small force conditions for the force contraction task (big force,
32.57 � 27.53%; small force, 31.18 � 28.25%; P � 0.783;
Fig. 2F).

Correlations Analysis

Table 2 and Fig. 3 show the partial correlation results. We
found that a positive correlation was found between PMBS
measured during the speed movement experiment and the
movement speed (r � 0.482, P � 0.017; Fig. 3A) and move-
ment acceleration (r � 0.641, P � 0.001; Fig. 3B). Here, note
that individuals with larger increases in PMBS were those who
performed movements at faster speeds. However, the PMBS
did not significantly correlate with EMG (r � 0.102, P �
0.64), RT (r � �0.192, P � 0.37), rate of change of force
(r � 0.106, P � 0.63), and movement duration (r � �0.156,
P � 0.48). The MRBD during speed movement experiment did
not significantly correlate with any behavioral measurements
of the EMG (r � �0.176, P � 0.42), RT (r � �0.028, P �
0.90), rate of change of force (r � 0.145, P � 0.50), movement
duration (r � 0.175, P � 0.41), movement speed (r � 0.072,
P � 0.74), and movement acceleration (r � �0.065, P �
0.77). In addition, in the force contraction experiment, we did
not find any significant correlation between EMG and the
magnitude of PMBS (r � 0.081, P � 0.74) and MRBD
(r � �0.039, P � 0.87), between RT and the magnitude of
PMBS (r � 0.351, P � 0.14) and MRBD (r � �0.139, P �
0.57), between the rate of change of force and the magnitude of
PMBS (r � �0.359, P � 0.13) and MRBD (r � 0.181, P �
0.46), and between movement duration and the magnitude of
PMBS (r � �0.354, P � 0.10) and MRBD (r � 0.233, P �
0.34).

DISCUSSION

We demonstrate that PMBS but not MRBD over the
contralateral sensorimotor cortex increases in the ballistic
compared with self-paced movements. And as revealed in
the control experiment, this increase was not due to the
changes in force level. The PMBS was positively correlated
with the movement speed and movement acceleration during
speed movement. Our results show a differential modulation
of amplitude in the PMBS and MRBD with increasing
movement speed.

Fig. 2. Power spectra of electroencephalogram (EEG) over sensorimotor cortex
(C3 channel). A and B: average power change at different frequencies in a
representative subject (averaged across trials) during speed movement task (A)
and force contraction task (B). The dashed lines represent the beta band
between 14 and 30 Hz. C and D: average power change time courses at beta
band (14–30 Hz) during speed movement task (ballistic, red; self-paced, green;
C) and force contraction task (big force, yellow; small force, blue; D). E and
F: group data (n � 15). The abscissa shows the measurements of MRBD (E)
and PMBS (F). The ordinate shows the average power change across subjects,
while the gray circle represents the individual value for each subject. Error bars
indicate SEs. *P � 0.05. EMG, electromyogram; MRBD, movement-related
beta desynchronization; PMBS, postmovement beta synchronization; RT,
reaction time.
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Modulations of Amplitude in the MRBD with Different
Movement Speeds

Previous studies hypothesized that the MRBD may act as
a cortical gate which would switch off beta oscillations
necessary to facilitate local processing (Fry et al. 2016;
Stančák et al. 1997; Stevenson et al. 2011). Indeed, it is
likely that the magnitude of MRBD will not change with the
stimulus parameters. Our data indicate that the magnitude of
MRBD is not related to the movement speed and contraction
force levels. This is in agreement with previous evidence
showing that the reduction in beta amplitude during voli-
tional contractions of the fingers/arm has been shown to be
not influenced by the movement speed (Pfurtscheller et al.
1998; Stancák and Pfurtscheller 1996), contraction force
(Cremoux et al. 2013; Stančák et al. 1997), and the rate of
force development (Fry et al. 2016). Moreover, the previous
studies demonstrated that the MRBD can be observed in
motor planning (Liddle et al. 2016; Tzagarakis et al. 2010;
van Wijk et al. 2009) and motor imagery (Pfurtscheller and
Neuper 1997; Schnitzler et al. 1997). Thus, our results
demonstrate that the magnitude of MRBD is not speed-
related modulations.

Modulations of Amplitude in the PMBS with Different
Movement Speeds

In contrast, the PMBS is more variable in its relationship
with movement parameters. For example, previous studies
have shown that the PMBS is related to the rate of force

development in an isometric wrist flexion task by removing
the influence of movement (Fry et al. 2016) and related to the
passive movement speed (Iwane et al. 2019). Our data indicate
that during voluntary activation the PMBS is increased in the
ballistic compared with self-paced movements. Furthermore, in
the partial correlation analysis by controlling the force factor,
the PMBS is significantly correlated with the movement speed.
This partially agrees with those of Stancák and colleagues, who
demonstrated a larger PMBS following ballistic finger exten-
sions compared with slow movement (Stancák and Pfurt-
scheller 1995). Someone would argue that the increase in
PMBS during ballistic movement was related to the force
levels due to the increases in movement speed resulting in
increments in EMG activity during movement execution. In
our control experiment, we have demonstrated that the PMBS
is not related to the contraction force level. Contrary our
results, a recent study has demonstrated that the amplitude of
PMBS was positively correlated with force during isometric
wrist flexion (Fry et al. 2016). The reason why the results
found in this paper are different from such results may be
related to the experimental design that the difference of force
levels between ballistic and self-paced movements may be too
small to elicit the significant different PMBS. For example, a
previous study has been shown that the finger extension move-
ments with a heavy resistive load elicited greater PMBS
compared with unloaded extensions but not without two closer
loads (e.g., 30 g and 80 g) (Stančák et al. 1997). In addition, the
PMBS could be modulated also by the forced termination of a
movement (Alegre et al. 2008). However, we don’t think that
this was the factor that drove the changes in PMBS in our study
because we have asked the subjects to exert their force in a
similar way in the speed movement experiment and the force
contraction experiment. The temporal structures of the forces
were well matched as shown in Figs. 1, D and E, and 2A, which
suggests that the subjects did exert forces as instructed. Al-
though our study revealed that PMBS is modulated by move-
ment speed, it is worth noting that this does not mean that the
speed is the only parameter for modulating PMBS. Similar to
MRBD, PMBS can be observed in the absence of actual
movement. Liddle et al. (2016) point out that it is possible to
motivate PMBS when there is no actual movement but only
a movement plan. Therefore, PMBS is a complex signal feature
modulated by cognitive processes, sensory inputs and move-
ment parameters (Fry et al. 2016).

Table 2. Results for the correlations between PMBS/MRBD with different behavioral measurements during speed movement experiment
or force contraction experiment

Speed Movement Force Contraction

PMBS MRBD PMBS MRBD

r P value r P value r P value r P value

EMG, % MVIC 0.102 0.636 �0.176 0.423 0.081 0.741 �0.039 0.874
Reaction time, s �0.192 0.369 �0.028 0.901 0.351 0.140 �0.139 0.571
Rate of change of force 0.106 0.631 0.145 0.498 �0.359 0.132 0.181 0.458
Movement duration, s �0.156 0.478 0.175 0.412 �0.354 0.100 0.233 0.337
Movement speed, cm/s 0.482 0.017 0.072 0.738
Movement acceleration, cm/s2 0.641 0.001 �0.065 0.765

EMG, electromyogram; MRBD, movement-related beta desynchronization; MVIC, maximal voluntary isometric contractions; PMBS, postmovement beta
synchronization. Boldface indicates that behavioral parameters are significantly correlated with PMBS (P�0.05).

Fig. 3. The scatter plots with significant associations. The relationships be-
tween postmovement beta synchronization (PMBS) and movement variables
of movement speed (A) and movement acceleration (B) during speed move-
ment experiment. The solid and dotted lines show the regression lines and the
95% confidence limits.
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Conclusions

This paper conducted two experimental schemes to assess
the effects of speed on beta rhythmical activity. The findings of
this study were as follows: 1) the amplitude of the MRBD was
not modulated by speed; and 2) there was a significant positive
correlation between PMBS and movement speed. These indi-
cate that speed may be a modulator of PMBS during isotonic
index finger abduction, while force is not the main factor
affecting PMBS amplitude. These results show that changing
the amplitude of PMBS can be regulated by precisely setting
motion parameters, which provides a new way for further
clinical and basic neuroscientific understanding of PMBS phe-
nomenon.
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