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Abstract

Consolidation leading to retention of motor memory following motor practice involves activity-dependent plastic processes
in the corticospinal system. To investigate whether beta-band transcranial alternating current stimulation (tACS) applied
immediately following skill acquisition can enhance ongoing consolidation processes and thereby motor skill retention 20
adults participated in a randomized, double-blinded, sham-controlled study. Participants received tACS at peak beta-band
corticomuscular coherence (CMC) frequency or sham tACS for 10 min following practice of a visuomotor ankle dorsiflexion
task. Performance was measured as the average percentage time on target. Electroencephalograhy (EMG) was measured at Cz
and EMG from the right tibialis anterior muscle. CMC and intramuscular coherence (IMC) were estimated during 2-min tonic
dorsiflexion. Motor skill retention was tested 1 and 7 days after motor practice. From the end of motor practice to the
retention tests, motor performance improved more in the tACS group compared with the sham tACS group after 1 (P = 0.05)
and 7 days (P < 0.001). At both retention tests, beta-band IMC increased in the tACS group compared with post-tACS.
Beta-band CMC increased in the tACS group at retention day 1 compared with post-tACS. Changes in CMC but not IMC were
correlated with performance 1 and 7 days following practice. This study shows that tACS applied at beta-band CMC
frequency improves consolidation following visuomotor practice and increases beta-band CMC and IMC. We propose that
oscillatory beta activity in the corticospinal system may facilitate consolidation of the motor skill.

Key words: beta-band stimulation, corticomuscular coherence, intramuscular coherence, motor memory consolidation,
transcranial alternating current stimulation
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Introduction
Throughout life, skilled motor control is vital for interaction
with the environment and is heavily dependent on descending
cortical control of the muscles. When the descending cortical
control improves through motor skill learning, it is accompanied
by both increases in the excitability (Perez et al. 2004) and in the
functional oscillatory coupling of the corticospinal drive to motor
neurons (Perez et al. 2006). Transcranial alternating current stim-
ulation (tACS) is a noninvasive brain stimulation technique that
employs oscillatory electrical stimulation alternating between 2
electrodes at a predetermined frequency. tACS is speculated to
alter the power of oscillatory brain rhythms through synchro-
nization of neuronal networks (Ali et al. 2013) and is able to
increase corticospinal excitability especially through beta-range
stimulations with intensity above 1 mA (Wischnewski et al. 2019).
Some studies have indicated a potentiating effect of beta-range
tACS on motor sequence performance memory through an effect
on early consolidation (Krause et al. 2016) yet the relation to
neurophysiological measures still remains to be explored.

The functional oscillatory coupling between the cortical
motor areas and the spinal motor neurons of active muscles is
reflected in both corticomuscular and intramuscular coherence
(CMC and IMC, respectively) (Grosse et al. 2002). CMC and IMC
are both measures of the association between the descending
cortical drive and the muscle activity. However, whereas CMC
can be considered a direct assessment of the association
between cortical activity and muscle activity, IMC indirectly
infers common synaptic input to the motor neuron pool of the
muscle which can be of cortical origin, but can also include
other common synaptic inputs to the spinal motor neurons. The
measures therefore complement each other but can also add
further information about the neural activity underlying motor
behavior (Grosse et al. 2002).

When acquiring new motor skills, changes in coherence mea-
sures have been observed in both healthy individuals (Perez et al.
2006; Masakado and Nielsen 2008) and individuals with central
motor lesions (Belardinelli et al. 2017). Coherence is evident at
beta-band frequencies during static contractions and at gamma
band frequencies during dynamic movement (Conway et al. 1995;
Omlor et al. 2007; Spedden et al. 2019). Both these frequency
bands are related to activity originating in the primary motor
cortex (Conway et al. 1995; Grosse et al. 2002; Hansen and Nielsen
2004). Increased CMC and IMC at beta-band frequencies have
been found in the trained, but not in the untrained muscle
following motor practice (Perez et al. 2006), and changes in beta-
band power in the primary motor cortex (M1) have also been
observed during early motor memory consolidation (Espenhahn
et al. 2019).

Therefore, since beta-band stimulations can potentially both
increase the corticospinal excitability and modulate the oscilla-
tory power of ongoing motor cortical activity, we hypothesized
that beta-band tACS can facilitate early consolidation processes
and thereby enhance retention of motor memory. We further
investigated whether tACS results in an increased functional
oscillatory coupling between M1 and the spinal motor neurons
in the applied frequency band and whether this may be related
to effects on retention of motor memory.

Materials and Methods
Participants

Twenty able-bodied individuals participated in this study (10
female, aged 24.4 ± 2.1 [mean ± standard deviation {SD}] years).

Table 1. Participant characteristics

Real tACS Sham tACS

No. of participants 10 10
Sex (F/M) 5/5 5/5
Age (years) 24.1 ± 1.7 24.7 ± 2.5
Footedness (R/L) 10/0 10/0
MVC (Nm) 205.3 ± 80.0 228.7 ± 77.4

Note: Table 1 presents participant characteristics. No significant differences were
observed in any measure between groups. Data are presented as means ± SD.

All participants gave written informed consent and received
monetary compensation for their participation. The study was
approved by the ethics committee of the Greater Copenhagen
area and performed in accordance with the Declaration of
Helsinki. No participants reported a history of neurological
and/or orthopedic diseases or were being treated with med-
ication affecting the central nervous system. All participants
were right leg dominant according to the foot preference test
(Chapman and Chapman 1987). The number of participants
was estimated based on a previous study (effect size dz = 1.15)
demonstrating a relationship between motor skill learning and
changes in EEG–EMG coherence (Perez et al. 2006).

Experimental Procedure

We used a randomized, double-blinded, sham-controlled study
design. Participants were stratified by sex and randomly allo-
cated to receive tACS (real tACS) or sham tACS (sham tACS). After
motor practice, a computer-generated list randomly assigned
the allocation into the 2 groups. To ensure double blinding, the
experimenter in charge of the experiment and the data analysis
(T.Y.) was not in possession of the list. Instead, 2 other experi-
menters (C.F. or C.S.) controlled the application of real or sham
stimulations.

All participants performed a 42 min session of motor practice
consisting of 8 blocks of each 20 trials involving continuous
dorsiflexion of the right ankle (Fig. 1A). After motor practice,
participants received 10 min of tACS or sham tACS. Retention
tests 1 day (R1) and 7 days (R7) after the intervention consisted
of a single block of 20 trials. Electroencephalograhy (EEG) and
electromyography (EMG) were recorded during bouts of 2 min
isometric contractions of the ankle dorsiflexors at 10% maxi-
mum voluntary contraction (MVC) before and after motor prac-
tice, immediately after tACS or sham tACS, 1 day after (R1) and
7 days after (R7) motor practice. EMG was recorded from both the
proximal and distal part of the Tibialis anterior (TA) muscle to
enable IMC analyses. CMC analyses were performed using EEG
and EMG from the proximal TA.

Transcranial Alternating Current Stimulation

tACS was administered using a DC STIMULATOR PLUS (Neuro-
Conn, Ilmenau, Germany). Three electrodes were placed similarly
during real and sham tACS stimulations. A ring electrode (inner
radius = 0.75 cm, outer radius = 2.25 cm, area = 14.13 cm2) was
placed over the leg area of the motor cortex contralateral to
the investigated muscle. Two frontal electrodes (7 × 5 cm) were
placed at the left and right orbital (Fig. 1). For the real stimulation,
tACS was delivered at 2 mA (peak-to-peak-amplitude; sinu-
soidal waveform) between the ring electrode and right frontal
electrode for 10 min while the participant was at rest. Electrical
field simulations (SimNIBS2: www.simnibs.org; http://dx.doi.
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Transcranial Alternating Current Stimulation of the Primary Motor Cortex after Skill Acquisition Yamaguchi et al. 3

Figure 1. Experimental setup and procedure. (A) Participants performed the motor task using varying force levels of dorsiflexion up to 10% of MVC. The time on target

score is calculated as the percentage of time that the green line is within the target boxes. During motor practice, each trial lasted 8 s and 20 trials were performed per

block. EMG was measured distally and proximally on the anterior tibial (TA) muscle and EEG was measured from the vertex (Cz) at 5 time points: baseline, post-VMT

practice, post-tACS/sham intervention, at R1, and at R7. Simulated, putative norm electric fields for the real (B) and sham (C) tACS using SimNIBS2.1 with example

subject “Ernie” as template (www.simnibs.org; http://dx.doi.org/10.1101/500314). DF = dorsiflexion; VMT = visuo-motor tracking.

org/10.1101/50031) of a current strength of 1 mA (corresponding
to the 2 mA peak-to-peak amplitude) showed that this electrode
arrangement induced an electrical field covering a bilateral area
around Cz including the representation of the right leg muscles in
the left primary motor cortex using the exemplary “Ernie” head
model provided in the SimNIBS simulation tool (Fig. 1B). The
stimulation frequency was individually targeted at the EEG–EMG
peak beta-band frequency following motor practice, as increases
in this frequency band have been associated with increases
in visuomotor task performance (Perez et al. 2006). It was
hypothesized that the depolarizations of the tACS stimulation
in this way would have the best conditions for potentiating the
ongoing consolidation processes. For the sham stimulation, the
same procedure was used, but the stimulation was delivered at
0.5 mA between the frontal electrodes (Fig. 1C). This was done to

replicate phosphenes: a perception of visual flicker that is due
to retinal stimulation. Phosphenes are especially common when
tACS is used at beta and gamma frequencies (Turi et al. 2013). At
the end of the first day (i.e., the main experiment), participants
filled out a questionnaire in which they answered whether they
thought they had received real stimulation, sham stimulation, or
did not know.

Motor Practice

All participants performed a 42-min session of motor practice
involving visuomotor accuracy tracking with rapid shifts in
force levels. The task was identical to the task employed by
Christiansen et al. (2018), but involved precise control of ankle
dorsiflexion force. The training consisted of 8 blocks of 3.3 min
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isometric ankle dorsiflexion activity with 2 min of rest in
between. Each block consisted of 20 individual trials. During
each trial, participants controlled the vertical position of a cursor
on the screen by performing continuous ankle dorsiflexion
movements (Fig. 1A), while the cursor moved horizontally across
the monitor (left to right) in 8 s. Dorsiflexion made the cursor
move downward. After each trial, the participant received a score
between 0 and 100 representing the relative amount of time
in which the cursor was inside the desired boxes (i.e., time on
target). The motor practice was performed using the dominant,
right leg.

EEG and EMG Recordings

EEG recordings were obtained using a bipolar silver electrode-
pair montage. The electrodes were placed at the vertex (Cz) and
5 cm frontal to Cz (Perez et al. 2006) as studies have established
that CMC is focalized around Cz for the ankle muscles (Petersen
et al. 2012; Spedden et al. 2018). EMG was obtained from two pairs
of surface electrode placed proximally and distally on the tibialis
anterior muscle (TA) of the dominant, right leg. EEG signals were
amplified × 10 000 and EMG signals × 1000, and both signals were
band-pass filtered (1–1000 Hz) using a Neurolog amplifier sys-
tem (Digitimer, Hertfordshire, UK). All electrode positions were
marked and electrodes were carefully repositioned for recordings
on different days. A similar low impedance was ensured for
electrodes during the recordings. Both EEG and EMG signals were
sampled at 5000 Hz using a 1401 AD board and Spike 2.0 software
(Cambridge Electronics Design Ltd, Cambridge, UK).

Data Analysis and Statistics

All the electrophysiological data analyses were conducted in

MATLAB
®

(Version 2016b, MathWorks, MA, USA). Calculation of
the frequency-domain correlation between EEG and EMG signals
was estimated using the coherence function |Rxy(λ)|. Coherence
was calculated between the EEG signal and the TA EMG signal
from the proximal electrodes, probing CMC, and as IMC from
comparison of the proximal and distal TA EMG-signals. The
approximation procedure has been thoroughly described else-
where (Halliday et al. 1995). In brief, auto-spectra and cross-
spectra were computed by isolating signals into nonoverlap-
ping data segments. Subsequently, Fourier transformations were
performed on these segments and averaged. The coherence spec-
trum was then computed from the squared cross-spectrum nor-
malized to the product of the 2 autospectra:

∣
∣Rxy (λ)

∣
∣
2 =

∣
∣fxy (λ)

∣
∣
2

fxx (λ) fyy (λ)
(1)

Serving as a frequency-specific parallel to the correlation
coefficient, the coherence measure represents an index of the
linear association between electrophysiological signals from cor-
tex and muscle quantified as a value between 0 and 1. Each
recording lasted 120 s in duration and the sampling frequency
was 5000 Hz. The segment length was 4096, giving 146 segments
per recording with a spectral resolution of 1.22 Hz.

To perform groupwise comparisons of coherence, the indi-
vidual coherence estimates were combined into a single sum-
mary coherence estimate, the pooled coherence, which can be
interpreted in the same way as an individual coherence measure
(Amjad et al. 1997). This was performed by pooling the individual
second order spectra. The statistical difference of coherence

between groups was performed by the chi-squared difference of
coherence test, which tests the null hypothesis of equal coher-
ence (Amjad et al. 1997). To evaluate the significance of coher-
ence, an upper 95% confidence interval (CI) was computed.

The remaining statistical analyses were carried out using R
Studio (R Core Team, Vienna, Austria). Potential between-group
baseline differences in participant characteristics (e.g., age and
gender) were compared using unpaired t-tests and chi-squared
tests for continuous and categorical data, respectively. To deter-
mine the effects of tACS on motor performance, we investigated
potential group differences over time in the visuo-motor tracking
(VMT) task by means of fitted two-way linear mixed models using
the R package lme4 (Bates et al. 2014). Intervention group and time
were added with an interaction term to a global model as fixed
effects (group × time). To account for potential effects related
to interindividual differences, we included the individual par-
ticipants as random intercepts. Model validation was confirmed
by visual inspection of probability plots and residual plots to
evaluate normality and homogeneity of residuals, respectively.
To accommodate the specific hypotheses of this study, specific
sets of contrasts between intervention groups across, and at,
the included time-points were computed. Delta values for total
learning were calculated as absolute differences between time
points (i.e., R1-Block 1 and R7-block 1).

Subsequently, model-based t-tests were used to identify the
specific differences, using the R-package multcomp (Hothorn
et al. 2008). The pairwise comparisons were adjusted using
the “single-step” method. Model-based estimates are reported
as mean ± standard error of the estimate, unless otherwise
stated. Familywise 95% confidence intervals are reported
when appropriate. Analyses of potential correlations between
acquisition and retention of motor memory and between
retention and changes in coherence measures were performed as
Pearson product moment correlation tests. Outlier values were
defined as being more than 2.5 standard deviations from the
group mean and removed prior to the analyses. Data in figures
are reported as mean values. For all analyses, a significance level
of 0.05 was applied.

Results
Participant Characteristics and Baseline Motor Performance

The groups were not significantly different in terms of partici-
pants’ age, dorsiflexion MVC, footedness or sex distributions (all
P-values > 0.05). Questionnaire of the blinding for tACS stimu-
lation showed that participants correctly identified real stim-
ulation in 20% of cases, while sham stimulation was correctly
recognized in 30% of cases. As the correct answer of stimulation
condition was below chance level, the blinding procedure was
considered successful. Performance of the VMT task was eval-
uated as time on target, representing the percentage of time in
which the cursor was inside the targets. The time on target was
not found to significantly differ at baseline prior to training in
the 2 groups (P = 0.92) (Fig. 2). One participant in the sham tACS
group experienced a large drop in performance from block8 to
R1 (>2.5 SD away from group mean). Therefore, data from this
subject were removed from the R1 analysis.

No Significant Group Differences in Performance Following
Practice

To determine whether the participants acquired the task, and
whether they did so to the same extent, we evaluated within
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Figure 2. Motor skill acquisition. This figure shows the group average time on

target scores for the real tACS group (black circles, solid line) and the sham tACS

group (black squares, dashed line) in all 8 motor practice blocks. Each group

average is presented with 95% confidence intervals.

and between-group differences in the online gains, that is, by
comparing practice block 8 with practice block 1. First, we found
that both groups improved performance from practice block 1 to
block 8 (real tACS: 17.9 ± 1.9%, P < 0.001; sham tACS: 19.8 ± 1.9%,
P < 0.001). Importantly, no significant difference was found in
the acquisition of the motor task following visuomotor training
between the 2 groups: 1.8 ± 2.8% (P = 0.50, CI [−7%, 3.5%]) (Fig. 2).

Beta-Band tACS Improves Visuomotor Skill Retention

Performance in the motor task increased overnight in the real
tACS group, whereas it decreased in the sham tACS group
(Fig. 3A,B). In fact, the changes in motor performance from
block 8 to R1 were marginally greater in the real tACS group
compared with the sham tACS group 5.0% ± 2.6% (P = 0.05, 95%
CI [−0.1% 10.1%]) and significantly greater from Block 8 to R7
10.0% ± 2.6% (P < 0.001, 95% CI [4.9% 15.1%]) [Fig. 3B]. These
different offline changes in performance resulted in the tACS
group outperforming the sham tACS group at R7 by 8.6% ± 4.2%
(P = 0.04, CI [0.42%, 16.7%]), but not at R1 3.5% ± 4.2% (P = 0.4)
(Fig. 3A). Thus, beta-band tACS applied after visuomotor training
improved visuomotor skill retention.

CMC and IMC

Figure 4A and B shows the pooled coherence measures at base-
line for both groups (Fig. 4A) and a comparison of IMC and CMC
baseline values between the real tACS group and the sham tACS
group (Fig. 4B). All subjects had significant beta IMC at baseline,
and 9 out of 10 in each group had significant CMC. A difference
at baseline was observed for the IMC in the late alpha and early
beta band (10–17 Hz) where the sham tACS IMC was higher.
Figure 4C–F presents the real tACS group (Fig. 4C) and Sham tACS
group (Fig. 4D) at baseline and following the 8 blocks of motor
practice. The chi-squared difference of coherence tests (Fig. 4E
and F) showed that the main difference in the real tACS group
was a significant decrease in IMC low alpha-band frequency
(7 Hz) from baseline to post visuomotor training (Fig. 4C). The
main differences in the sham tACS group were also found to be
significant decreases in the IMC, particularly the alpha and low
beta-band frequencies (5–11 Hz and 13–17 Hz).

Figure 5A, B and E, F presents the pooled coherence analyses
at 3 different time points: After the tACS intervention (“post

Figure 3. Motor skill retention. (A) Average time on target score for the real tACS

group (black dots) and the sham tACS group (black squares) in the first motor

practice block, the last motor practice block (block 8), the day 1 retention test

(R1), and the day 7 retention test (R7). The gray area dividing block 8 and R1

represents the intervention stimulation. (B) Change in time on target score for

each group from block 8 to R1 and from block 8 to R7. The overlaid black lines

show the group average (thick line) with the 95% confidence intervals (thin error

lines). One participant was removed from the sham tACS group in this analysis, as

the participant underperformed on the R1 test compared with the group average

(offline change from block 8 to R1 was >2.5 SDs lower than the group’s average).

tACS”) and at the 2 retention tests: R1 and R7. Figure 5C, D and
G, H further presents the difference of coherence tests between
the post-tACS, and the 2 retention tests, respectively. The IMC of
the tACS group was increased in the 8–10 Hz and the 16–26 Hz
frequency band at R1 and R7 compared with post-tACS (Fig. 5A
and C). The IMC of the sham tACS group (Fig. 5B and D) was
mainly found to significantly increase in the 9–11 Hz frequency
band but also showed an increase in the 14–16 Hz frequency
band at the R1 test compared with post-tACS. The CMC of the
tACS group was significantly increased in the 20–23 Hz frequency
band at R1, whereas the main change in CMC of the sham tACS
group was a significant decrease in the 19–29 Hz frequency band
compared with post-tACS.

Correlation Tests

In order to investigate potential relations between retention
of motor memory and the observed changes in coherence
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6 Cerebral Cortex Communications, 2020, Vol. 1, No. 1

Figure 4. CMC and IMC at baseline and post-VMT. (A) presents baseline pooled coherence values for the real tACS group (solid lines) and the sham tACS group (dotted

lines) for both IMC (red) and CMC (blue). (B) presents the comparison of pooled coherence between real tACS group and sham tACS group at baseline for IMC (red) and

CMC (blue). In (C) and (D), red lines represent IMC, blue lines CMC, solid lines coherence at baseline and dotted lines after the 8 blocks of VMT practice in the real (C) and

Sham (D) tACS groups. (E and F) Corresponding chi-squared difference of coherence tests for IMC (red) and CMC (blue).

parameters, restricted correlation tests were performed between
these measures across all participants. Due to the considerable
number of possible associations between parameters, and the
aim of the present paper, the correlation analyses were restricted
to investigate only (1) whether within-session changes in
motor performance from baseline to after practice were related

performance at R1 (r = 0.76, P < 0.001) and R7 (r = 0.68, P = 0.002)
and (2) whether changes in alpha and beta-band CMC and IMC
between sessions were related to delayed retention of motor
performance. Offline changes in CMC from the intervention to R1
positively correlated with total retention of motor memory 1 day
(r = 0.56, P = 0.012) and 7 days later (r = 0.52, P = 0.018) (Fig. 6). On
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Transcranial Alternating Current Stimulation of the Primary Motor Cortex after Skill Acquisition Yamaguchi et al. 7

Figure 5. Coherence after real or sham tACS and at retention day 1 (R1) and 7 (R7) compared with post-tACS. Intramuscular pooled coherence (A and B) and

corticomuscular pooled coherence (E and F) and intramuscular chi-squared difference of coherence test (C and D) and corticomuscular chi-squared difference of

coherence test (G and H). The coherence values of the group which received real tACS are presented on the figures left side (A and E) and the group which received sham

tACS are presented on the figures right side (B and F) from 3 time points; immediately after the applied tACS intervention (dotted black line), the R1 (solid blue line), and

the R7 (solid red line). The 4 chi-squared differences of coherence tests (C, D, G, H) show individual difference of coherence comparisons between the post-tACS time

point and R1 (solid blue line), and R7 (solid red line). In (C, D, G, and H), the black dashed line illustrates the upper 95% confidence limit under the null hypothesis of

equal coherences.
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8 Cerebral Cortex Communications, 2020, Vol. 1, No. 1

Figure 6. Correlations between changes in corticomuscular coherence and skill learning. Scatter plot and regression line representing Pearson Product correlations

between changes from after tACS to R1 in corticomuscular coherence in the beta (A) and alpha band (B) and total retention at 1 day (top) 7 days (bottom).

the other hand, no significant correlations were found between
changes in alpha-band CMC and total retention of motor memory
at R1 (r = −0.11, P = 0.65) or R7 (r = −0.06, P = 0.81) (Fig. 6). No
significant correlations with performance improvements were
observed for the offline changes in IMC.

Discussion
The aim of this study was to investigate the effects of tACS on the
consolidation processes following visuomotor skill acquisition.
We hypothesized that the alternating depolarizations of tACS in
the beta-band frequency over the primary motor cortex would
potentiate ongoing motor memory consolidation processes in
the corticospinal motor networks following motor practice. We
found that beta-band frequency tACS applied following visuo-
motor skill training enhanced retention of the acquired visuo-
motor skill compared with sham tACS. This positive effect of
tACS on retention of acquired motor skill was accompanied by
increased CMC and IMC in the beta band. Changes in CMC, but
not IMC, were correlated with performance 1 and 7 days following
practice.

Retention of Improved Visuomotor Performance

The fundamental hypothesis, which has driven this study, is
that retention of motor memory relies on neural activity in
specific frequency bands in relation to acquisition of the task
and that this activity-dependent consolidation may be enhanced
by external stimulation at similar frequencies using tACS. It
has been implied in a number of studies that the functional
and structural neural changes that are responsible for learn-
ing and memory may be related to neural oscillations at dif-
ferent frequencies (Kandel et al. 2014; Andersen et al. 2017).
Lasting improvements in visuomotor skill performance following
motor practice (i.e., retention) requires structural changes in the
neural circuitries involved in the execution of the skill (Luft
and Buitrago 2005; Kantak and Winstein 2012). These structural
changes are mediated by intracellular signaling factors that are
transported to the nucleus where they activate transcription
factors resulting in altered gene expression and protein synthe-
sis (Asok et al. 2019), which allow prolonged effects on synap-
tic properties. Although this consolidation process is initiated
immediately in relation to the training of the skill, the full process
may continue for hours and possibly even days following the
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actual training period (Robertson et al. 2005). During this period,
retention of the improved motor performance may be influ-
enced by external factors that may either facilitate or impede
the consolidation process (Brashers-Krug et al. 1996; Robertson
et al. 2005). Learning a new task, low-frequency transcranial mag-
netic (Muellbacher et al. 2002; Lundbye-Jensen et al. 2011) or low
frequency peripheral nerve stimulation (Lundbye-Jensen et al.
2011) in the consolidation period may disrupt retention of the
improved performance, whereas sleep (Korman et al. 2007; King
et al. 2017) or physical exercise (Roig et al. 2012; Thomas et al.
2016; Lundbye-Jensen et al. 2017) may facilitate retention. The
findings in the present study suggest that tACS over the primary
motor cortex at beta-band frequencies following visuomotor
training may also facilitate consolidation and help to improve
retention of the memory for the task at least 1 day following
training. Krause et al. (Krause et al. 2016) similarly found that
beta-frequency tACS may facilitate early consolidation of a finger
sequence task.

Since we did not investigate the effect of other stimula-
tion frequencies, we cannot determine from these experiments
whether stimulation in the beta band was necessary in order to
produce the observed effects on retention or superior to other
types of stimulation. However, we chose stimulation in the beta
band, since oscillations in that frequency band have been sug-
gested from different lines of research to be involved in the con-
solidation of new learning (Khazipov et al. 2013; Minlebaev et al.
2011; Bönstrup et al. 2019). Following motor practice, primary
motor cortical and spinal networks show common oscillations
in the beta band reflected as an increase in beta-band coherence
between cortex and muscle as well as between different motor
unit populations within the trained muscle (Perez et al. 2006;
Larsen et al. 2016). This increase in beta-band coherence may
reflect an activity-dependent reorganization of neural connectiv-
ity in the corticospinal motor system related to the consolidation
of improved motor performance. Beta-band activity also falls
within the frequency range where animal experiments have
documented that trains of stimuli may induce long-term poten-
tiation (LTP) leading to manifest structural changes in neural
connectivity (Nicoll 2017; Lømo 2018). While it is not possible to
assess LTP in human experiments, LTP-like phenomena reflect-
ing changes in network excitability, for example, for the primary
motor cortex and the corticospinal pathway can be observed fol-
lowing motor skill practice (Perez et al. 2004) and these changes
have been linked to consolidation and retention of skill in human
experiments (Cantarero et al. 2013a, 2013b). It is therefore an
exciting possibility that external stimulation at beta frequencies
may influence the basic motor memory mechanisms that are
responsible for the consolidation processes following practice.
The observation by Krause et al. (2016) that transcranial direct
current stimulation (tDCS) produced a similar effect on early
consolidation following practice of a finger sequence task as
tACS, however, suggests that a simple nonspecific increase of
cortical excitability may also be involved. Indeed, increases of
network excitability can also be seen following beta-band tACS
(Wischnewski et al. 2019).

Improved Motor Task Performance was Accompanied by
Increased CMC and IMC

In contrast to previous studies, we did not observe any changes
in beta-band CMC and IMC following visuomotor training (Perez
et al. 2006; Larsen et al. 2016). We did however observe an increase
in beta-band CMC and IMC in the tACS group at both retention
tests. Furthermore, the overnight change in peak beta-band CMC

showed a positive correlation to the total learning of the task ten-
tatively suggesting that greater retention may be associated with
increased beta-band oscillatory coupling in the corticospinal
system leading to a more efficient consolidation processes fol-
lowing motor practice. This was not the case for the changes in
alpha-band CMC, carefully suggesting some degree of frequency-
specificity. It should be pointed out that there is considerable
variability in the coherence measures that we obtained. This
is evident from the measurements in the sham tACS control
group that vary considerably at the different recording sessions.
Part of the reason for this variability is that it is difficult to
obtain EEG and EMG measurements from the exact same site
at different sessions with several days in between. We took
care to mark the position of the electrodes and ensured that
the electrode impedance was similar in all cases, but we can-
not fully exclude that the differences in coherence may have
been influenced by differences in recording position or recording
conditions. Furthermore, our correlational analyses tentatively
tie together changes in CMC to motor performance, but these
should be carefully interpreted because of the limited sample
size. Potential associations between beta-band functional corti-
cospinal coupling and changes in motor performance with motor
practice should be further elucidated in future experiments.

Limitations

It is a clear limitation of the study that we did not obtain
recordings from more than a single electrode, since this prevents
us from performing source localizing procedures. Availability of
more than a bipolar electrode arrangement would also have
made possible more sophisticated analyses for removal of
sources of noise (eyeblinks and horizontal eye movements). It is
also a limitation of the study that we only investigated the effect
of tACS at a single frequency (peak CMC in the beta band) and at
a single location. We therefore cannot conclude whether it was
essential to stimulate at the peak frequency of (endogenous)
corticomuscular rhythmicity or whether stimulation at other
frequencies or electrode locations would have similar effects.
Our electric field simulations, although based on a template
brain, further hinted that other cortical regions in addition to the
M1 leg area were affected by our tACS intervention. These regions
include prefrontal and premotor areas, and the observed effects
may thus also—at least in part—be mediated via stimulation
induced effects in these areas. Conclusions relating to spatial
specificity of the effects of tACS with the specified electrode
montage and protocol should therefore be drawn cautiously.

The observed improvement in retention of motor perfor-
mance following tACS was relatively small, although it reached
statistical significance. This is not different from other studies
where tACS and/or tDCS have been applied to facilitate motor
performance, and there is a general concern in the field that
the obtained effects are too small and variable to be of clinical
significance for improvement of motor function in people with
neurological disorders (Lefaucheur et al. 2017). This is proba-
bly the main reason why none of the available brain stimu-
lation techniques have been applied routinely in the clinic to
facilitate the effect of physiotherapy sessions or other neurore-
habilitation interventions. In this context, it should, however,
be pointed out that our study, and most other similar studies
in the field, have only investigated the effect of a single ses-
sion of tACS. It is not unlikely that repeated sessions involving
a combination of motor practice followed by tACS over sev-
eral weeks would produce much larger and clinically relevant
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effects. Studies that address this possibility should be strongly
encouraged.

Conclusion
This study shows that tACS applied at beta-band frequency
improves visuomotor skill retention and facilitates CMC and IMC
in the beta band. We propose that induced oscillatory activity in
the corticospinal tract may be involved in facilitating consolida-
tion of the skill and improving retention.
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