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ABSTRACT

Transcranial alternating current stimulation (tACS) modulates brain oscillations and corticomotor plasticity. We
examined the effects of four tACS frequencies (20 Hz, 40 Hz, 60 Hz, and 80 Hz) on motor cortex (M1) excitability
and motor performance. In a randomised crossover design, 12 adults received 20-minute tACS sessions, with
Sham as control. Corticomotor and intracortical excitability was measured up to 60-minutes post-tACS. Motor
performance was evaluated using the Grooved Pegboard Test (GPT) and sensorimotor assessments. Our findings
demonstrated frequency-dependent modulation of corticomotor excitability based on MEP amplitude. 20 Hz and
40 Hz tACS reduced MEPs, while 60 Hz and 80 Hz increased MEPs. Inhibition (cortical silent period, SP) was
reduced across all tACS frequencies compared to Sham, with 20 Hz and 40 Hz showing consistent reductions, 60
Hz showing effects at post-0 and post-30, and 80 Hz at post-60. Furthermore, 60 Hz tACS decreased intracortical
inhibition at post-0, while intracortical facilitation increased with 20 Hz and 60 Hz at post-0, and 40 Hz at post-
60. Motor performance remained unaffected across frequencies. Regression analyses revealed that shorter SP at
60 min post 60 Hz tACS predicted faster reaction times, while greater MEP amplitudes at 60 min following 80 Hz
tACS predicted improved hand dexterity. Overall, beta and gamma tACS frequencies modulate M1 excitability,
with consistent effects on SP, suggesting potential use in conditions involving SP elongation, such as stroke and
Huntington’s disease. These findings highlight 60 Hz tACS as a potential tool for motor rehabilitation therapies.

Introduction

with motor inhibition and postural control (Chandrasekaran et al., 2019;
Brown, 2003). Prior to and during movement, beta activity in the

The primary motor cortex (M1) integrates neural inputs from motor
and sensory regions and projects them to motor neurons (Bajaj et al.,
2014; Rouiller et al., 1994). Due to its role in corticomotor responses and
motor learning, M1 has been widely studied (Barker et al., 1985; Cirillo
et al., 2011). Voluntary movement depends on coordinated neural os-
cillations in M1, which facilitate sensory-motor processing (MacKay,
1997). Gamma and beta oscillations dominate in M1, each playing
distinct roles in motor performance (Nowak et al., 2017; Miyaguchi
et al., 2018; Bologna et al., 2019).

Beta oscillations (15-30 Hz) are considered “antikinetic,” associated

sensorimotor cortex decreases, followed by a sharp rebound after
movement ends, known as event-related synchronisation (Brown and
Marsden, 1998; Baker, 2007; Pfurtscheller and Da Silva, 1999; Jurkie-
wicz et al., 2006). This rebound stabilises posture and prepares for the
next movement phase (Androulidakis et al., 2007; Kiihn et al., 2004).
Beta oscillations play a role in movement planning, selection, and
termination (Tzagarakis et al., 2010; Grent-’t-Jong et al, 2014;
Heinrichs-Graham and Wilson, 2015; Heinrichs-Graham et al., 2017), as
well as movement suppression (Kiihn et al., 2004; Zhang et al., 2008)
and tonic contractions, where muscles remain active without producing
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movement (Bressler, 2009; Kristeva et al., 2007). The decrease in beta
activity before and during voluntary movement aids smoother execution
(Muthukumaraswamy, 2011).

In contrast, gamma oscillations (>30 Hz), often referred to as “motor
execution signal,” are linked to movement onset and execution
(Pfurtscheller et al., 1993; Pfurtscheller and Neuper, 1992; Muthuku-
maraswamy, 2010; Gaetz et al., 2011). As “prokinetic” signals, they
facilitate movement initiation and execution (Hamada et al., 1999),
becoming stronger during larger, more forceful movements but absent in
sustained isometric contractions (Muthukumaraswamy, 2010). Gamma
activity is sensitive to movement dynamics and encodes specific pa-
rameters like direction and speed (Muthukumaraswamy, 2011; Muthu-
kumaraswamy, 2010; Shibata et al., 1999). These oscillations play a key
role in fine-tuning motor output during dynamic tasks (Crone et al.,
2006; Briicke et al., 2013). In other words, while beta activity maintains
stability and suppresses unwanted movements, gamma oscillations drive
active movement execution, coordinating motor output. The specific
roles of beta and gamma in motor performance remain unclear. Gamma
rhythms (30-80 Hz) include low, mid, and high bands (Giustiniani et al.,
2019; Santarnecchi et al., 2017), each potentially serving different
functions depending on the brain region and task demands (Buzsaki and
Wang, 2012). Research has focused less on low and mid gamma bands
(40 Hz, 60 Hz) compared to beta and high gamma oscillations (Rostami
et al., 2023; Nowak et al., 2018).

There is growing evidence of a relationship between neural oscilla-
tions and corticospinal excitability, with fluctuations in EEG oscillations
affecting responses to transcranial magnetic stimulation (TMS) (Berger
etal., 2014; Ogata et al., 2019; Sauseng et al., 2009). Although findings
have been inconsistent, these oscillations are believed to modulate
excitability, highlighting the need for further investigation (Thut and
Miniussi, 2009; Cai et al., 2021). Transcranial alternating current
stimulation (tACS), which delivers low-intensity sinusoidal currents
through scalp electrodes, offers a novel approach for modulating brain
oscillations and studying the link between M1 rhythms, cortical excit-
ability, and motor performance. (Nowak et al., 2017; Antal and Paulus,
2013; Maki and I[lmoniemi, 2010). A meta-analysis showed tACS en-
hances corticomotor excitability (Rostami et al., 2023), and studies have
also shown it improves motor learning, and motor performance
(Rostami et al., 2023; Sugata et al., 2018).

From a behavioural perspective, tACS studies targeting beta and
gamma oscillations in M1 reveal distinct effects on motor performance.
Beta tACS is generally linked to performance decrements, such as slower
reaction times and increased task interference (Bologna et al., 2019;
Santarnecchi et al., 2017; Joundi et al., 2012; Guerra et al., 2018). In
contrast, gamma-frequency tACS, especially in the high gamma range,
improves motor performance, reaction times, and motor learning
(Nowak et al., 2017; Sugata et al., 2018; Joundi et al., 2012). Interest-
ingly, high gamma tACS appears to enhance motor learning more
effectively than low gamma tACS (Giustiniani et al., 2019; Sugata et al.,
2018). Mechanistically, beta tACS-induced changes in cortical excit-
ability appear to be mediated by N-methyl-D-aspartate (NMDA) receptor
activity (Wischnewski et al., 2019), supporting the hypothesis that Spike
Timing Dependent Plasticity (STDP) underlies the effects of beta tACS
(Zaehle et al., 2010; Vossen et al., 2015; Veniero et al., 2015). In
contrast, gamma tACS has been shown to reduce M1 inhibitory function
(short-interval intracortical inhibition), a change associated with
improved motor learning (Nowak et al., 2017). This suggests that beta
and gamma tACS may operate through distinct mechanisms.

Building on previous electrophysiological and behavioural research
(Nowak et al., 2017; Muthukumaraswamy, 2011; Muthukumaraswamy,
2010; Santarnecchi et al., 2017; Sugata et al., 2018), it is reasonable to
assume that gamma tACS applied to the M1 could enhance performance
during the execution of complex motor tasks requiring the integration of
visual, proprioceptive, and somatosensory information (Aoki et al.,
1999). However, the systematic investigation of different tACS fre-
quencies within the beta and gamma ranges on corticomotor excitability
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and motor performance remains underexplored, highlighting a signifi-
cant gap in current research that warrants further study (Rostami et al.,
2023). Gamma tACS, particularly within higher frequency ranges, have
been proposed to facilitate motor control during specific task windows
(Nowak et al., 2017; Santarnecchi et al., 2017; Sugata et al., 2018),
suggesting their potential role in clinical applications for movement
disorders. Conversely, beta tACS are often associated with motor inhi-
bition, indicating distinct functional roles for these frequencies.

To date, no inquiry has investigated the effect of beta (20 Hz) and
gamma (40/60/80 Hz) tACS in conjunction with motor training on
corticomotor excitability and motor performance. Given the available
evidence (Muthukumaraswamy, 2010), we hypothesise that beta and
gamma oscillations exert differential effects on motor performance.
Specifically, we expect high and mid gamma tACS (60/80 Hz) to
enhance motor performance, while low gamma (40 Hz) and beta tACS
(20 Hz) may impede it. Additionally, since the mechanisms underlying
corticomotor responses to beta and gamma tACS differ (Nowak et al.,
2017; Wischnewski et al., 2019), it is anticipated that varying fre-
quencies of tACS within the beta and gamma spectrums will induce
distinct effects on corticomotor responses (Tavakoli and Yun, 2017;
Wach et al., 2013), which may facilitate the identification of the most
effective frequency of tACS to enhance motor performance and corti-
comotor plasticity. Additionally, exploring the causal relationships be-
tween oscillatory brain activity, corticomotor excitability, and motor
behaviour in healthy individuals may offer valuable insights into the
mechanisms underlying neuroplasticity.

The primary objective of the current study was to investigate
whether tACS applied over the bilateral M1 at beta, low gamma, mid
gamma, and high gamma frequency ranges can modulate corticomotor
plasticity. To achieve this, we assessed corticomotor plasticity using
single-pulse TMS (sp TMS), which included measures of corticomotor
excitability, silent period, and paired-pulse TMS (pp TMS) through short
interval intracortical inhibition (SICI) and intracortical facilitation
(ICF). This assessment was conducted following 20 min of bilateral tACS
over M1 in combination with motor training. The second objective was
to examine the offline effects of beta and gamma tACS combined with
motor training on motor performance. To this end, motor performance
including sensorimotor function and hand dexterity, was measured
using sensorimotor reaction time and the Grooved Pegboard Test (GPT),
respectively following 20 min of tACS in a randomised, crossover,
single-blind, sham-controlled design.

Materials and methods
Participants

Twelve healthy young adults (mean age = 32 + 7.36 years; 6 fe-
males, 6 males) participated in the study. All participants, except one
ambidextrous individual, were right-handed as assessed by the Edin-
burgh Handedness Inventory (EHI) (mean Laterality Quotient: 81 =+ 48)
(Oldfield, 1971). The EHI evaluates hand preference, calculating the
Laterality Quotient (LQ) using the formula: LQ = (R — L)/(R + L) x 100,
where R and L represent preferences for the right and left hands,
respectively. Preferences are scored as strong preference (++) = 2
points, weak preference (+) = 1 point, and no preference (+ in both) = 1
point for each hand. LQ scores indicate left-handedness (< —40),
ambidexterity (—40 to + 40), or right-handedness (> +40). Prior to
testing, participants provided written informed consent and underwent
screening to exclude those with neurological disorders, psychiatric
conditions, seizures, current psychoactive medication use, upper limb
injuries, or other contraindications to TMS (Keel et al., 2001). They were
advised to avoid coffee and alcohol on the test day. The study received
approval from the Monash University Human Research Ethics Com-
mittee (MUHREC) and adhered to the National Statement on Ethical
Conduct in Human Research (2007) and the Declaration of Helsinki.
Ethical approval is documented under Project ID: 32964.
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Experimental design

The study employed a single-blind sham-controlled crossover design,
with participants unaware of the study’s precise purpose. Seventy-five
percent had no prior experience with transcranial electrical stimula-
tion (tES). Each participant completed five sessions (20 Hz, 40 Hz, 60
Hz, 80 Hz, and sham) in a randomized counterbalanced order, spaced at
least 48 h apart to avoid carryover effects. To control for diurnal vari-
ations, all measurements were taken at the same time for each partici-
pant (Clow et al., 2014; Sale et al., 2007). TMS measurements were
conducted at four time points: prior to (Pre), immediately after (Post 0),
30 min after (Post 30), and 60 min after (Post 60) stimulation. Motor
performance was assessed at three time points: pre-stimulation, imme-
diately post-stimulation (Post 0), and 60 min after (Post 60) stimulation
(Fig. 1).

During testing, participants sat comfortably with relaxed shoulders,
arms flexed at 90° at the elbows, dominant forearms midway between
pronation and supination, and wrists in a neutral position. Grip strength,
measured as maximum voluntary force (MVF), was assessed using a
handheld grip dynamometer (Biometrics G200, Serial Number:
M25789, Wilmington, DE, USA). To ensure precision, the dynamome-
ter’s handle distance was adjusted to 50 % of the distance from the tip of
the middle finger to the metacarpophalangeal flexion crease at the base
of the thumb.

Participants completed a warm-up protocol with grip contractions at
20 %, 50 %, and 75 % of their perceived MVF. They then performed two
MVF trials, each lasting 3-5 s, with a 60-second rest between trials.
Continuous verbal encouragement was provided to maximise force
exertion while squeezing the dynamometer. Real-time visual feedback
of force levels was displayed on a computer monitor 1 m away. The
highest value recorded was taken as the MVF, and a third trial was
conducted if the difference between the first two trials exceeded 5 %.
Participants then underwent assessments of corticomotor excitability,
intracortical excitability, and motor performance. To normalise corti-
comotor responses, the maximal compound wave (Myax) was measured
using peripheral electrical stimulation of the dominant limb.

SEMG and TMS recording

Surface electromyography (SEMG) recordings were conducted on the
dominant arm using bipolar Ag-AgCl electrodes (30 mm x 22 mm,
Kendall™electrodes, Cardinal Health, Dublin, OH, USA), placed 2 cm
apart over the extensor carpi radialis longus (ECRL) muscle belly in the
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proximal forearm. ECRL locations were determined using anatomical
landmarks and observing muscle contractions during wrist movements
(Perotto, 2011). A ground electrode was positioned ipsilaterally via a
wrist strap, and all electrodes were securely taped. The ECRL was chosen
because it actively contributes to wrist stabilisation during hand
movements and gripping tasks, which are critical for dexterity and fine
motor control required during the GPT (Ramage and Varacallo, 2018;
Kidgell et al., 2013). To minimize skin resistance, a standard preparation
procedure involving cleaning and abrading was performed (Gilmore and
Meyers, 1983). Raw sEMG signals were amplified (x1000), band-pass
filtered (high pass at 1,000 Hz, low pass at 13 Hz), digitized online at
2 kHz for 1 s, recorded and analysed using PowerLab 4/26 (ADInstru-
ments, Bella Vista, Australia).

To assess corticomotor responses, spTMS and ppTMS were con-
ducted using a Magstim 2002 stimulator (Magstim Co., Ltd, Whitland,
UK). TMS pulses were delivered via a 90 mm circular coil to deliver a
posterior-to-anterior current flow that induces an electric field perpen-
dicular to the cortical surface (Janssen et al., 2015). The motor hotspot
for the ECRL muscle in the M1 was identified using the international
10-20 system (Jasper, 1958). To elicit MEPs, the motor hotspot was
pinpointed by applying suprathreshold pulses over the dominant
hemisphere’s motor hand area. The search began with a TMS stimulus
intensity set to 50 % of the maximum stimulator output (MSO) (Ah Sen
et al., 2017), based on the average active motor threshold (AMT) of
around 45 % MSO (Corp et al., 2021). If no MEP was induced, the in-
tensity was increased by 4 % increments until the largest MEP response
was achieved during a 10 % MVF contraction, accompanied by a visible
muscle twitch (Ah Sen et al., 2017). The optimal scalp position was
marked as the motor hotspot. The AMT was defined as the minimum
intensity needed to elicit MEP amplitudes exceeding 200 pV in at least
five of ten presentations, as established by prior research (Kidgell et al.,
2010). The AMT was reassessed and adjusted at each time point within
and across testing sessions.

spTMS assessed corticomotor excitability (MEP amplitude) and in-
hibition (silent period duration) by delivering five pulses at 130 %, 150
%, and 170 % of AMT during 10 % of the predetermined MVF (Rogasch
et al., 2009), with a 10-second interval between pulses using a metro-
nome (Kidgell et al., 2010). Ten paired-pulse stimuli evaluated corti-
cocortical excitability (ICF) and inhibition (SICI). For SICIL, the
stimulator output was set at 130 % AMT for the test response and 80 %
AMT for the conditioning stimulus, with a 3 ms interstimulus interval
(Kujirai et al., 1993). For ICF, the interstimulus interval was set at 10 ms
(Kujirai et al., 1993). All data were collected and analysed using

Pre-Intervention measurements

Intervention

Post Intervention measurements
(Post 0, 30 & 60)

TMS and Motor Performance

20 Hz tACS + 7 trials of
GPT

40 Hz tACS + 7 trials of

Assessment gt Assessment
Miax, MVF Mpnax, MVF
60 Hz tACS + 7 trials of
AMT, corticomotor excitability, SP, GPT AMT, corticomotor excitability, SP,
SICI ICF SICI ICF
: 80 Hz tACS + 7 trials of
Reaction Time and GPT GPT Reaction Time and GPT

Sham tACS + 7 trials of
GPT

TMS and Motor Performance

Fig. 1. Experimental Design AMT, Active motor threshold. SP, silent period. GPT, Grooved pegboard test. ICF, intracortical facilitation. M,,x, maximal compound
wave. MVF, maximum voluntary force. SICI, short-interval intracortical inhibition. tACS, transcranial Alternating Current Stimulation.
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LabChartTM v8.1.24 software (ADInstruments, Bella Vista, Australia).
Maximal compound muscle action potential

Using a constant current electrical stimulator (DS8R, Digitimer,
Hertfordshire, UK), we evaluated the maximal compound muscle action
potential (Myax) by applying supramaximal electrical stimulation with
a pulse width of 200 ps. The cathode electrode (3.2 cm round, Axelgaard
Manufacturing Co., LTD) was placed at Erb’s point and the anode over
the acromion. The aim was to measure the ECRL muscle response during
isometric contraction at 10 % MVF, documenting changes in peripheral
muscle excitability that could influence MEP amplitude as a normal-
isation reference for TMS. Stimulation began at low intensity and
increased until the peak-to-peak amplitude of SEMG plateaued. Myax
confirmation required an additional 20 % increase in current intensity,
with the maximal M—wave amplitude recorded (Kidgell et al., 2013;
Osborne et al., 2023). Baseline Myjax recordings were initially collected,
followed by measurements immediately after, and at 30 and 60 min
post-tACS.

Motor performance

To evaluate tACS effects on motor performance, we employed the
GPT and somatosensory reaction time tasks, measuring dexterity and
sensorimotor function. Participants completed the 25-hole GPT (Lafay-
ette Instruments, Lafayette, IN) with their dominant hand, moving pegs
row by row from the left side to the right side of the pegboard using only
their first two fingers, while their non-dominant hand remained flat on
the table. Each participant performed three trials at three time points:
pre-stimulation, immediately post-stimulation (Post 0), and 60 min post-
stimulation (Post 60) after 20 min of tACS. They were verbally
encouraged to complete the task quickly while maintaining accuracy.

Somatosensory testing (Brain Gauge, Cortical Metrics, Carrboro,
NC), assessed reaction time, variability, and choice reaction time
(Chouamo et al., 2021; Holden et al., 2020). A two-point vibrotactile
stimulator delivered stimuli to the tips of digits 2 and 3, allowing par-
ticipants to press a button upon perceiving the stimuli, documenting
their motor response. The stimulator, controlled by Brain Gauge soft-
ware, provided sinusoidal vibrotactile stimulation at amplitudes from
0 to 1000 um and frequencies from 0 to 200 Hz. A computer monitor
displayed cues for stimulus delivery and response timing, ensuring
participant engagement (Tommerdahl et al., 2019). Participants un-
derwent three training trials to familiarise themselves with the protocol,
completing an 8-minute test battery at each time point: pre-stimulation,
Post 0, and Post 60.

Transcranial alternating current stimulation

tACS was administered using a NeuroConn DC-stimulator (Neuro-
Conn, Ilmenau, Germany) with two saline-soaked rubber electrodes (35
cm?), positioned bilaterally over the M1 hotspot (Giustiniani et al.,
2021; Zaghi et al., 2010). Since all participants were right-handed, the
M1 hotspot for the ECRL muscle in the left hemisphere was first iden-
tified using TMS. To locate the M1 in the right hemisphere, the distance
from Cz to the left M1 was measured and then applied symmetrically to
the right side of Cz. tACS frequencies included 20 Hz (beta), 40 Hz (low
gamma), 60 Hz (mid gamma), and 80 Hz (high gamma), with sham
stimulation used as a control. For sham, electrodes were placed simi-
larly, but the stimulator was turned off after 30 s, a method established
for effective blinding in transcranial stimulation studies (Zaghi et al.,
2010; Gandiga et al., 2006). Impedance was kept below 5 kQ. The
stimulation protocol involved a 30-second ramp-up and ramp-down
with 20 min of 2 mA current (Rostami et al., 2023). During tACS, par-
ticipants completed seven trials of the GPT as motor training, following
prior instructions. They performed the GPT as quickly and accurately as
possible, with 60 s of rest between trials (completion times not
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recorded). An 11-point Visual Analog Scale was employed to evaluate
the adverse effects resulting from either tACS or sham stimulation
(Matsumoto and Ugawa, 2017).

Data and statistical analysis

The sample size (n = 12) was calculated using G*Power (Faul et al.,
2007) based on a meta-analysis (Rostami et al., 2023) reporting an effect
size of 0.36 for beta tACS on MEPs, with power (0.80) and significance
level (0.05). To control for baseline fluctuations, rmsEMG data were
collected 100 ms before each TMS pulse, and trials exceeding 5 + 1 % of
maximal rmsEMG were excluded. MEPs, measured in mV from the
dominant ECRL, were normalised to Myax and scaled by 100. SP
duration was visually assessed from MEP onset to the return of pre-
stimulus rmsEMG (Cantello et al., 1992; Wilson et al., 1993). To anal-
yse paired-pulse data across various time points, SICI and ICF ratios were
calculated. SICI and ICF ratios were calculated by dividing the paired-
pulse MEP by the single-pulse MEP (130 % AMT), multiplied by 100.
Data analysis was performed using LabChart 8.1.28 (ADInstruments,
Bella Vista, Australia).

Motor performance data, and neurophysiological data including
AMT, MEPs, SPs, SICI, and ICF, were analysed using mixed-effects model
implemented in Jamovi 2.0.041 with the GAMLj toolbox (Wilkinson
et al., 2023). For normally distributed variables, we employed a linear
mixed model (LMM), while a generalised linear mixed model (GLMM)
with a gamma distribution and log link function was applied to handle
non-normally distributed data. Normality was assessed by visually
inspecting histograms and scatterplots of residuals (Altman and Bland,
1995; Van Belle and Kerr, 2012). Given the capacity of GLMM to handle
non-normal distributions (Lo and Andrews, 2015; Salinas Ruiz et al.
2023), model selection was based on a comparison of the Akaike In-
formation Criterion (AIC) and Bayesian Information Criterion (BIC),
where lower values indicated a better model fit. Based on these criteria
(Garson, 2019), GLMM was selected for most variables, except for SICI,
which was better suited to LMM analysis.

The models included fixed effects for TIME (pre, post 0, post 30, post
60) and tACS FREQUENCY (20 Hz, 40 Hz, 60 Hz, 80 Hz, Sham), with
random intercepts and slopes for participants. Statistical significance
was evaluated using Wald Chi-Squared tests for GLMM and F-tests for
LMM, and where significant interactions were found, Bonferroni-
corrected post-hoc tests were applied.

Effect sizes were reported using Cohen’s d (small: 0.2, moderate: 0.5,
large: 0.8) (Garson, 2019; Cohen, 2013), with 95 % confidence intervals
provided. To analyse the relationship between neurophysiological
measures and motor performance, multiple linear regression analysis
was conducted. To address potential multicollinearity, MEPs and SPs at
130 %, 150 %, and 170 % AMT were averaged, resulting in four inde-
pendent variables: average MEP, average SP, SICI, and ICF for each
condition. The dependent variables were GPT time and reaction time,
both of which were normally distributed. Regression models were used
to identify the neurophysiological predictors of motor performance for
each tACS frequency. The significance level was established at 0.05.
Mean differences are presented in text, while figures display mean +
SEM. All graphs were generated using GraphPad Prism Software
(GraphPad Software Inc., California, USA).

Results

Baseline variables (AMT, MVF, rmsEMG, MEPs, SICI, ICF, SP, reac-
tion time, reaction time variability, choice reaction time, and speed)
showed no significant differences across conditions.

Participants rated sensations (itching, tingling, burning, discomfort,
fatigue, headache, warmth, facial muscle twitching, and flashes of light)
on a 0-10 scale (0 = no sensation, 10 = intolerable) (Matsumoto and
Ugawa, 2017). Mild tingling was reported by two participants, mild
itching by four, and mild burning by three.
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Regarding blinding, participants could not differentiate between
active and sham stimulation, with false guesses exceeding 50 % for each
condition.

Individual data for all conditions and time points are available in
Supplementary Document-2.

Corticomotor excitability (MEPs)

MEP 130 % AMT

Our analysis revealed significant main effects of intervention X2 (4
= 54, p < 0.001), time (X2 (3) = 14.1, p = 0.003), and a time x inter-
vention interaction (X2 (12) = 21.5, p = 0.05). Post-hoc comparisons
showed specific effects across different frequencies:

20 Hz tACS: MEP amplitude significantly decreased immediately
after the intervention (MD = —7.21, SE = 2.4, 95 % CI [-13.22, —1.20];
df = 1169; p = 0.01, d = 0.41), and 60 min post-intervention (MD =
—7.86, SE = 2.4, 95 % CI [-13.87, —1.86]; df = 1169; p = 0.004, d =
0.46), compared to sham (Fig. 2-A)

40 Hz tACS: A significant reduction in MEP amplitude was noted
immediately post-stimulation compared to sham (MD = —6.72, SE =
2.4,95 % CI [-12.72, —0.71]; df = 1169; p = 0.02, d = 0.38) (Fig. 2-A),
with a further significant decrease from baseline (MD = —7.57, SE = 2.4,
95 % CI [-13.33, —1.8]; df =1169; p = 0.005, d = 0.33) (Supplementary
Table 8 & 9)

MEP 150 % AMT

The analysis demonstrated significant main effects of intervention
(X% (4) = 48.2, p < 0.001) and time (X? (3) = 26.5, p < 0.001), along
with a significant interaction between time and intervention X% (12) =
32.2, p = 0.001). Post-hoc comparisons revealed the following
frequency-specific effects:

40 Hz tACS: A significant reduction in MEP amplitude was observed
immediately post-intervention compared to Sham (MD = —7.5, SE =
2.38, 95 % CI [-13.45, —1.55]; df = 1169; p = 0.007, d = 0.36) (Fig. 2-
B). Additionally, MEP amplitude significantly decreased at post 0 (MD =
—8.60, SE = 2.38, 95 % CI [-14.30, —2.89]; df = 1169; p = 0.001) and
post 30 (MD = —7.49, SE = 2.38, 95 % CI [-13.19, —1.78]; df = 1169; p
= 0.005) compared to baseline.

60 Hz tACS: At post 60, MEP amplitude showed a significant increase
compared to Sham (MD = 7.67, SE = 2.38, 95 % CI [1.72, 13.62]; df =
1169; p = 0.005, d = 0.32) (Fig. 2-B).
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80 Hz tACS: MEP amplitude significantly decreased at post 30
compared to baseline (MD = —6.18, SE = 2.38,95 % CI [-11.89, —0.48];
df =1169; p = 0.02,d = 0.3).

In addition, following Sham tACS, MEP amplitude decreased at post
30 (MD = —9.26, SE = 2.38, 95 % CI [-14.97, —3.56]; df = 1169; p <
0.001, d = 0.46) and post 60 (MD = —7.17, SE = 2.38, 95 % CI [-12.88,
—1.47]; df = 1169; p = 0.008, d = 0.37) compared to baseline
(Supplementary Table 8 & 9).

MEP 170 % AMT

The analysis revealed significant main effects of intervention x2 4
= 69.1, p < 0.001) and time x23) = 18.5, p < 0.001), along with a
significant time-by-intervention interaction x%(12) = 37, p < 0.001).
Post-hoc comparisons showed that MEP amplitude was modulated
differently across frequencies:

20 Hz tACS: A significant reduction in MEP amplitude was noted at
post 30 compared to baseline (MD = —7.43, SE = 2.87, 95 % CI [-14.32,
—0.55]; df = 1166; p = 0.02, d = 0.32)

40 Hz tACS: MEP amplitude significantly decreased immediately
post-intervention compared to Sham (MD = —7.64, SE = 2.87, 95 % CI
[-14.83, —0.45]; df = 1166; p = 0.03, d = 0.38) (Fig. 2-C).

60 Hz tACS: An increase in MEP amplitude was observed at post 30
compared to sham (MD = 7.41, SE = 2.87, 95 % CI [0.22, 14.59]; df =
1166; p = 0.04, d = 0.38) (Fig. 2-C)

80 Hz tACS: MEP amplitude increased significantly at post 0 (MD =
10.76, SE = 2.87, 95 % CI [3.57, 17.94]; df = 1166; p = 0.001, d = 0.37)
and post 30 (MD = 7.35, SE = 2.87, 95 % CI [0.17, 14.54]; df = 1166; p
= 0.04, d = 0.37) compared to Sham (Fig. 2-C).

Additionally, Sham tACS showed significant reductions in MEP
amplitude at post 0 (MD = —9.27, SE = 2.87, 95 % CI [-16.15, —2.38];
df =1166; p = 0.004, d = 0.37), post 30 (MD = —13.69, SE = 2.87, 95 %
CI [-20.58, —6.8]; df = 1166; p < 0.001, d = 0.58), and post 60 (MD =
—11.26, SE = 2.87, 95 % CI [-18.14, —4.37]; df = 1166; p < 0.001,d =
0.47) compared to baseline (Supplementary Table 8 & 9).

In summary, our results for MEP amplitude revealed a pattern of
reduction in response to 20 Hz and 40 Hz tACS, indicative of inhibitory
effects. Specifically, significant decreases in MEP amplitude were
observed at post 0 and post 60 for 130 % AMT and post O for 150 % AMT
compared to Sham. Conversely, 60 Hz and 80 Hz tACS elicited increases
in MEP amplitude, reflecting excitatory effects. These increases were
significant at post 60 for 150 % AMT and at post 0 and post 30 for 170 %
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Fig. 2. Mean (+SEM) for the change in MEP at 130 % (A), 150 % (B), and 170 % (C) of AMT, following tACS and motor training. # indicates a significant increase in
MEP amplitude compared to sham tACS (p < 0.05), * indicates a significant decrease in MEP amplitude compared to sham tACS (p < 0.05).
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AMT compared to Sham.
Silent period

SP 130 % AMT

The results indicated significant main effects of intervention (X2 4)
= 27.4, p < 0.001), time (X2 (8) = 20.6, p < 0.001), and an interaction
between time and intervention (X> (12) = 35.9, p = 0.002). Post-hoc
comparisons revealed the following frequency-specific changes:

20 Hz tACS: SP significantly decreased at post 0 (MD = —15.29, SE =
4.29, 95 % CI [-26, —4.5]; df = 1165; p = 0.002, d = 0.47), post 30 (MD
= —15.79, SE = 4.2, 95 % CI [-26.49, —5.09]; df = 1165; p = 0.001,d =
0.46), and post 60 (MD = —20.3, SE = 4.25, 95 % CI [-30.95, —9.65]; df
=1165; p < 0.001, d = 0.57) compared to sham (Fig. 3-A). Additionally,
SP was reduced at post 0 (MD = —12.48, SE = 4.25, 95 % CI [-22.69,
—2.27];df =1165; p =0.01, d = 0.37) and post 60 (MD = —12.18, SE =
4.25,95 % CI [-22.39, —1.97]; df = 1165; p = 0.01, d = 0.32) compared
to baseline

40 Hz tACS: A significant reduction in SP occurred immediately post-
intervention (MD = —15.01, SE = 4.27, 95 % CI [-25.7, —4.31]; df =
1165; p =0.002, d = 0.26) and at post 60 (MD = —14.46, SE = 4.25, 95
% CI [-25.11, —3.80]; df = 1165; p = 0.003, d = 0.37) compared to sham
(Fig. 3-A). Additionally, SP decreased at post 30 (MD = —11.53, SE =
4.25,95 % CI [-21.74, —1.32]; df = 1165; p = 0.02, d = 0.35) compared
to baseline

60 Hz tACS: SP significantly declined at post 0 (MD = —18.16, SE =
4.29, 95 % CI [-28.91, —7.42]; df = 1165; p < 0.001, d = 0.59) and post
30 (MD = —15.14, SE = 4.29, 95 % CI [-24.89, —3.4]; df = 1165; p =
0.004, d = 0.43) compared to sham (Fig. 3-A). Additionally, SP was
reduced at post 0 (MD = —18.49, SE = 4.25, 95 % CI [-28.69, —8.21]; df
=1165; p < 0.001, d = 0.58) and post 30 (MD = —10.48, SE = 4.27, 95
% CI [-20.73, —0.23]; df = 1165; p = 0.04, d = 0.43) compared to
baseline

80 Hz tACS: A significant reduction in SP was observed at post 60
(MD = —12.48, SE = 4.25, 95 % CI [-23.13, —1.83]; df = 1165; p =
0.01, d = 0.38) compared to sham (Fig. 3-A). SP also significantly
decreased at post 0 (MD = —10.21, SE = 4.25, 95 % CI [-20.42, —0.008];
df =1165; p = 0.05, d = 0.33), post 30 (MD = —12.95, SE = 4.25, 95 %
CI [-23.15, —2.74]; df = 1165; p = 0.007, d = 0.4), and post 60 (MD =
—14.36, SE = 4.25, 95 % CI [-24.57, —4.15]; df = 1165; p = 0.002, d =
0.44) compared to baseline (Supplementary Table 10 & 11)
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SP 150 % AMT

The results indicated significant main effects of intervention x2 (4
= 28.9, p < 0.001), time (X2 (8) = 31.1, p < 0.001), and an interaction
between time and intervention (X2 (12) = 25.2, p = 0.01). Post-hoc
comparisons highlighted the following effects for different frequencies:

20 Hz tACS: SP significantly decreased at post 30 (MD = —19, SE =
4.64, 95 % CI [-30.61, —7.38]; df = 1166; p < 0.001, d = 0.45) and post
60 (MD = —17.81, SE = 4.64, 95 % CI [-29.43, —6.2]; df = 1166; p =
0.001, d = 0.45) compared to sham (Fig. 3-B). Additionally, SP
decreased at post 0 (MD = —11.23, SE = 4.64, 95 % CI [-22.36, —0.09];
df =1166; p = 0.04, d = 0.27) and at post 30 (MD = —13.17, SE = 4.64,
95 % CI [-24.3, —2.04]; df = 1166; p = 0.01, d = 0.39) compared to
baseline.

40 Hz tACS: SP significantly decreased at post 60 (MD = —13.83, SE
= 4.64, 95 % CI [-25.45, —2.21]; df = 1166; p = 0.01, d = 0.34)
compared to sham (Fig. 3-B)

60 Hz tACS: A significant reduction in SP was observed at post 0 (MD
= —21.88, SE =4.68, 95 % CI [-33.11, —10.65]; df =1166; p < 0.001, d
= 0.37) and post 30 (MD = —11.69, SE = 4.68, 95 % CI [-22.92, —0.46];
df = 1166; p = 0.03, d = 0.33) compared to baseline.

80 Hz tACS: A significant decrease in SP was observed at post 60 (MD
—17.53, SE = 4.46, 95 % CI [-23.36, —0.09]; df =1166; p = 0.04,d =
0.47) compared to sham (Fig. 3-B). Additionally, SP significantly
decreased at post 0 (MD = —14.68, SE = 4.64, 95 % CI [-25.81, —3.55];
df =1166; p = 0.005, d = 0.36), post 30 (MD = —14.81, SE = 4.64, 95 %
CI [-25.94, —3.68]; df =1166; p = 0.004, d = 0.36), and post 60 (MD =
—18.96, SE = 4.64, 95 % CI [-30.09, —7.83]; df = 1166; p < 0.001,d =
0.47) compared to baseline (Supplementary Table 10 & 11)

SP 170 % AMT

The results indicated significant main effects of intervention x2 (4
= 25.9, p < 0.001), time x?@3) = 21, p < 0.001), and interaction be-
tween time and intervention (X2 (12) = 30.5, p = 0.002). Post-hoc
comparisons revealed the following effects across different frequencies:

20 Hz tACS: SP significantly decreased at post 0 (MD = —20.31, SE =
4.18, 95 % CI [-30.35, —10.27]; df = 1169; p < 0.001, d = 0.54), post 30
(MD = —13.94, SE = 4.18, 95 % CI [-23.99, —3.9]; df = 1166; p =
0.003, d = 0.38), and post 60 (MD = —12.91, SE = 4.18, 95 % CI
[-22.95, —2.87]; df = 1169; p = 0.006, d = 0.35) compared to baseline

40 Hz tACS: A significant reduction in SP was observed at post 30
(MD = —13.63, SE = 4.18, 95 % CI [-24.11, —3.15]; df = 1169; p =
0.005, d = 0.31) and post 60 (MD = —12.35, SE = 4.18, 95 % CI [-22.83,
—1.87]; df =1169; p = 0.01, d = 0.26) compared to sham (Fig. 3-C).
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Fig. 3. Mean (+SEM) for the change in silent period duration (ms) at 130 % (A), 150 % (B), and 170 % (C) of AMT, following tACS and motor training. * indicates a
significant decrease in SP duration amplitude compared to sham tACS (p < 0.05).
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60 Hz tACS: SP significantly decreased at post 0 (MD = —11.25, SE =
4.18,95 % CI [-21.29, —1.2]; df = 1169; p = 0.02, d = 0.3) compared to
baseline

80 Hz tACS: SP significantly decreased at post 60 (MD = —16.5, SE =
4.18, 95 % CI [-26.98, —6.02]; df = 1169; p < 0.001, d = 0.35)
compared to sham (Fig. 3-C). In addition, SP reduced at post 0 (MD =
—11.5, SE = 4.18, 95 % CI [-21.54, —1.45]; df = 1169; p = 0.01, d =
0.25), post 30 (MD = —12.61, SE = 4.18, 95 % CI [-22.65, —2.57]; df =
1169; p = 0.008, d = 0.27), and post 60 (MD = —15.66, SE = 4.18, 95 %
CI [-25.7, —5.62]; df = 1169; p = 0.001, d = 0.34) compared to baseline
(Supplementary Table 10 & 11).

In summary, 20 Hz and 40 Hz tACS consistently showed reductions
in SP across all time points and AMT levels, with more pronounced ef-
fects at post 30 and post 60 compared to Sham. In contrast, 60 Hz
demonstrated SP reduction only at 130 % AMT at post 0 and post 30,
while 80 Hz showed consistent SP reduction at post 60 across all in-
tensity levels.

Intracortical excitability

Short interval intracortical inhibition

The results for SICI showed significant main effects for intervention
(F 4, 946 = 2.45, p = 0.04) and time (F 3 946 = 3.41,p =0.01); as well asa
significant interaction between time and intervention (F 12, 946 = 3.07, p
< 0.001). Post-hoc comparisons revealed the following effects across
different frequencies:

40 Hz tACS: A significant enhancement in SICI was observed at post
30 (MD = —11.42, SE = 3.46, 95 % CI [-19.73, —3.11]; df = 946; p =
0.003, d = 0.48) compared to baseline

60 Hz tACS: A significant release in SICI was observed at post 0 (MD
= 14.33, SE = 3.63, 95 % CI [ 5.22, 23.43]; df = 946; p = 0.005, d =
0.48) compared to sham. Additionally, SICI release was observed at post
0 (MD = 10.05, SE = 3.75, 95 % CI [-20.35, —2.6]; df = 946; p = 0.005,
d = 0.35) compared to baseline (Fig. 4-A and Supplementary Table 12 &
13).
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Intracortical facilitation

Regarding ICF, our analysis showed the main effect for intervention
(X2 (4) = 34.5, p < 0.001), and time (X2 (3) = 23.2, p < 0.001) as well as
a significant interaction between time and intervention x2(12) = 51, p
< 0.001) following tACS. Post-hoc comparisons revealed the following
effects across different frequencies:

20 Hz tACS: A significant increase in ICF was observed at post 0 (MD
=41.3,SE=12.74,95% CI [ 9.4, 73.19]; df = 879; p = 0.005,d = 0.77)
compared to sham (Fig. 4-B)

40 Hz tACS: A significant enhancement in ICF was observed at post
60 (MD = 42.35, SE = 12.85, 95 % CI [ 10.25, 74.45]; df = 879; p =
0.004, d = 0.63) compared to sham (Fig. 4-B). Additionally, an ICF in-
crease was observed at post 60 (MD = 43.3, SE = 12.68, 95 % CI [
120.88, 73.72]; df = 879; p = 0.002, d = 0.67) compared to baseline.

60 Hz tACS: A significant increase in ICF was observed at post 0 (MD
= 35.55, SE = 12.22, 95 % CI [ 4.97, 66.14]; df = 879; p = 0.01,d =
0.86) compared to sham (Fig. 4-B and Supplementary Table 12 & 13)

In summary, the analysis of SICI and ICF in comparison to sham
demonstrated distinct differences across frequencies. For SICI, 60 Hz
tACS resulted in a significant release at post 0, while 40 Hz tACS
enhanced SICI at post 30. For ICF, both 20 Hz and 60 Hz tACS induced a
significant increase at post 0, and 40 Hz tACS also showed an increase at
post 60.

Motor performance

Hand dexterity

Our analysis of the GPT data revealed a significant main effect for
time (F 2, 154 = 17.85, p < 0.001), indicating an improvement in hand
dexterity at both post 0 and post 60. However, the main effects of
intervention (F 4 154 = 0.23, p = 0.92) and the interaction between
intervention and time (F g 154 = 0.94, p = 0.48) were not significant
(Fig. 5-A).
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Fig. 4. Mean (+SEM) for the change in SICI Ratio (A) and ICF Ratio (B) following tACS and motor training. # indicates a significant increase in MEP amplitude

compared to sham tACS (p < 0.05).
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Fig. 5. Mean (+SEM) for the change in GPT (A) and reaction time (B) following tACS and motor training.
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The analysis of reaction time data indicated no main effects for
intervention (F 4, 148 = 2.34, p = 0.05), time (F 2, 148 = 0.72, p = 0.48),
or the interaction between intervention and time (F g 148 = 1.55, p =
0.14) (Fig. 5-B).

No significant findings were observed for reaction time variability,
and choice reaction time following different frequencies of tACS at
different time points.

Predictors of motor performance
Multiple linear regression analyses were performed to determine

which TMS neurophysiological measures (average MEP, average SP,
SICI, and ICF) best predicted motor performance (GPT completion time
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and reaction time). Separate regression models were constructed for
each tACS frequency.

To assess the predictive relationships, pre/post changes in neuro-
physiological variables (average MEP, average SP, SICI, and ICF) were
calculated as the ratio of [(post 0 and post 60) minus pre] values.
Similarly, pre/post changes in motor performance measures (GPT time
and reaction time) were computed as the ratio of [(post 0 and post 60)
minus pre]. These change scores were then used as independent and
dependent variables, respectively, in the regression models (Please refer
to supplementary tables 6 and 7).

For 20 Hz, 40 Hz and sham tACS conditions, no significant co-
efficients were observed in the regression models for either the pre/post
0 or pre/post 60 differences in neurophysiological and motor perfor-
mance measures.

B
0.50
0.25
0.00 A
-0.25 1
0 : 2 3

SICI Ratio-Pre/Post 60

Fig. 6. Regression plots showing the relationship between Reaction Time changes (Post 60 — Pre) and SP Average changes (Post 60 — Pre) (A), and Reaction Time
changes (Post 60 — Pre) and SICI changes (Post 60 — Pre) (B) following 60 Hz tACS.
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Following 60 Hz tACS, the regression model examining predictors of
reaction time changes (Post 60 — Pre) was statistically significant (F (4,
7) =6.18, p = 0.019), explaining 77.9 % of the variance in reaction time
(R2 = 0.779, adjusted R? = 0.653). Model fit measures included AIC =
— 2.54, and BIC = 0.366.

Post 60 — Pre changes in average SP were positively associated with
reaction time changes (Estimate = 1.23, 95 % CI [0.52, 1.94], Stan-
dardized Estimate = 0.830, p = 0.005), suggesting that shorter silent
periods were related to faster reaction times (Fig. 6-A). Additionally,
Post 60 — Pre changes in SICI were also positively associated with re-
action time changes (Estimate = 0.123, 95 % CI [0.007, 0.24], Stan-
dardized Estimate = 0.461, p = 0.04), indicating that greater SICI was
related to slower reaction times (Fig. 6-B).

Following 80 Hz tACS, the regression model examining predictors of
GPT completion time changes (Post 60 — Pre) was not statistically sig-
nificant (F (4, 7) = 3.60, p = 0.067), but it explained 67.3 % of the
variance in GPT completion time (R? = 0.673, adjusted R? = 0.486).
Model fit measures included AIC = — 24.6 and BIC = — 21.7.

Despite the overall model not reaching statistical significance, Post
60 — Pre changes in average MEP were significantly associated with GPT
completion time changes (Estimate = — 0.37, 95 % CI [—0.66, —0.08],
Standardized Estimate = — 0.760, p = 0.018). This result indicates that
a decrease in MEP amplitude was related to faster GPT completion times,
suggesting a potential relationship between reduced corticospinal
excitability and improved hand dexterity performance (Fig. 7).

In summary, the regression analysis examining predictors of motor
performance changes revealed frequency-specific relationships. For 20
Hz, 40 Hz, and sham tACS conditions, no significant coefficients were
observed in the regression models for either the pre/post 0 or pre/post
60 differences in neurophysiological and motor performance measures.
Following 60 Hz tACS, SP average changes were positively associated
with reaction time changes (post 60 — pre), while SICI also showed a
significant positive relationship with reaction time changes. After 80 Hz
tACS, MEP average changes were negatively associated with reaction
time changes and were additionally linked to GPT performance changes
post-intervention.

Discussion

This study explored the effects of beta, low gamma, mid gamma, and
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Fig. 7. Regression plots showing the relationship between GPT completion
time changes (Post 60 — Pre) and MEP Average changes (Post 60 — Pre),
following 60 Hz tACS.
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high gamma tACS over bilateral M1 combined with motor training on
corticomotor excitability and motor performance. The results indicate
frequency-specific neurophysiological effects: beta and low gamma
primarily reduced corticospinal excitability, while mid and high gamma
increased it. All tACS frequencies shortened SP duration, and mid
gamma reduced SICI, indicating reduced cortical inhibition. Beta, low
gamma, and mid gamma also increased ICF, suggesting enhanced
facilitation.

Despite these neurophysiological changes, no significant improve-
ments in motor performance were observed in GPT or sensorimotor
reaction time. However, a trend toward faster GPT completion across all
conditions, including sham, suggests factors beyond tACS may have
influenced motor performance. Reaction time decreased following
stimulation across all frequencies but slowed after sham tACS, indicating
that while M1 neurophysiological changes were evident, they did not
directly translate into motor function improvements under these
conditions.

To our knowledge, this is the first study to show that tACS in both
beta and gamma ranges can modulate corticomotor and intracortical
excitability, reducing SP and increasing ICF.

Neurophysiological effects of tACS at beta, low gamma, mid gamma, and
high gamma frequencies

As we discussed earlier, sensorimotor oscillations in beta and gamma
frequency bands are essential for motor control (Barone and Rossiter,
2021; Ulloa, 2022). Beta activity in M1 increases during tonic contrac-
tions but decreases during movement execution, emphasising its role in
motor inhibition and stabilisation (Jurkiewicz et al., 2006; Muthuku-
maraswamy, 2010; Gaetz et al., 2011). In contrast, gamma oscillations
rise during movement preparation and execution, facilitating dynamic
motor tasks (Crone et al., 1998; Ball et al., 2008; Cheyne et al., 2008).
Beta oscillations are linked to suppressing unnecessary movements,
particularly during static tasks, while gamma aids in complex motor
execution. Beta is considered ’antikinetic,” stabilising motor output,
while gamma is ’prokinetic,’ driving motor performance
(Chandrasekaran et al., 2019; Brown, 2003; Hamada et al., 1999). In
addition to the distinctions between beta and gamma frequencies,
gamma oscillations, although generally associated with motor control,
exhibit functional differences depending on the specific frequency band.
Each narrow band within the gamma range may participate in distinct
processes, thereby justifying the exploration of their individual effects.
Findings from tACS studies indicate that 40 Hz stimulation results in
corticospinal inhibition (Giustiniani et al., 2019). Additionally, both 35
Hz and 40 Hz tACS have been shown to slow response time (Giustiniani
etal., 2019; Pollok et al., 2015), suggesting a potential suppressive effect
on motor performance. In contrast, higher gamma frequencies, such as
60 Hz and 80 Hz, are more frequently associated with movement
execution, motor and corticomotor facilitation (Nowak et al., 2017;
Santarnecchi et al., 2017). These functional differences across gamma
bands underscore the importance of investigating each frequency indi-
vidually, as they may influence motor excitability and performance
through distinct physiological mechanisms.

The following sections will discuss the effects of tACS at beta and
gamma frequencies during a complex motor task, focusing on their
impact on corticospinal excitability, motor performance, and the asso-
ciations between neurophysiological measures and motor outcomes.

Beta tACS

Our findings demonstrated that 20 Hz tACS consistently decreased
MEPs and SP across all post-tACS time points while increasing ICF
immediately after stimulation. While several studies (Nowak et al.,
2017; Bologna et al., 2019; Therrien-Blanchet et al., 2023; Splittgerber
et al., 2020; Pozdniakov et al., 2021) and a recent meta-analysis
(Rostami et al., 2023) reported no effect of beta tACS on corticospinal
excitability, our results align with those showing reduced M1
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excitability (Zaghi et al., 2010; Wang et al., 2021; Cappon et al., 2016).
Conversely, another meta-analysis (Wischnewski et al., 2019) found beta
tACS increased M1 excitability, suggesting that differences in stimula-
tion intensity, duration, and electrode montage may explain these in-
consistencies. We consistently observed a reduction in SP across all time
points, in contrast to a previous study that reported no effect on SP
(Wach et al., 2013). However, in the study by Wach et al. (2013) (Wach
et al., 2013), tACS was applied with an intensity of 1 mA for 10 min. It
has been suggested that longer durations and higher current intensities
may be necessary to effectively modulate corticomotor responses
(Rostami et al., 2023). The increase in ICF aligns with earlier findings
(Guerra et al., 2016), though other studies, using lower intensities,
found no effect or a reduction in ICF (Nowak et al., 2017; Zaghi et al.,
2010). Notably, those studies used tACS intensities below 2 mA, unlike
the current study.

Low gamma tACS

Research on 40 Hz tACS has primarily focused on cognitive functions
(Manippa et al., 2024; De Paolis et al., 2024), with fewer studies
investigating its effects on corticomotor excitability compared to beta
and high gamma tACS. Consistent with previous findings (Giustiniani
et al., 2019), our results show that 40 Hz tACS reduced MEP amplitudes
immediately after stimulation, indicating acute inhibition of cortico-
motor excitability. Despite this, SP decreased across all time points, and
ICF increased 60 min post-stimulation, suggesting that low gamma tACS
influences both inhibitory and facilitatory processes in M1.

Mid gamma tACS

Similar to low gamma, mid gamma (60 Hz) frequency bands have
received relatively little attention in current research. Our findings
showed that 60 Hz tACS increased MEP amplitudes at 30- and 60-mi-
nutes post-stimulation, indicating delayed excitatory effects. SP reduc-
tion was observed immediately and at 30 min, along with increased ICF
and SICI immediately after stimulation. At 60 min post mid gamma
tACS, shorter SP was associated with faster reaction times, whereas
greater SICI was linked to slower reaction times. Only one study has
previously investigated the effects of mid gamma tACS over M1 on
motor performance, showing a trend towards improvement
(Santarnecchi et al., 2017). Additionally, 60 Hz tACS over Cz has been
shown to enhance visual processing and perceptual flexibility, with
BOLD signal increases in multiple brain regions (Cabral-Calderin et al.,
2015; Lacz6 et al., 2012; Cabral-Calderin et al., 2016).

High gamma tACS

For 80 Hz tACS, MEP amplitude increased immediately after stim-
ulation and remained elevated for up to 30 min. This contrasts with
findings from Moliadze et al. (2010) (Moliadze et al., 2010), who re-
ported no impact of 80 Hz tACS on corticomotor excitability, possibly
due to their shorter 10-minute stimulation duration and lower intensity
of 1 mA. Similarly, Nowak et al. (2017) (Nowak et al., 2017) found no
effects with 75 Hz tACS, although they matched our stimulation dura-
tion while applying a lower intensity, which may account for differing
results.

In our study, we observed a reduction in SP that persisted for up to
60 min, with decreases noted across all time points. However, we did not
find significant effects on SICI or ICF, nor on motor performance.
Interestingly, while Nowak’s research indicated that 75 Hz tACS could
modulate SICI and reduce inhibition, our findings suggest otherwise. A
meta-analysis also supported the notion that high gamma tACS does not
enhance motor performance (Rostami et al., 2023).

Notably, we observed a negative association between MEP ampli-
tudes and GPT completion time, indicating that higher MEP amplitudes
60 min after high gamma tACS were linked to faster GPT performance,
suggesting that increased MEP may facilitate quicker task completion.
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Overall, our findings show that both beta and low gamma tACS
produced inhibitory effects on corticomotor excitability, while mid and
high gamma tACS demonstrated excitatory effects. This suggests
frequency-dependent variations that don’t entirely align with tradi-
tional distinctions between beta and gamma bands. One proposed
mechanism for the effects of tACS involves the entrainment of cortical
oscillations, primarily associated with tACS online effects. Conversely,
STDP has been proposed to explain offline tACS effects (Zaehle et al.,
2010; Vossen et al., 2015; Vogeti et al., 2022). A recent EEG study,
which evaluated the offline effects of tACS, did not find evidence sup-
porting the modulation for offline brain oscillation power at the stim-
ulation site when tACS was applied over sensorimotor regions at 10 Hz
and 20 Hz (Lafleur et al., 2021). Conversely, another study reported that
while online application of tACS over the M1 affected corticomotor
excitability, offline tACS did not produce similar effects (Pozdniakov
et al., 2021). In light of the preceding information, previous meta-ana-
lyses have not discerned any distinctions in the effects of online versus
offline tACS on corticomotor excitability (Wischnewski et al., 2019) and
motor function (Rostami et al., 2023). In our study, tACS was applied
concurrently with motor training, and we measured its aftereffects
(offline effects) (Pozdniakov et al., 2021), suggesting that our findings
might not depend on cortical oscillation entrainment. Instead, the
persistence of these effects points toward a reliance on STDP in M1
networks (Wischnewski et al., 2019; Gallasch et al., 2018; Kasten et al.,
2016; Schwab et al., 2021). The fundamental notion postulates that
synaptic efficacy experiences enhancement when pre-synaptic spikes
precede post-synaptic spikes, a phenomenon acknowledged as long-term
potentiation (LTP). Conversely, when post-synaptic spikes precede their
pre-synaptic counterparts, synaptic connections are thought to undergo
a weakening process, leading to long-term depression (LTD) (Caporale
and Dan, 2008; Dan and Poo, 2006).

Although previous studies have reported that beta tACS can induce
NMDAR-mediated plasticity in the motor cortex and increase cortical
excitability for up to 60 min (Wischnewski et al., 2019) and that 40 Hz
stimulation has been shown to enhance LTP-like plasticity in the motor
and prefrontal cortices, potentially through the modulation of
GABAergic neurotransmission (De Paolis et al., 2024), these findings are
not consistent with the current study. Our results suggest that beta and
low gamma tACS may influence corticomotor excitability through
different mechanisms. Consistent with previous research, mid and high
gamma tACS (approximately 70 Hz and 75 Hz) may modulate cortico-
motor excitability by altering GABAergic neurotransmission. Evidence
indicates that 70 Hz tACS can enhance LTP-like plasticity in the motor
cortex by reducing GABAj-mediated inhibition, resulting in a more
pronounced excitatory response (Guerra et al., 2018). Similarly, 75 Hz
tACS has been shown to decrease local GABA, inhibition (Nowak et al.,
2017). These findings suggest that alterations in GABA, activity could
be pivotal in the excitatory effects observed with mid and high gamma
tACS in this study. The effects of tACS on GABAergic (inhibitory) and
glutamatergic (facilitatory) neurotransmitters will be further discussed
in the following section. It’s worth noting that MEP amplitudes
decreased across all time points, even with sham tACS, likely due to
fatigue from repeated motor tasks like the GPT and holding the dyna-
mometer, which can reduce corticospinal excitability (Kotan et al.,
2015).

Inhibition and facilitation across frequencies

All administered frequencies—beta, low gamma, mid gamma, and
high gamma—showed a consistent reduction in SP post-stimulation,
indicating no significant frequency-dependent differences in SP modu-
lation. Beta and low gamma tACS reduced SP across all time points, mid
gamma at post 0 and post 30, and high gamma at post 60. SP, the phase
of EMG quiescence following MEP onset during voluntary muscle
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contraction (Chen, 2000), is governed by GABAg receptors and reflects
cortical and spinal inhibitory processes (Skarabot et al., 2019; Werhahn
et al., 1995). A TMS study reinforced the strong link between GABAg
receptors and LTP, showing that prolonged SP in concussed athletes was
associated with inhibited LTP plasticity (De Beaumont et al., 2012). TMS
studies further suggest SP duration can serve as a proxy for M1 excit-
ability (Mooney et al., 2016; Neva et al., 2017), with reductions indi-
cating less inhibitory circuit activity after interventions (Udupa, 2021).

In healthy individuals, an inverse correlation has been observed
between SP duration and resting MEP amplitudes, with longer SPs
linked to smaller MEPs (Sfreddo et al., 2021). However, other studies,
such as those by Hallett et al. suggest that SP and MEP are mediated by
independent mechanisms, indicating they arise from distinct processes
(Hallett, 1995; Zeugin and Ionta, 2021). In the current study, beta and
low gamma tACS resulted in SP reduction alongside corticomotor inhi-
bition, while 60 Hz tACS saw SP reduction at post 30 paired with
increased excitability. After 80 Hz tACS, no MEP change occurred
despite SP reduction at post 60, suggesting different mechanisms may
govern SP and MEP. Additionally, Sfreddo et al. (2021) noted that SP
duration has lower variability than MEP amplitude, making it a more
reliable outcome measure (Sfreddo et al., 2021). This reduced variability
likely explains the consistent SP changes across frequencies in our study,
suggesting that SP duration offers more stable insights into neurophys-
iological changes compared to MEP amplitudes. Theoretically, an in-
crease in excitability could stem from either an increased excitatory
transmission or a reduced inhibitory transmission (Reis and Fritsch,
2011). While SP changes were traditionally seen as indicators of intra-
cortical inhibition (Wilson et al., 1993; Saisanen et al., 2008; Werhahn
et al., 1999), evidence points to contributions from both cortical and
spinal mechanisms (Skarabot et al., 2019; Fuhr et al., 1991; Ziemann
et al., 1993). The early phase of SP reflects spinal inhibition, while the
later phase is mainly cortical, suggesting that spinal mechanisms may
play a larger role than previously recognized (Yacyshyn et al., 2016).

Recent investigations suggest that gamma tACS modulates M1
interneuronal networks by reducing GABAergic inhibition, as shown by
decreased SICI (a measure of GABAj-mediated inhibition in M1)
(Nowak et al., 2017; Guerra et al., 2018). The critical role of the
GABAergic system in M1 plasticity is highlighted by evidence linking
reduced GABA levels to LTP induction, with magnetic resonance spec-
troscopy showing decreased GABAergic inhibition following tES (Hess
et al., 1996; Stagg et al., 2009). Additionally, Interneuronal networks,
key components of M1 circuitry, are essential for motor learning (Guerra
etal., 2018; Hamada et al., 2014). In the present study, mid gamma tACS
uniquely reduced SICI immediately after stimulation. Although the
reduction in SICI was accompanied by a decrease in SP, it did not lead to
an increase in corticomotor excitability at this time point. In our study,
both beta and gamma tACS consistently reduced SP across all three TMS
intensities (130 %, 150 %, and 170 % of AMT) and at most time points.
This reduction was more pronounced compared to SICI changes, which
may suggest a stronger influence on spinal inhibition rather than
intracortical inhibition (Saisanen et al., 2008).

Along with the GABAergic inhibitory circuit, the glutamatergic
excitatory circuit is crucial for corticomotor plasticity. The balance be-
tween inhibition and excitation is essential for M1 function (Di Lazzaro
et al., 2018). Changes in ICF generally reflect the facilitatory effects of
glutamatergic NMDAR activity (Liepert et al., 1997; Ziemann et al.,
1996). Our findings showed that beta, low gamma, and mid gamma
tACS increased ICF, with 20 Hz and 60 Hz tACS showing effects
immediately post-stimulation, while 40 Hz tACS effects emerged at 60
min. Similarly, recent studies have demonstrated the capacity of beta
tACS to induce long-lasting plasticity in the M1 via NMDAR, resulting in
diminished inhibitory transmission associated with mechanisms akin to
LTP (Wischnewski et al., 2019; Tremblay et al., 2013). Though ICF
increased with beta, low gamma, and mid gamma tACS, these were
consistently paired with SP reductions, without a clear link to MEP
amplitude. For example, after beta tACS at post 0, ICF increased, but
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MEP amplitude decreased. Low gamma tACS increased ICF at post 60
with no MEP change, while mid gamma tACS increased both ICF and
MEP at post 0. Thus, ICF modulation didn’t directly relate to cortico-
motor excitability. Overall, mid gamma tACS uniquely increased corti-
comotor excitability, reduced inhibition (SP and SICI), and improved
ICF.

Functional effects: Motor performance

Our findings revealed no significant effect of tACS at beta and
gamma frequencies combined with motor training on motor perfor-
mance. Previous studies have shown frequency-specific effects of tACS
during motor tasks. For instance, 50 Hz tACS over the cerebellum during
a serial reaction time task (SRTT) impaired performance compared to 1
Hz tACS (Giustiniani et al., 2021), and 40 Hz tACS over M1 slowed
response times in sequence retrieval tasks (Giustiniani et al., 2019).
Conversely, 20 Hz tACS over M1 and the supplementary motor area
improved reaction times compared to 10 Hz tACS (Cappon et al., 2016).
These studies suggest that the interaction between tACS and motor tasks,
particularly those involving complex sensorimotor integration, may
produce frequency-specific effects on performance. Additionally,
Different brain regions, like M1 and the cerebellum, may also respond
differently to tACS frequencies. Given the complex motor task in our
study, involving visual, proprioceptive, and somatosensory integration,
we hypothesized distinct effects for beta and gamma tACS. Beta oscil-
lations typically decrease before and during voluntary movements
(Engel and Fries, 2010), while gamma oscillations increase during
complex motor tasks (Muthukumaraswamy, 2010). We expected beta
tACS to impair, and gamma tACS to enhance, performance. However, no
clear impact of tACS on motor performance was observed.

A trend of improved GPT performance was seen in all groups,
including sham, likely due to training effects. However, reaction times
immediately after stimulation were slower in the sham group (294 +
103.9 ms) compared to beta tACS (253 + 104.3 ms), low gamma tACS
(237 + 64.4 ms), mid gamma tACS (246 + 45.5 ms), and high gamma
tACS (246 + 85.9 ms). Importantly, the oscillatory effects of tACS, such
as beta and gamma entrainment, are likely limited to the duration of the
stimulation (online effects). This suggests that any changes in motor
performance related to the tACS online effect would only occur during
its application, not afterwards, as participants engaged in motor training
but their completion times across the seven trials were not recorded.
Functionally relevant plastic changes in the cortical network can occur
even with the training of a simple motor task (Classen et al., 1998).
Motor practice has been demonstrated to augment corticomotor excit-
ability while reducing SICI (Cirillo et al., 2011). Our study aimed to
optimise plasticity in the targeted brain region and enhance the motor
system’s responsiveness to training by integrating tACS with motor
training. This approach builds on previous findings suggesting that
combining tACS with motor training can augment plastic changes,
resulting in more pronounced and enduring effects (Bolognini et al.,
2009). However, the lack of significant differences in motor perfor-
mance across conditions suggests tACS at beta and gamma frequencies
may not have the expected offline effects. One explanation could be the
single-session design per frequency, with at least a 48-hour washout
period. Previous studies indicate that multiple sessions of tES can
improve hand dexterity (Rostami et al., 2020), highlighting the potential
cumulative effects. Another reason could be the high baseline motor
performance of our young, healthy participants, leaving little room for
improvement (ceiling effect), consistent with findings that older adults
show greater motor learning improvements after tACS (Fresnoza et al.,
2020).

Regression analysis highlighted distinct predictors of motor out-
comes following gamma tACS. At 60 min post mid gamma tACS, shorter
SP emerged as a stronger predictor of faster reaction times compared to
SICL The standardised coefficient for SP was notably higher, indicating
that SP exerted a greater influence on reaction time changes. This may
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suggest that reduced inhibition, particularly spinal inhibition, reflected
by shorter SP, is more critical in facilitating rapid motor responses than
SICI under these conditions. Reductions in SP have been previously
associated with improvements in muscle strength, force production
(Hammond and Vallence, 2007; Kidgell et al., 2017; Matsugi, 2019), and
faster reaction times (Paci et al., 2021).

Following high gamma tACS, MEP amplitudes at 60 min were the
strongest predictor of GPT performance, with greater MEPs associated
with faster task completion. This finding underscores the importance of
corticospinal excitability in driving improvements in fine motor tasks.
The comparatively higher standardised estimate for MEPs reinforces its
dominant role over other variables in explaining motor performance
changes.

These results collectively suggest that the predictive strength of
neurophysiological measures varies by task type and stimulation con-
dition, with SP and MEP amplitudes being key determinants of reaction
time and fine motor performance, respectively. This task-dependent
relationship highlights the complexity of motor control mechanisms
modulated by gamma tACS.

However, given the limited sample size, these findings should be
interpreted cautiously, and further studies are warranted to validate
these predictors and their relative contributions to motor outcomes.

In this study, electrodes were placed bilaterally over M1 rather than
on M1 and the contralateral supraorbital region (SOR) to minimize the
risk of phosphenes, a known side effect of M1-SOR montages (Schutter,
2016; Schutter and Hortensius, 2010), which could compromise
participant blinding (Rostami et al., 2023). This placement ensured
stimulation targeted the motor cortex, maintaining participant blindness
more effectively. While studies have noted functional connectivity be-
tween left and right M1 (Ruddy et al., 2017), this was not a focus as our
task was unimanual, and interhemispheric M1-M1 interactions were not
controlled. Furthermore, dual-site tACS over connected brain regions
has been shown to enhance the synchronisation of oscillatory activity,
which may improve connectivity and prolong effects (Fehér et al., 2022;
Saturnino et al., 2017).

One potential limitation of our study was the use of EMG instead of
EEG to measure MEPs, SP, SICI, and ICF. While TMS combined with EEG
(TMS-EEG) allows for assessing immediate cortical responses and global
network connectivity, it has been crucial in studying human M1 plas-
ticity (Ferreri and Rossini, 2013). However, EEG has limitations in
evaluating deep brain structures. Conversely, combining TMS with MRI
enables the assessment of interconnected cortical and subcortical re-
gions with a high spatial resolution during task performance, revealing
behaviourally relevant interactions between brain regions (Esposito
et al., 2022). Recent advancements integrating multiple neuroimaging
modalities with TMS offer a more comprehensive understanding of brain
plasticity and its implications for motor behaviour and Non Invasive
Brain Stimulation interventions (Esposito et al., 2022). Additionally, the
absence of a figure-eight coil typically preferred for sp and ppTMS
protocols, may have reduced stimulation precision in this study. Lastly,
measuring MEPs, SPs, SICI, and ICF from the ECRL may lack specificity
for reaction time tasks that primarily involve hand flexor muscles, and
using a task where extensor muscles are the prime movers could provide
more targeted insights.

In conclusion, our study highlights the distinct effects of beta and
gamma tACS on corticomotor excitability, and intracortical modulation.
Beta and low gamma tACS consistently reduced SP, with more lasting
effects at 20 Hz and 40 Hz, suggesting their potential for interventions in
conditions like stroke and Huntington’s disease where prolonged SP is
common (Zeugin and Ionta, 2021; Kobayashi and Pascual-Leone, 2003).
The reduction of SP across all gamma frequencies, along with the pos-
itive correlation between shorter SP and improved motor performance,
further highlights the potential of gamma tACS, particularly in facili-
tating long-term motor recovery. Mid gamma tACS modulated both
spTMS and ppTMS measurements, suggesting a unique capacity to
induce both excitatory and inhibitory changes. The differentiation
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between frequencies, where beta and low gamma had inhibitory effects
and mid and high gamma showed excitatory potential, provides key
insights for tailoring tACS protocols in motor rehabilitation.

CRediT authorship contribution statement

Mohamad Rostami: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Resources, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization.
Annemarie Lee: Writing — review & editing, Validation, Supervision,
Methodology. Ashlyn K. Frazer: Writing — review & editing, Validation,
Supervision, Project administration, Methodology, Formal analysis,
Data curation. Yonas Akalu: Writing — review & editing, Methodology,
Data curation. Ummatul Siddique: Writing — review & editing, Inves-
tigation, Data curation. Alan J. Pearce: Writing — review & editing,
Investigation, Conceptualization. Jamie Tallent: Writing — review &
editing, Supervision, Methodology, Investigation, Conceptualization.
Dawson J. Kidgell: Writing — review & editing, Validation, Supervision,
Software, Project administration, Investigation, Formal analysis, Data
curation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuroscience.2025.01.016.

References

Bajaj, S., Drake, D., Butler, A.J., Dhamala, M., 2014. Oscillatory motor network activity
during rest and movement: an fNIRS study. Front. Syst. Neurosci. 8, 13.

Rouiller, E.M., Liang, F., Babalian, A., Moret, V., Wiesendanger, M., 1994.
Cerebellothalamocortical and pallidothalamocortical projections to the primary and
supplementary motor cortical areas: a multiple tracing study in macaque monkeys.
J. Comp. Neurol. 345 (2), 185-213.

Barker, A.T., Jalinous, R., Freeston, I.L., 1985. Non-invasive magnetic stimulation of
human motor cortex. Lancet 325 (8437), 1106-1107.

Cirillo, J., Todd, G., Semmler, J.G., 2011. Corticomotor excitability and plasticity
following complex visuomotor training in young and old adults. Eur. J. Neurosci. 34
(11), 1847-1856.

MacKay, W.A., 1997. Synchronized neuronal oscillations and their role in motor
processes. Trends Cogn. Sci. 1 (5), 176-183.

Nowak, M., Hinson, E., Van Ede, F., Pogosyan, A., Guerra, A., Quinn, A., Brown, P.,
Stagg, C.J., 2017. Driving human motor cortical oscillations leads to behaviorally
relevant changes in local GABAA inhibition: a tACS-TMS study. J. Neurosci. 37 (17),
4481-4492.

Miyaguchi, S., Otsuru, N., Kojima, S., Saito, K., Inukai, Y., Masaki, M., Onishi, H., 2018.
Transcranial alternating current stimulation with gamma oscillations over the
primary motor cortex and cerebellar hemisphere improved visuomotor performance.
Front. Behav. Neurosci. 12, 132.

Bologna, M., Guerra, A., Paparella, G., Colella, D., Borrelli, A., Suppa, A., Di Lazzaro, V.,
Brown, P., Berardelli, A., 2019. Transcranial Alternating Current Stimulation Has
Frequency-Dependent Effects on Motor Learning in Healthy Humans. Neuroscience
411, 130-139.

Chandrasekaran, C., Bray, L.E., Shenoy, K.V., 2019. Frequency shifts and depth
dependence of premotor beta band activity during perceptual decision-making.

J. Neurosci. 39 (8), 1420-1435.

Brown, P., 2003. Oscillatory nature of human basal ganglia activity: relationship to the
pathophysiology of Parkinson’s disease. Movement Disorders: Official Journal of the
Movement Disorder Society 18 (4), 357-363.

Brown, P., Marsden, C., 1998. What do the basal ganglia do? Lancet 351 (9118),
1801-1804.

Baker, S.N., 2007. Oscillatory interactions between sensorimotor cortex and the
periphery. Curr. Opin. Neurobiol. 17 (6), 649-655.

Pfurtscheller, G., Da Silva, F.L., 1999. Event-related EEG/MEG synchronization and
desynchronization: basic principles. Clin. Neurophysiol. 110 (11), 1842-1857.

Jurkiewicz, M.T., Gaetz, W.C., Bostan, A.C., Cheyne, D., 2006. Post-movement beta
rebound is generated in motor cortex: evidence from neuromagnetic recordings.
Neuroimage 32 (3), 1281-1289.


https://doi.org/10.1016/j.neuroscience.2025.01.016
https://doi.org/10.1016/j.neuroscience.2025.01.016
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0005
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0005
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0010
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0010
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0010
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0010
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0015
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0015
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0020
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0020
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0020
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0025
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0025
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0030
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0030
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0030
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0030
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0035
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0035
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0035
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0035
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0040
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0040
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0040
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0040
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0045
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0045
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0045
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0050
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0050
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0050
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0055
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0055
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0060
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0060
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0065
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0065
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0070
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0070
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0070

M. Rostami et al.

Androulidakis, A.G., Doyle, L.M., Yarrow, K., Litvak, V., Gilbertson, T.P., Brown, P.,
2007. Anticipatory changes in beta synchrony in the human corticospinal system and
associated improvements in task performance. Eur. J. Neurosci. 25 (12), 3758-3765.

Kiihn, A.A., Williams, D., Kupsch, A., Limousin, P., Hariz, M., Schneider, G.H.,

Yarrow, K., Brown, P., 2004. Event-related beta desynchronization in human
subthalamic nucleus correlates with motor performance. Brain 127 (4), 735-746.

Tzagarakis, C., Ince, N.F., Leuthold, A.C., Pellizzer, G., 2010. Beta-band activity during
motor planning reflects response uncertainty. J. Neurosci. 30 (34), 11270-11277.

T. Grent-"t-Jong, R. Oostenveld, O. Jensen, W.P. Medendorp, P. Praamstra, Competitive
interactions in sensorimotor cortex: oscillations express separation between
alternative movement targets, Journal of neurophysiology 112(2) (2014) 224-232.

Heinrichs-Graham, E., Wilson, T.W., 2015. Coding complexity in the human motor
circuit. Hum. Brain Mapp. 36 (12), 5155-5167.

Heinrichs-Graham, E., Kurz, M.J., Gehringer, J.E., Wilson, T.W., 2017. The functional
role of post-movement beta oscillations in motor termination. Brain Struct. Funct.
222, 3075-3086.

Zhang, Y., Chen, Y., Bressler, S.L., Ding, M., 2008. Response preparation and inhibition:
the role of the cortical sensorimotor beta rhythm. Neuroscience 156 (1), 238-246.

Bressler, S., 2009. The Sensory Component of Tonic Motor Control 1035-1036.

Kristeva, R., Patino, L., Omlor, W., 2007. Beta-range cortical motor spectral power and
corticomuscular coherence as a mechanism for effective corticospinal interaction
during steady-state motor output. Neuroimage 36 (3), 785-792.

Muthukumaraswamy, S.D., 2011. Temporal dynamics of primary motor cortex gamma
oscillation amplitude and piper corticomuscular coherence changes during motor
control. Exp. Brain Res. 212, 623-633.

Pfurtscheller, G., Neuper, C., Kalcher, J., 1993. 40-Hz oscillations during motor behavior
in man. Neurosci. Lett. 164 (1-2), 179-182.

Pfurtscheller, G., Neuper, C., 1992. Simultaneous EEG 10 Hz desynchronization and 40
Hz synchronization during finger movements. Neuroreport 3 (12), 1057-1060.
Muthukumaraswamy, S.D., 2010. Functional properties of human primary motor cortex

gamma oscillations. J. Neurophysiol. 104 (5), 2873-2885.

Gaetz, W., Edgar, J.C., Wang, D., Roberts, T.P., 2011. Relating MEG measured motor
cortical oscillations to resting y-aminobutyric acid (GABA) concentration.
Neuroimage 55 (2), 616-621.

Hamada, Y., Miyashita, E., Tanaka, H., 1999. Gamma-band oscillations in the “barrel
cortex” precede rat’s exploratory whisking. Neuroscience 88 (3), 667-671.

Shibata, T., Shimoyama, L., Ito, T., Abla, D., Iwasa, H., Koseki, K., Yamanouchi, N.,
Sato, T., Nakajima, Y., 1999. Event-related dynamics of the gamma-band oscillation
in the human brain: information processing during a GO/NOGO hand movement
task. Neurosci. Res. 33 (3), 215-222.

Crone, N.E., Sinai, A., Korzeniewska, A., 2006. High-frequency gamma oscillations and
human brain mapping with electrocorticography. Prog. Brain Res. 159, 275-295.

Briicke, C., Bock, A., Huebl, J., Krauss, J.K., Schonecker, T., Schneider, G.-H., Brown, P.,
Kiihn, A.A., 2013. Thalamic gamma oscillations correlate with reaction time in a Go/
noGo task in patients with essential tremor. Neuroimage 75, 36-45.

Giustiniani, A., Tarantino, V., Bonaventura, R., Smirni, D., Turriziani, P., Oliveri, M.,
2019. Effects of low-gamma tACS on primary motor cortex in implicit motor
learning. Behav. Brain Res. 376, 112170.

Santarnecchi, E., Biasella, A., Tatti, E., Rossi, A., Prattichizzo, D., Rossi, S., 2017. High-
gamma oscillations in the motor cortex during visuo-motor coordination: A tACS
interferential study. Brain Res. Bull. 131, 47-54.

Buzsaki, G., Wang, X.-J., 2012. Mechanisms of gamma oscillations. Annu. Rev. Neurosci.
35 (1), 203-225.

Rostami, M., Lee, A., Frazer, A.K., Akalu, Y., Siddique, U., Pearce, A.J., Tallent, J.,
Kidgell, D.J., 2023. Determining the corticospinal, intracortical and motor function
responses to transcranial alternating current stimulation of the motor cortex in
healthy adults: A systematic review and meta-analysis. Brain Res. 148650.

Nowak, M., Zich, C., Stagg, C.J., 2018. Motor cortical gamma oscillations: what have we
learnt and where are we headed? Curr. Behav. Neurosci. Rep. 5, 136-142.

Berger, B., Minarik, T., Liuzzi, G., Hummel, F.C., Sauseng, P., 2014. EEG oscillatory
phase-dependent markers of corticospinal excitability in the resting brain. Biomed
Res. Int. 2014 (1), 936096.

Ogata, K., Nakazono, H., Uehara, T., Tobimatsu, S., 2019. Prestimulus cortical EEG
oscillations can predict the excitability of the primary motor cortex. Brain Stimul. 12
(6), 1508-1516.

Sauseng, P., Klimesch, W., Gerloff, C., Hummel, F.C., 2009. Spontaneous locally
restricted EEG alpha activity determines cortical excitability in the motor cortex.
Neuropsychologia 47 (1), 284-288.

Thut, G., Miniussi, C., 2009. New insights into rhythmic brain activity from TMS-EEG
studies. Trends Cogn. Sci. 13 (4), 182-189.

Cai, G., Wu, M., Ding, Q., Lin, T., Li, W., Jing, Y., Chen, H., Cai, H., Yuan, T., Xu, G.,
2021. The corticospinal excitability can be predicted by spontaneous
electroencephalography oscillations. Front. Neurosci. 15, 722231.

Antal, A., Paulus, W., 2013. Transcranial alternating current stimulation (tACS). Front.
Hum. Neurosci. 7, 317.

Maki, H., Ilmoniemi, R.J., 2010. EEG oscillations and magnetically evoked motor
potentials reflect motor system excitability in overlapping neuronal populations.
Clin. Neurophysiol. 121 (4), 492-501.

Sugata, H., Yagi, K., Yazawa, S., Nagase, Y., Tsuruta, K., Ikeda, T., Matsushita, K.,
Hara, M., Kawakami, K., Kawakami, K., 2018. Modulation of motor learning capacity
by transcranial alternating current stimulation. Neuroscience 391, 131-139.

Joundi, R.A., Jenkinson, N., Brittain, J.-S., Aziz, T.Z., Brown, P., 2012. Driving oscillatory
activity in the human cortex enhances motor performance. Curr. Biol. 22 (5),
403-407.

24

Neuroscience 568 (2025) 12-26

Guerra, A., Bologna, M., Paparella, G., Suppa, A., Colella, D., Di Lazzaro, V., Brown, P.,
Berardelli, A., 2018. Effects of transcranial alternating current stimulation on
repetitive finger movements in healthy humans. Neural Plast. 2018 (1), 4593095.

Wischnewski, M., Engelhardt, M., Salehinejad, M., Schutter, D., Kuo, M.-F., Nitsche, M.,
2019. NMDA receptor-mediated motor cortex plasticity after 20 Hz transcranial
alternating current stimulation. Cereb. Cortex 29 (7), 2924-2931.

Zaehle, T., Rach, S., Herrmann, C.S., 2010. Transcranial alternating current stimulation
enhances individual alpha activity in human EEG. PLoS One 5 (11), e13766.

Vossen, A., Gross, J., Thut, G., 2015. Alpha power increase after transcranial alternating
current stimulation at alpha frequency (a-tACS) reflects plastic changes rather than
entrainment. Brain Stimul. 8 (3), 499-508.

Veniero, D., Vossen, A., Gross, J., Thut, G., 2015. Lasting EEG/MEG aftereffects of
rhythmic transcranial brain stimulation: level of control over oscillatory network
activity. Front. Cell. Neurosci. 9, 477.

AoKki, F., Fetz, E., Shupe, L., Lettich, E., Ojemann, G., 1999. Increased gamma-range
activity in human sensorimotor cortex during performance of visuomotor tasks. Clin.
Neurophysiol. 110 (3), 524-537.

Tavakoli, A.V., Yun, K., 2017. Transcranial alternating current stimulation (tACS)
mechanisms and protocols. Front. Cell. Neurosci. 11, 214.

Wach, C., Krause, V., Moliadze, V., Paulus, W., Schnitzler, A., Pollok, B., 2013. Effects of
10 Hz and 20 Hz transcranial alternating current stimulation (tACS) on motor
functions and motor cortical excitability. Behav. Brain Res. 241, 1-6.

Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9 (1), 97-113.

Keel, J.C., Smith, M.J., Wassermann, E.M., 2001. A safety screening questionnaire for
transcranial magnetic stimulation. Clin. Neurophysiol. 112 (4), 720.

Clow, A., Law, R., Evans, P., Vallence, A.-M., Hodyl, N.A., Goldsworthy, M.R.,
Rothwell, J.R., Ridding, M.C., 2014. Day differences in the cortisol awakening
response predict day differences in synaptic plasticity in the brain. Stress 17 (3),
219-223.

Sale, M.V., Ridding, M.C., Nordstrom, M.A., 2007. Factors influencing the magnitude and
reproducibility of corticomotor excitability changes induced by paired associative
stimulation. Exp. Brain Res. 181, 615-626.

Perotto, A.O., 2011. Anatomical guide for the electromyographer: the limbs and trunk.
Charles C Thomas Publisher.

J.L. Ramage, M. Varacallo, Anatomy, shoulder and upper limb, wrist extensor muscles,
(2018).

Kidgell, D.J., Goodwill, A.M., Frazer, A.K., Daly, R.M., 2013. Induction of cortical
plasticity and improved motor performance following unilateral and bilateral
transcranial direct current stimulation of the primary motor cortex. BMC Neurosci.
14, 1-12.

Gilmore, K.L., Meyers, J.E., 1983. Using surface electromyography in physiotherapy
research. Australian Journal of Physiotherapy 29 (1), 3-9.

Janssen, A.M., Oostendorp, T.F., Stegeman, D.F., 2015. The coil orientation dependency
of the electric field induced by TMS for M1 and other brain areas. J. Neuroeng.
Rehabil. 12 (1), 47.

Jasper, H.H., 1958. Ten-twenty electrode system of the international federation.
Electroencephalogr. Clin. Neurophysiol. 10, 371-375.

Ah Sen, C.B., Fassett, H.J., El-Sayes, J., Turco, C.V., Hameer, M.M., Nelson, A.J., 2017.
Active and resting motor threshold are efficiently obtained with adaptive threshold
hunting. PLoS One 12 (10), e0186007.

Corp, D.T., Bereznicki, H.G., Clark, G.M., Youssef, G.J., Fried, P.J., Jannati, A., Davies, C.
B., Gomes-Osman, J., Kirkovski, M., Albein-Urios, N., 2021. Large-scale analysis of
interindividual variability in single and paired-pulse TMS data. Clin. Neurophysiol.
132 (10), 2639-2653.

Kidgell, D.J., Stokes, M.A., Castricum, T.J., Pearce, A.J., 2010. Neurophysiological
responses after short-term strength training of the biceps brachii muscle. J. Strength
Cond. Res. 24 (11), 3123-3132.

Rogasch, N.C., Dartnall, T.J., Cirillo, J., Nordstrom, M.A., Semmler, J.G., 2009.
Corticomotor plasticity and learning of a ballistic thumb training task are diminished
in older adults. J. Appl. Physiol. 107 (6), 1874-1883.

T. Kujirai, M. Caramia, J.C. Rothwell, B. Day, P. Thompson, A.a. Ferbert, S. Wroe, P.
Asselman, C.D. Marsden, Corticocortical inhibition in human motor cortex, The
Journal of physiology 471(1) (1993) 501-519.

Osborne, J.O., Tallent, J., Girard, O., Marshall, P.W., Kidgell, D., Buhmann, R., 2023.
Neuromuscular electrical stimulation during maximal voluntary contraction: a
Delphi survey with expert consensus. Eur. J. Appl. Physiol. 123 (10), 2203-2212.

Chouamo, A K., Griego, S., Lopez, F.S.M., 2021. Reaction time and hand dominance, The
Journal of. Science and Medicine.

Holden, J., Francisco, E., Tommerdahl, A., Lensch, R., Kirsch, B., Zai, L., Pearce, A.J.,
Favorov, O.V., Dennis, R.G., Tommerdahl, M., 2020. Methodological problems with
online concussion testing. Front. Hum. Neurosci. 14, 509091.

Tommerdahl, M., Lensch, R., Francisco, E., Holden, J., Favorov, O., 2019. The brain
gauge: a novel tool for assessing brain health. J. Sci. Med. 1 (1), 1-19.

Giustiniani, A., Battaglia, G., Messina, G., Morello, H., Guastella, S., Iovane, A.,
Oliveri, M., Palma, A., Proia, P., 2021. Transcranial alternating current stimulation
(tACS) does not affect sports people’s explosive power: a pilot study. Front. Hum.
Neurosci. 15, 640609.

Zaghi, S., de Freitas Rezende, L., de Oliveira, L.M., El-Nazer, R., Menning, S., Tadini, L.,
Fregni, F., 2010. Inhibition of motor cortex excitability with 15 Hz transcranial
alternating current stimulation (tACS). Neurosci. Lett. 479 (3), 211-214.

Gandiga, P.C., Hummel, F.C., Cohen, L.G., 2006. Transcranial DC stimulation (tDCS): a
tool for double-blind sham-controlled clinical studies in brain stimulation. Clin.
Neurophysiol. 117 (4), 845-850.

Matsumoto, H., Ugawa, Y., 2017. Adverse events of tDCS and tACS: a review. Clin.
Neurophysiol. Pract. 2, 19-25.


http://refhub.elsevier.com/S0306-4522(25)00018-1/h0075
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0075
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0075
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0080
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0080
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0080
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0085
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0085
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0095
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0095
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0100
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0100
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0100
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0105
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0105
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0110
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0115
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0115
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0115
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0120
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0120
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0120
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0125
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0125
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0130
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0130
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0135
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0135
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0140
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0140
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0140
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0145
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0145
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0150
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0150
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0150
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0150
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0155
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0155
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0160
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0160
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0160
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0165
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0165
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0165
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0170
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0170
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0170
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0175
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0175
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0180
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0180
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0180
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0180
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0185
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0185
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0190
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0190
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0190
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0195
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0195
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0195
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0200
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0200
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0200
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0205
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0205
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0210
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0210
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0210
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0215
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0215
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0220
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0220
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0220
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0225
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0225
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0225
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0230
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0230
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0230
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0235
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0235
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0235
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0240
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0240
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0240
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0245
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0245
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0250
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0250
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0250
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0255
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0255
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0255
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0260
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0260
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0260
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0265
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0265
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0270
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0270
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0270
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0275
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0275
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0280
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0280
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0285
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0285
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0285
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0285
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0290
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0290
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0290
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0295
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0295
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0305
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0305
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0305
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0305
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0310
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0310
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0315
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0315
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0315
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0320
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0320
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0325
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0325
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0325
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0330
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0330
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0330
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0330
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0335
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0335
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0335
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0340
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0340
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0340
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0350
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0350
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0350
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0355
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0355
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0360
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0360
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0360
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0365
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0365
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0370
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0370
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0370
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0370
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0375
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0375
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0375
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0380
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0380
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0380
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0385
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0385

M. Rostami et al.

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G* Power 3: A flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39 (2), 175-191.

Cantello, R., Gianelli, M., Civardi, C., Mutani, R., 1992. Magnetic brain stimulation: the
silent period after the motor evoked potential. Neurology 42 (10), 1951-1959.
Wilson, S., Lockwood, R., Thickbroom, G., Mastaglia, F., 1993. The muscle silent period
following transcranial magnetic cortical stimulation. J. Neurol. Sci. 114 (2),

216-222.

Wilkinson, R.D., Mazzo, M.R., Feeney, D.F., 2023. Rethinking the statistical analysis of
neuromechanical data. Exerc. Sport Sci. Rev. 51 (1), 43-50.

Altman, D.G., Bland, J.M., 1995. Statistics notes: the normal distribution. BMJ 310
(6975), 298.

Van Belle, G., Kerr, K.F., 2012. Design and analysis of experiments in the health sciences.
John Wiley & Sons.

Lo, S., Andrews, S., 2015. To transform or not to transform: Using generalized linear
mixed models to analyse reaction time data. Front. Psychol. 6, 1171.

J. Salinas Ruiz, O.A. Montesinos Lopez, G. Hernandez Ramirez, J. Crossa Hiriart,
Generalized linear mixed models for non-normal responses, Generalized linear
mixed models with applications in agriculture and biology, Springer2023, pp. 113-
127.

Garson, G.D., 2019. Multilevel Modeling: Applications in STATA®, IBM® SPSS®, SAS®,
R, & HLMTM. Sage Publications.

J. Cohen, Statistical power analysis for the behavioral sciences, routledge2013.

Barone, J., Rossiter, H.E., 2021. Understanding the role of sensorimotor beta oscillations.
Front. Syst. Neurosci. 15, 655886.

Ulloa, J.L., 2022. The control of movements via motor gamma oscillations. Front. Hum.
Neurosci. 15, 787157.

Crone, N.E., Miglioretti, D.L., Gordon, B., Lesser, R.P., 1998. Functional mapping of
human sensorimotor cortex with electrocorticographic spectral analysis. II. Event-
related synchronization in the gamma band. Brain J. Neurol. 121 (12), 2301-2315.

Ball, T., Demandt, E., Mutschler, 1., Neitzel, E., Mehring, C., Vogt, K., Aertsen, A.,
Schulze-Bonhage, A., 2008. Movement related activity in the high gamma range of
the human EEG. Neuroimage 41 (2), 302-310.

Cheyne, D., Bells, S., Ferrari, P., Gaetz, W., Bostan, A.C., 2008. Self-paced movements
induce high-frequency gamma oscillations in primary motor cortex. Neuroimage 42
(1), 332-342.

Pollok, B., Boysen, A.-C., Krause, V., 2015. The effect of transcranial alternating current
stimulation (tACS) at alpha and beta frequency on motor learning. Behav. Brain Res.
293, 234-240.

Therrien-Blanchet, J.-M., Ferland, M.C., Badri, M., Rousseau, M.-A., Merabtine, A.,
Boucher, E., Hofmann, L.H., Lepage, J.-F., Théoret, H., 2023. The neurophysiological
aftereffects of brain stimulation in human primary motor cortex: a Sham-controlled
comparison of three protocols. Cereb. Cortex 33 (11), 7061-7075.

Splittgerber, M., Suwelack, J.H., Kadish, N.E., Moliadze, V., 2020. The effects of 1 mA
tACS and tRNS on children/adolescents and adults: investigating age and sensitivity
to sham stimulation. Neural Plast. 2020 (1), 8896423.

Pozdniakov, 1., Vorobiova, A.N., Galli, G., Rossi, S., Feurra, M., 2021. Online and offline
effects of transcranial alternating current stimulation of the primary motor cortex.
Sci. Rep. 11 (1), 3854.

Wang, L., Nitsche, M.A., Zschorlich, V.R., Liu, H., Kong, Z., Qi, F., 2021. 20 Hz
transcranial alternating current stimulation inhibits observation-execution-related
motor cortex excitability. Journal of Personalized Medicine 11 (10), 979.

Cappon, D., D’Ostilio, K., Garraux, G., Rothwell, J., Bisiacchi, P., 2016. Effects of 10 Hz
and 20 Hz transcranial alternating current stimulation on automatic motor control.
Brain Stimul. 9 (4), 518-524.

Wischnewski, M., Schutter, D.J., Nitsche, M.A., 2019. Effects of beta-tACS on
corticospinal excitability: A meta-analysis. Brain Stimul. 12 (6), 1381-1389.

Guerra, A., Pogosyan, A., Nowak, M., Tan, H., Ferreri, F., Di Lazzaro, V., Brown, P., 2016.
Phase dependency of the human primary motor cortex and cholinergic inhibition
cancelation during beta tACS. Cereb. Cortex 26 (10), 3977-3990.

Manippa, V., Palmisano, A., Nitsche, M.A., Filardi, M., Vilella, D., Logroscino, G.,
Rivolta, D., 2024. Cognitive and neuropathophysiological outcomes of gamma-tACS
in dementia: a systematic review. Neuropsychol. Rev. 34 (1), 338-361.

De Paolis, M.L., Paoletti, I., Zaccone, C., Capone, F., D’Amelio, M., Krashia, P., 2024.
Transcranial alternating current stimulation (tACS) at gamma frequency: an up-and-
coming tool to modify the progression of Alzheimer’s Disease. Translational
Neurodegeneration 13 (1), 33.

Cabral-Calderin, Y., Schmidt-Samoa, C., Wilke, M., 2015. Rhythmic gamma stimulation
affects bistable perception. J. Cogn. Neurosci. 27 (7), 1298-1307.

Laczo, B., Antal, A., Niebergall, R., Treue, S., Paulus, W., 2012. Transcranial alternating
stimulation in a high gamma frequency range applied over V1 improves contrast
perception but does not modulate spatial attention. Brain Stimul. 5 (4), 484-491.

Cabral-Calderin, Y., Anne Weinrich, C., Schmidt-Samoa, C., Poland, E., Dechent, P.,
Bahr, M., Wilke, M., 2016. Transcranial alternating current stimulation affects the
BOLD signal in a frequency and task-dependent manner. Hum. Brain Mapp. 37 (1),
94-121.

Moliadze, V., Antal, A., Paulus, W., 2010. Boosting brain excitability by transcranial high
frequency stimulation in the ripple range. J. Physiol. 588 (24), 4891-4904.

Vogeti, S., Boetzel, C., Herrmann, C.S., 2022. Entrainment and spike-timing dependent
plasticity—a review of proposed mechanisms of transcranial alternating current
stimulation. Front. Syst. Neurosci. 16, 827353.

Lafleur, L.-P., Murray, A., Desforges, M., Pacheco-Barrios, K., Fregni, F., Tremblay, S.,
Saint-Amour, D., Lepage, J.-F., Théoret, H., 2021. No aftereffects of high current
density 10 Hz and 20 Hz tACS on sensorimotor alpha and beta oscillations. Sci. Rep.
11 (1), 21416.

25

Neuroscience 568 (2025) 12-26

Gallasch, E., Rafolt, D., Postruznik, M., Fresnoza, S., Christova, M., 2018. Decrease of
motor cortex excitability following exposure to a 20 Hz magnetic field as generated
by a rotating permanent magnet. Clin. Neurophysiol. 129 (7), 1397-1402.

Kasten, F.H., Dowsett, J., Herrmann, C.S., 2016. Sustained aftereffect of a-tACS lasts up
to 70 min after stimulation. Front. Hum. Neurosci. 10, 245.

Schwab, B.C., Konig, P., Engel, A.K., 2021. Spike-timing-dependent plasticity can
account for connectivity aftereffects of dual-site transcranial alternating current
stimulation. Neuroimage 237, 118179.

Caporale, N., Dan, Y., 2008. Spike timing-dependent plasticity: a Hebbian learning rule.
Annu. Rev. Neurosci. 31 (1), 25-46.

Dan, Y., Poo, M.-M., 2006. Spike timing-dependent plasticity: from synapse to
perception. Physiol. Rev. 86 (3), 1033-1048.

Guerra, A., Suppa, A., Bologna, M., D’Onofrio, V., Bianchini, E., Brown, P., Di
Lazzaro, V., Berardelli, A., 2018. Boosting the LTP-like plasticity effect of
intermittent theta-burst stimulation using gamma transcranial alternating current
stimulation. Brain Stimul. 11 (4), 734-742.

Kotan, S., Kojima, S., Miyaguchi, S., Sugawara, K., Onishi, H., 2015. Depression of
corticomotor excitability after muscle fatigue induced by electrical stimulation and
voluntary contraction. Front. Hum. Neurosci. 9, 363.

Chen, R., 2000. Studies of human motor physiology with transcranial magnetic
stimulation. Muscle Nerve 23 (S9), S26-S32.

Skarabot, J., Mesquita, R.N., Brownstein, C.G., Ansdell, P., 2019. Myths and
Methodologies: How loud is the story told by the transcranial magnetic stimulation-
evoked silent period? Exp. Physiol. 104 (5), 635-642.

Werhahn, K., Classen, J., Benecke, R., 1995. The silent period induced by transcranial
magnetic stimulation in muscles supplied by cranial nerves: normal data and
changes in patients. J. Neurol. Neurosurg. Psychiatry 59 (6), 586-596.

De Beaumont, L., Tremblay, S., Poirier, J., Lassonde, M., Théoret, H., 2012. Altered
bidirectional plasticity and reduced implicit motor learning in concussed athletes.
Cereb. Cortex 22 (1), 112-121.

Mooney, R.A., Coxon, J.P., Cirillo, J., Glenny, H., Gant, N., Byblow, W.D., 2016. Acute
aerobic exercise modulates primary motor cortex inhibition. Exp. Brain Res. 234,
3669-3676.

Neva, J., Brown, K., Mang, C., Francisco, B., Boyd, L., 2017. An acute bout of exercise
modulates both intracortical and interhemispheric excitability. Eur. J. Neurosci. 45
(10), 1343-1355.

Udupa, K., 2021. Transcranial magnetic stimulation in exploring neurophysiology of
cortical circuits and potential clinical implications. Indian J. Physiol. Pharmacol. 64
(4), 244-257.

Sfreddo, H.J., Wecht, J.R., Alsalman, O.A., Wu, Y.-K., Harel, N.Y., 2021. Duration and
reliability of the silent period in individuals with spinal cord injury. Spinal Cord 59
(8), 885-893.

Hallett, M., 1995. Transcranial magnetic stimulation. Negative Effects, Advances in
Neurology 67, 107-113.

Zeugin, D., Ionta, S., 2021. Anatomo-functional origins of the cortical silent period:
spotlight on the basal ganglia. Brain Sci. 11 (6), 705.

Reis, J., Fritsch, B., 2011. Modulation of motor performance and motor learning by
transcranial direct current stimulation. Curr. Opin. Neurol. 24 (6), 590-596.

Saisanen, L., Pirinen, E., Teitti, S., Kononen, M., Julkunen, P., Maatta, S., Karhu, J., 2008.
Factors influencing cortical silent period: optimized stimulus location, intensity and
muscle contraction. J. Neurosci. Methods 169 (1), 231-238.

Werhahn, K.J., Kunesch, E., Noachtar, S., Benecke, R., Classen, J., 1999. Differential
effects on motorcortical inhibition induced by blockade of GABA uptake in humans.
J. Physiol. 517 (2), 591-597.

Fuhr, P., Agostino, R., Hallett, M., 1991. Spinal motor neuron excitability during the
silent period after cortical stimulation. Electroencephalography and Clinical
Neurophysiology/evoked Potentials Section 81 (4), 257-262.

Ziemann, U., Netz, J., Szelényi, A., Homberg, V., 1993. Spinal and supraspinal
mechanisms contribute to the silent period in the contracting soleus muscle after
transcranial magnetic stimulation of human motor cortex. Neurosci. Lett. 156 (1-2),
167-171.

Yacyshyn, A.F., Woo, E.J., Price, M.C., McNeil, C.J., 2016. Motoneuron responsiveness to
corticospinal tract stimulation during the silent period induced by transcranial
magnetic stimulation. Exp. Brain Res. 234, 3457-3463.

Hess, G., Aizenman, C.D., Donoghue, J.P., 1996. Conditions for the induction of long-
term potentiation in layer II/III horizontal connections of the rat motor cortex.

J. Neurophysiol. 75 (5), 1765-1778.

Stagg, C.J., Best, J.G., Stephenson, M.C., O’Shea, J., Wylezinska, M., Kincses, Z.T.,
Morris, P.G., Matthews, P.M., Johansen-Berg, H., 2009. Polarity-sensitive
modulation of cortical neurotransmitters by transcranial stimulation. J. Neurosci. 29
(16), 5202-5206.

Hamada, M., Galea, J.M., Di Lazzaro, V., Mazzone, P., Ziemann, U., Rothwell, J.C., 2014.
Two distinct interneuron circuits in human motor cortex are linked to different
subsets of physiological and behavioral plasticity. J. Neurosci. 34 (38),
12837-12849.

Di Lazzaro, V., Rothwell, J., Capogna, M., 2018. Noninvasive stimulation of the human
brain: activation of multiple cortical circuits. Neuroscientist 24 (3), 246-260.

Liepert, J., Schwenkreis, P., Tegenthoff, M., Malin, J.-P., 1997. The glutamate antagonist
riluzole suppresses intracortical facilitation. J. Neural Transm. 104, 1207-1214.

Ziemann, U., Rothwell, J.C., Ridding, M., 1996. Interaction between intracortical
inhibition and facilitation in human motor cortex. J. Physiol. 496 (3), 873-881.

Tremblay, S., Beaulé, V., Lepage, J.-F., Théoret, H., 2013. Anodal transcranial direct
current stimulation modulates GABAB-related intracortical inhibition in the M1 of
healthy individuals. Neuroreport 24 (1), 46-50.


http://refhub.elsevier.com/S0306-4522(25)00018-1/h0390
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0390
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0390
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0395
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0395
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0400
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0400
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0400
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0405
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0405
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0410
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0410
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0415
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0415
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0420
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0420
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0430
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0430
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0440
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0440
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0445
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0445
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0450
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0450
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0450
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0455
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0455
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0455
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0460
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0460
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0460
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0465
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0465
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0465
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0470
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0470
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0470
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0470
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0475
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0475
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0475
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0480
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0480
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0480
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0485
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0485
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0485
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0490
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0490
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0490
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0495
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0495
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0500
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0500
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0500
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0505
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0505
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0505
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0510
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0510
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0510
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0510
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0515
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0515
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0520
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0520
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0520
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0525
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0525
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0525
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0525
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0530
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0530
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0535
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0535
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0535
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0540
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0540
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0540
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0540
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0545
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0545
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0545
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0550
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0550
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0555
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0555
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0555
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0560
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0560
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0565
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0565
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0570
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0570
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0570
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0570
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0575
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0575
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0575
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0580
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0580
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0585
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0585
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0585
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0590
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0590
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0590
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0595
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0595
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0595
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0600
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0600
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0600
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0605
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0605
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0605
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0610
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0610
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0610
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0615
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0615
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0615
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0620
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0620
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0625
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0625
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0630
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0630
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0635
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0635
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0635
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0640
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0640
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0640
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0645
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0645
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0645
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0650
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0650
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0650
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0650
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0655
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0655
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0655
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0660
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0660
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0660
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0665
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0665
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0665
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0665
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0670
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0670
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0670
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0670
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0675
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0675
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0680
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0680
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0685
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0685
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0690
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0690
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0690

M. Rostami et al.

Giustiniani, A., Tarantino, V., Bracco, M., Bonaventura, R., Oliveri, M., 2021. Functional
role of cerebellar gamma frequency in motor sequences learning: a tACS study.
Cerebellum 1-9.

Engel, A.K., Fries, P., 2010. Beta-band oscillations—signalling the status quo? Curr. Opin.
Neurobiol. 20 (2), 156-165.

Classen, J., Liepert, J., Wise, S.P., Hallett, M., Cohen, L.G., 1998. Rapid plasticity of
human cortical movement representation induced by practice. J. Neurophysiol. 79
(2), 1117-1123.

Bolognini, N., Pascual-Leone, A., Fregni, F., 2009. Using non-invasive brain stimulation
to augment motor training-induced plasticity. J. Neuroeng. Rehabil. 6, 1-13.

Rostami, M., Mosallanezhad, Z., Ansari, S., Kidgell, D., Rezaeian, T., Bakhshi, E.,
Ghodrati, M., Jaberzadeh, S., 2020. The effects of consecutive sessions of anodal
transcranial direct current stimulation over the primary motor cortex on hand
function in healthy older adults. Arch. Gerontol. Geriatr. 89, 104063.

Fresnoza, S., Christova, M., Bieler, L., Korner, C., Zimmer, U., Gallasch, E., Ischebeck, A.,
2020. Age-dependent effect of transcranial alternating current stimulation on motor
skill consolidation. Front. Aging Neurosci. 12, 25.

Hammond, G., Vallence, A.-M., 2007. Modulation of long-interval intracortical inhibition
and the silent period by voluntary contraction. Brain Res. 1158, 63-70.

Kidgell, D.J., Bonanno, D.R., Frazer, A.K., Howatson, G., Pearce, A.J., 2017.
Corticospinal responses following strength training: a systematic review and meta-
analysis. Eur. J. Neurosci. 46 (11), 2648-2661.

Matsugi, A., 2019. Changes in the cortical silent period during force control. Somatosens.
Mot. Res. 36 (1), 8-13.

26

Neuroscience 568 (2025) 12-26

Paci, M., Di Cosmo, G., Perrucci, M.G., Ferri, F., Costantini, M., 2021. Cortical silent
period reflects individual differences in action stopping performance. Sci. Rep. 11
(1), 15158.

Schutter, D.J., 2016. Cutaneous retinal activation and neural entrainment in transcranial
alternating current stimulation: a systematic review. Neuroimage 140, 83-88.

Schutter, D.J., Hortensius, R., 2010. Retinal origin of phosphenes to transcranial
alternating current stimulation. Clin. Neurophysiol. 121 (7), 1080-1084.

Ruddy, K.L., Leemans, A., Carson, R.G., 2017. Transcallosal connectivity of the human
cortical motor network. Brain Struct. Funct. 222, 1243-1252.

Fehér, K.D., Nakataki, M., Morishima, Y., 2022. Phase-synchronized transcranial
alternating current stimulation-induced neural oscillations modulate cortico-cortical
signaling efficacy. Brain Connect. 12 (5), 443-453.

Saturnino, G.B., Madsen, K.H., Siebner, H.R., Thielscher, A., 2017. How to target inter-
regional phase synchronization with dual-site transcranial alternating current
stimulation. Neuroimage 163, 68-80.

Ferreri, F., Rossini, P.M., 2013. TMS and TMS-EEG techniques in the study of the
excitability, connectivity, and plasticity of the human motor cortex. Rev. Neurosci.
24 (4), 431-442.

Esposito, R., Bortoletto, M., Zaca, D., Avesani, P., Miniussi, C., 2022. An integrated TMS-
EEG and MRI approach to explore the interregional connectivity of the default mode
network. Brain Struct. Funct. 227 (3), 1133-1144.

Kobayashi, M., Pascual-Leone, A., 2003. Transcranial magnetic stimulation in neurology.
The Lancet Neurology 2 (3), 145-156.


http://refhub.elsevier.com/S0306-4522(25)00018-1/h0695
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0695
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0695
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0700
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0700
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0705
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0705
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0705
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0710
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0710
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0715
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0715
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0715
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0715
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0720
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0720
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0720
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0725
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0725
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0730
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0730
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0730
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0735
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0735
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0740
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0740
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0740
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0745
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0745
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0750
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0750
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0755
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0755
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0760
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0760
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0760
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0765
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0765
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0765
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0770
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0770
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0770
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0775
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0775
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0775
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0780
http://refhub.elsevier.com/S0306-4522(25)00018-1/h0780

	Determining the effects of transcranial alternating current stimulation on corticomotor excitability and motor performance: ...
	Introduction
	Materials and methods
	Participants
	Experimental design
	sEMG and TMS recording
	Maximal compound muscle action potential
	Motor performance
	Transcranial alternating current stimulation
	Data and statistical analysis

	Results
	Corticomotor excitability (MEPs)
	MEP 130 ​% AMT
	MEP 150 ​% AMT
	MEP 170 ​% AMT

	Silent period
	SP 130 ​% AMT
	SP 150 ​% AMT
	SP 170 ​% AMT

	Intracortical excitability
	Short interval intracortical inhibition
	Intracortical facilitation

	Motor performance
	Hand dexterity
	Sensorimotor function

	Predictors of motor performance

	Discussion
	Neurophysiological effects of tACS at beta, low gamma, mid gamma, and high gamma frequencies
	Beta tACS
	Low gamma tACS
	Mid gamma tACS
	High gamma tACS

	Corticomotor excitability and MEP modulation across frequencies
	Inhibition and facilitation across frequencies
	Functional effects: Motor performance
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Appendix A Supplementary data
	References


