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ARTICLE INFO ABSTRACT
Keywords: Cortical beta oscillations are central to motor control. These rhythms are modulated during movement prepa-
Cortical beta oscillations ration and execution and are also sensitive to cognitive factors such as uncertainty and attention. However, their

Motor control

U distinct motor and cognitive roles—roles that may inform condition-specific therapeutic strategies—remain
ncertainty

< . L X unclear. This study aimed to characterise the respective contributions of motor and cognitive functions, and to
Repetitive transcranial magnetic stimulation i . . .. . A i . .
Beta desynchronisation assess their modulation with repetitive transcranial magnetic stimulation (rTMS). Twenty-four healthy partici-
Phasic effect pants performed a visually cued reaching task with dynamically manipulated uncertainty. Reaction time (RT)
was quantified as a behavioural measure. Three stimulation conditions were applied during the preparatory
periods between the ‘uncertainty’ and ‘go’ cues: no stimulation, regular rTMS at each participant’s individual
beta frequency, and irregular rTMS. Electroencephalography was used to measure beta-band oscillatory activity.
Our results showed that ‘uncertainty’ cues induced bilateral beta suppression, with greater uncertainty linked to
smaller reductions in beta power. Movement-related beta modulation was primarily lateralised to the hemi-
sphere contralateral to the executing hand, where elevated pre-‘go’ cue beta power associated with longer RTs.
Both regular and irregular rTMS significantly shortened reaction times and attenuated beta event-related
desynchronisation, but regular rTMS timed to the beta down state had a significantly stronger effect. Re-
ductions in beta desynchronisation correlated with improvements in RTs, suggesting beta desynchronisation
reflects a neural threshold for movement initiation. These findings indicate that cortical beta oscillations encode
distinct motor and cognitive processes, and that beta frequency rTMS can modulate beta dynamics to facilitate
faster movement initiation by lowering this neural threshold.

Significance Statement Beta-frequency brain rhythms are crucial for movement control but are also influenced
by cognitive factors such as uncertainty. How these distinct functions are represented within beta activity has
remained unclear. Using a reaching task with controlled uncertainty and non-invasive brain stimulation, this
study shows that cortical beta oscillations encode separable cognitive and motor processes across brain hemi-
spheres. Both regular and irregular rTMS shortened reaction times and attenuated beta event-related desynch-
ronisation, with stimulation timed to the beta down state producing a stronger effect. These findings suggest that
beta desynchronisation reflects a neural threshold for initiating movement and demonstrate that precisely timed
brain stimulation can lower this threshold or facilitate its crossing, highlighting a potential mechanism for
improving motor performance in clinical disorders.

* Corresponding authors.
E-mail addresses: shenghong.he@ndcn.ox.ac.uk (S. He), huiling.tan@ndcn.ox.ac.uk (H. Tan).

https://doi.org/10.1016/j.neuroimage.2026.121893
Received 4 February 2026; Received in revised form 25 March 2026; Accepted 26 March 2026

Available online 27 March 2026
1053-8119/© 2026 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-5269-1902
https://orcid.org/0000-0002-5269-1902
mailto:shenghong.he@ndcn.ox.ac.uk
mailto:huiling.tan@ndcn.ox.ac.uk
www.sciencedirect.com/science/journal/10538119
https://www.elsevier.com/locate/ynimg
https://doi.org/10.1016/j.neuroimage.2026.121893
https://doi.org/10.1016/j.neuroimage.2026.121893
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. He et al.

1. Introduction

Beta-band oscillations constitute a prominent feature of the cortical-
basal ganglia motor network, and are dynamically modulated by
movements across cortical and subcortical structures (McFarland et al.,
2000; Pfurtscheller et al., 2003). Typically, movement preparation is
accompanied by a gradual beta event-related desynchronisation (ERD),
with beta power decreasing and reaching a minimum around movement
initiation. This is followed by an event-related synchronisation (ERS)
after movement termination, commonly referred to as the ‘beta
rebound’ (Pfurtscheller and Da Silva, 1999; Zaepffel et al., 2013).
Beyond their role in movement preparation and execution,
cortical-basal ganglia beta rhythms are also influenced by cognitive
aspects of motor control. For instance, beta amplitude has been shown to
increase during anticipation of an informative cue, peaking around cue
onset (Saleh et al., 2010). Moreover, beta suppression during movement
preparation is modulated by uncertainty about the direction of the up-
coming movement (Tzagarakis et al., 2010), and has also been linked to
decision-making processes under uncertainty and exploratory choice
behaviour (Chernyshev et al., 2023). In addition, recent work has
demonstrated that beta-band variability predicts working-memory per-
formance and may reflect the updating or deletion of task-relevant
representations (Wen et al., 2024), while broader reviews highlight
the role of beta dynamics in integrating contextual and cognitive in-
formation within sensorimotor networks (Peng et al., 2024). Collec-
tively, these findings support the view proposed by Jenkinson and
Brown that beta-band activity arises from multiple sources and reflects
distinct functional processes—a concept they termed “functional poly-
morphism” (Jenkinson and Brown, 2011). In addition, Engel and Fries
suggested that beta activity reflects the maintenance of the current
sensorimotor or cognitive state, serving as a neural correlate of the
“status quo” (Engel and Fries, 2010). Despite these consensuses, the
distinct characteristics of the movement-related versus cognition-related
beta oscillations have yet to be clearly delineated. A clearer dissociation
between these two functions of beta activity is crucial not only to
elucidate how neurodegenerative disorders perturb the balance between
movement execution and higher-order control, but also to provide a
more precise physiological foundation for targeted neuromodulation
strategies.

In people with Parkinson’s disease (PD), exaggerated beta-band ac-
tivity in the cortical-basal ganglia motor circuit is a hallmark of the
disease pathophysiology and contributes to motor impairments (Brown,
2007). This dysregulation is accompanied by alterations in the beta
ERD/ERS pattern as well (Leocani and Comi, 2006), with the onset la-
tency of beta ERD shown to correlate with mean reaction time (Kiihn
et al., 2004). Therapeutic interventions such as L-dopa administration or
deep brain stimulation (DBS) of the subthalamic nucleus (STN) have
been found to restore both beta oscillatory dynamics and motor per-
formance (Devos and Defebvre, 2006; Mathiopoulou et al., 2024).
Notably, improvements in motor symptoms following medication or
DBS are positively associated with suppression of STN beta power (Kiihn
et al., 2006; Neumann et al., 2016; Kehnemouyi et al., 2021). These
findings have motivated the development of beta-triggered adaptive
DBS (aDBS) strategies (Little et al., 2013), with a recent international
clinical trial (NCT04547712) demonstrating that long-term aDBS is
tolerable, effective, and safe in PD patients previously stabilised on
continuous DBS (cDBS) (Bronte-Stewart et al., 2025). Together, these
advances illustrate a broader shift in neuromodulation research toward
physiologically informed, oscillation-targeted interventions.

In parallel, various non-invasive neuromodulation techniques—such
as neurofeedback training, repetitive transcranial magnetic stimulation
(rTMS), and transcranial direct/alternating current stimulation (tDCS/
tACS)—have been investigated for their potential to modulate cortical
beta oscillations in both healthy individuals and people with PD (Chou
et al., 2015; Duan and Zhang, 2024; He et al., 2020a; He et al., 2020b;
Pogosyan et al., 2009). While these approaches have shown promise in
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influencing neural dynamics and motor behaviour, their electrophysio-
logical and behavioural impact remain inconsistent, and the mecha-
nisms through which they act are not yet fully understood. In particular,
conventional rTMS protocols are typically delivered according to pre-
defined temporal patterns, without directly accounting for ongoing
endogenous oscillatory dynamics. This variability has so far limited their
translational value and highlights the need for approaches that more
directly engage functionally relevant neural rhythms.

To address these limitations, here we aimed to characterise the
motor and cognitive contributions of cortical beta oscillations within a
unified experimental framework, including movement preparation and
execution under varying levels of directional uncertainty. Based on prior
literature, we hypothesised that movement-related and uncertainty-
related beta modulations would be functionally dissociable. We
further hypothesised that rTMS delivered at the individual beta fre-
quency (IBF) would modulate endogenous beta activity and behaviour
in a frequency-specific manner compared to irregular stimulation. By
testing these predictions, this study aims to inform the development of
more physiologically grounded rTMS protocols. Participants were asked
to perform a reaching task, in which trial-by-trial reaction time was
quantified as the behavioural readout. Directional uncertainty was
dynamically manipulated during movement preparation by varying the
number of potential targets before the ‘go’ cue. Three stimulation con-
ditions were applied during the preparatory period between the ‘un-
certainty’ cue, and the ‘go’ cue: no stimulation, regular rTMS at the IBF,
and irregular rTMS.

2. Materials and methods
2.1. Participants

Twenty-four healthy human subjects participated in the study
(twelve males and twelve females; age range 19-33 years; all right-
handed). The study was approved by The Medical Sciences Interdivi-
sional Research Ethics Committee (MS IDREC) at the University of Ox-
ford (Ref: R35227/RE001). All procedures were conducted in
accordance with the Declaration of Helsinki and adhered strictly to the
international safety guidelines for TMS (Rossi et al., 2009).

2.2. Determination of individual beta frequency (IBF)

For each participant, the IBF was determined prior to the experiment
following the procedure described by Romei et al. (Romei et al., 2016).
Briefly, EEGs were recorded while the participant was performing a
simple self-paced right index finger tapping task on the space bar of a
computer keyboard (Fig. 1C), at a pace of approximately 0.25 Hz for a
total of 45 repetitions. The IBF was identified from EEGs recorded over
the left primary motor cortex (electrode C3) as the frequency within beta
range (13-30 Hz) that exhibited the maximum post-movement beta
rebound. On average, the IBF was 20.44 + 0.38 Hz (SEM), with a range
of 18-23 Hz.

2.3. Experimental paradigm

Each participant was invited to perform a delayed reaching task. As
shown in Fig. 1A, each trial begins with a ‘fixation’ period lasting 1 — 2
seconds, during which the participant is instructed to focus on the
screen. This is followed by a ‘preparatory phase’ with a cue of high, low,
or no directional uncertainty, modulated by varying the number of po-
tential targets displayed as green dashed hollow circles. A high ‘uncer-
tainty’ cue presents eight potential targets evenly distributed across
360°, while a low ‘uncertainty’ cue displays three potential targets
spanning 90°. In contrast, a no ‘uncertainty’ cue includes only a single
target located at one of the eight possible positions, as in the high un-
certainty condition. The last phase of each trial is the ‘go phase’ with the
‘g0’ cue, appearing as a white solid circle, presented 1.1 seconds after
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Fig. 1. Experimental paradigm. (A) Timeline of a single trial involving a sequence of fixation, preparation with ‘uncertainty’ cue, rTMS delivery (three possible
conditions), ‘go’ cue, and reaching task. (B) The experiment consists of four blocks of 72 trials each, with blocks and trials presented in a randomised or pseu-
dorandomised order. (C) Prior to the experiment, each participant’s individual beta frequency is determined as the frequency within the beta frequency range (13-30
Hz) that shows maximal event-related synchronisation during a button-clicking task (Romei et al., 2016).

the ‘uncertainty’ cue. Upon its appearance, the participant is instructed
to use a joystick to move from the starting position (indicated in red) to
shoot the target (indicated in white) as quickly and accurately as
possible. Within 0.75 seconds of the ‘go’ cue, accuracy feedback is
provided via an animation, i.e., if the movement endpoint falls within 5°
of the target, the target ‘exploded’, indicating a successful hit. An inter-
trial interval of 2.75 second is included before the onset of the next trial.
Between the ‘uncertainty’ cue and the ‘go’ cue, there are three rTMS
conditions including no TMS, regular rTMS, and irregular rTMS. In the
regular rTMS condition, 10 TMS pulses are delivered at the participant’s
IBF. In the irregular rTMS condition, 10 TMS pulses are delivered at
pseudorandom, unequally spaced intervals, with the timing of the last
pulse with respect to the first pulse (i.e., total duration between the first
and last pulses) matched to that of the regular rTMS condition (e.g., 0.5
seconds for an IBF of 20 Hz). The onset of the first rTMS pulse varies
randomly between 0.35-0.55 seconds after the ‘uncertainly’ cue. As
shown in Fig. 1B, the experiment consists of four blocks of 72 trials each,
including one no-TMS block and three rTMS blocks, presented in a
randomised order. The additional rTMS block was included to ensure a
comparable number of usable trials in the stimulation conditions rela-
tive to the no-TMS condition, as greater trial exclusion was anticipated
in stimulation blocks (e.g., due to TMS-related artefacts). Within each
block, trials are pseudorandomised to maintain equal numbers per
condition: three uncertainty conditions (no, low, and high) in the no-
TMS block, and six combined uncertainty x stimulation conditions
(regular-no, regular-low, regular-high, irregular-no, irregular-low, and
irregular-high) in the rTMS blocks.

2.4. Data acquisition

The experimental paradigm was implemented in Python using the
open-source software PsychoPy (v1.74). For each trial, PyschoPy
generated two signals. The first signal contains two discrete amplitude
levels, indicating the onset of two types of rTMS (either regular or
irregular), and was input to a CED1401 (Cambridge Electronic Design,

UK) to control the delivery of TMS pulses (Magstim Rapid, MRS1000/
50, Magstim Company, UK). The second signal contains variable am-
plitudes encoding the timing of different task cues (‘Fixation’, ‘Uncer-
tainty’, and ‘Go’) as well as the uncertainty levels. This signal was
sampled using a TMSi Porti amplifier (TMS International, Netherlands),
which was also used to record EEG, EOG, EMG, and joystick position
data. Scalp EEGs were recorded from 23 channels—F7’, ‘F3’, ‘Fz’, ‘F4’,
‘F8, ‘FC5’, ‘FC1’, ‘FC2’, ‘FC6’, ‘C3’, ‘Cz’, ‘C4’, ‘CP5’, ‘CP1’, ‘CP2’, ‘CP6’,
‘P3’, ‘Pz’, ‘P4’, ‘POz’, ‘O1’, ‘Oz’, and ‘O2’—according to the interna-
tional 10-20 EEG system. EOGs were recorded from the left eye, and
EMGs were recorded from three muscles in the right forearm/hand: the
first dorsal interosseous (FDI), flexor digitorum superficialis (FDS), and
extensor digitorum communis (EDC) muscles. Joystick positions were
recorded as x and y coordinates relative to the centre position. All signals
were sampled at 2048 Hz. EEGs were recorded in a unipolar configu-
ration with a common average reference, while EOGs and EMGs were
recorded in a bipolar configuration. Joystick positions were acquired via
the amplifier’s auxiliary port. The amplifier has a gain of 20 with 22 bits
analogue to digital converters and resolution of 0.0715 uV per bit for
both unipolar and bipolar inputs. A first-order low-pass filter with a —3
db point at 4.8 kHz, and a digital sinc3 filter with a cut-off frequency of
553 Hz were implemented in the amplifier and were applied automati-
cally on all recorded signals.

2.5. Determination of active motor threshold (AMT)

The TMS coil was positioned tangentially to the scalp and oriented at
45° angle from the sagittal midline to induce a posterolateral-
anteromedial current flow. The optimal stimulation site (‘hotspot’) for
eliciting movement evoked potentials (MEPs) in the right FDI muscle
was identified and marked. This was achieved by delivering supra-
threshold single-pulse TMS over the left primary motor cortex (M1) and
locating the coil position that produced the largest MEP in the right FDI
(Rossini et al., 2015). The active motor threshold (AMT) was then
determined as the minimum stimulation intensity required to evoke a
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peak-to-peak MEP of at least 200 uV while the participant was main-
taining a voluntary contraction of the target muscle at 20% of their
maximum force. On average, the AMT was 51.81 + 2.30% (SEM) of the
maximal stimulator output (range: 34-66%). For each participant, the
stimulation intensity for rTMS was set at 90% of their individual AMT. A
Fastrack®-Polhemus neuronavigation system, controlled by custom
scripts, was used to monitor and maintain consistent positioning over
the TMS 'hot spot' throughout the experimental session.

2.6. Behavioural data analysis

For each individual trial, a reaction time (RT) was derived from the
joystick position trajectories. Specifically, the Euclidean distance from
the starting point was computed for each pair of XY coordinates using
the square root of the sum of squares. The distance trajectories from
individual trials were visually inspected. Trials were excluded if they
showed movement before the ‘go’ cue, contained obvious noise, or failed
to initiate movement within 750 ms. For each remaining trial, move-
ment onset was defined as the time point at which this distance exceeded
a threshold—five times the standard deviation of the resting signal
(prior to the ‘go’ cue) —and remained above this threshold for at least
100 ms. RT was quantified as the interval between the ‘go’ cue and
movement onset.

2.7. EEG data analysis

Raw EEG data were segmented into 8-second epochs/trials, spanning
from 4 seconds before to 4 seconds after the ‘uncertainty’ cue. Pre-
processing was performed using the open-source FieldTrip Matlab
toolbox, following the pipeline described by Herring et al. (Supple-
mentary Fig. 1) (Oostenveld et al., 2011; Herring et al., 2015), which
included an Independent Component Analysis (ICA) for artefact
removal. For rTMS conditions, EEG signals from channel C3 were used
to automatically detect individual TMS pulses based on stimulation ar-
tefacts. Trials in which TMS pulses could not be identified were
excluded. To mitigate the ‘ringing artefact’ caused by the hardware
filter’s step response and subsequent software filtering, data from 5 ms
before the first TMS pulse to 25 ms after the last TMS pulse were
removed. The remaining time serious were concatenated and subjected
to a FastICA to identify and remove components associated with expo-
nential decay artefact, residual muscle artefact, eye-blinks, eye move-
ments, line noise, and other non-TMS related muscle artefacts
(Ilmoniemi and Kici¢, 2010; Jung et al., 2000; Korhonen et al., 2011).
On average, 5.67 + 0.22 (SEM) out of 20 components were manually
identified and removed. The cleaned components were then used to
reconstruct the time serious, and the missing segment during TMS pulses
were interpolated by mirroring the data segments immediately before
and after the pulses to ensure the data continuity. For the no TMS
condition, a similar preprocessing pipeline was applied, resulting in the
removal of 5.41 + 0.36 (SEM) out of 20 components.

The pre-processed EEG data were analysed using FieldTrip to
investigate the associations between EEG power spectrum, uncertainty,
motor control, and rTMS. Specifically, EEG signals were first band-pass
filtered between 1-95 Hz, followed by a band-stop filter between 48-52
Hz, both implemented using 4™-order zero-phase Butterworth filters.
The filtered signals were decomposed into time-frequency domain using
continuous wavelet transformation with a linear frequency scale ranging
from 1 to 95 Hz, at 1 Hz frequency resolution, and a wavelet width of 6
cycles. To derive the time course of power within specific frequency
bands (e.g., IBF &+ 3 Hz and alpha band [8-12 Hz]), the power spectrum
was averaged across selected frequencies and subsequently decibel (dB)
normalised relative to the mean power in the 500 ms preceding the
‘uncertainty’ cue.

Furthermore, in order to investigate the potential effect of IBF phase
when the first rTMS pulse was delivered, the phase at IBF of the pre-TMS
EEG signal was estimated at channel C3 for each individual trial,
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following a similar procedure as used by van Elswijk et al. (van Elswijk
et al., 2010) and Torrecillos et al. (Torrecillos et al., 2020). Briefly, an
epoch lasting 2 cycles of the IBF ending prior the TMS pulse was
extracted, multiplied by a Hanning taper, and then Fourier transformed
to determine the signal’s phase. These initial phase values were then
categorised into eight phase bins to assess potential phasic effects of
rTMS (Torrecillos et al., 2020; He et al., 2021).

2.8. Statistical analysis

Statistical analyses were performed using custom scripts written in
MATLAB R2023b (The MathWorks Inc, Nantucket, MA).

To compare the group-averaged power time courses at different time
points relative to the uncertainty or ‘go’ cue, a non-parametric cluster-
based permutation test (1000 repetitions) was applied, following Maris
and Oostenveld (Maris and Oostenveld, 2007). This method inherently
controls the false alarm rate across multiple comparisons.

For trial-by-trial measures, including behavioural performance (RT),
uncertainty levels (no, low, and high), stimulation conditions (no TMS,
regular rTMS, and irregular rTMS), and beta band features (power and
phase bins), generalised linear mixed effect (GLME) modelling was used
to examine variable associations (Yu et al., 2022). In each GLME model,
an independent random slope(s) between the predictor(s) and the
dependent variable as well as an independent random intercept (s) were
included. Parameters were estimated using maximum likelihood with
Laplace approximation. Model outputs included the Akaike Information
Criterion, coefficient estimates with standard errors (k + SE), multiple
comparison-corrected P-values, variable interactions (R2). False dis-
covery rate (FDR) correction was applied to account for multiple com-
parisons across metrics (Benjamini and Yekutieli, 2001). Full
specifications of the GLME models are available in Supplementary
Tables.

To assess beta phase-dependent effects of rTMS on RT, trials for each
participant and rTMS condition were grouped into two bins. Specif-
ically, trials with initial beta phases between —r and —n/4 were assigned
to Phase 1 (“down state”), and those between 0 and 37/4 to Phase 2 (“up
state™) (Salimpour et al., 2022; Guo et al., 2025). GLME models were
then used to examine the associations among phase bin, uncertainty
level, and RT in both regular and irregular rTMS conditions.

The pre-processing pipeline resulted in an average of 29.95 + 2.24
(SEM) trials per uncertainty x stimulation condition. A two-way ANOVA
on retained trial numbers revealed significant main effects of uncer-
tainty (F(2, 204) = 8.77, p = 0.002) and stimulation (F(2, 204) = 12.52,
p < 0.001), with no significant interaction (F(4, 204) = 0.94, p =
0.4402). Post hoc analyses indicated that trial numbers did not differ
across uncertainty levels within each stimulation condition. However,
trial counts were higher in the low- and high-uncertainty conditions
during both regular and irregular rTMS compared to the no- and low-
uncertainty conditions without TMS. To ensure that this imbalance did
not confound the results, we conducted sensitivity analyses by re-
running the relevant GLME models on a balanced subsample created
by randomly down-sampling to the minimum number of trials per cell
(500 repetitions; see Results/Supplementary).

2.9. Data availability statement

The scripts and raw data required to reproduce the analyses in this
article will be shared under a CC BY-SA license on the data-sharing
platform of the MRC CoRE in Restorative Neural Dynamics.
3. Results

3.1. Movement initiation is modulated by both uncertainty and rTMS

To assess behavioural performance (RT) across different conditions,
we first examined the main effects of uncertainty (no, low, and high) and
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rTMS (no, regular, and irregular), as well as their interaction, using a
GLME model (Supplementary Table 1, Model 1). The analysis revealed
that higher uncertainty was significantly associated with slower move-
ment initiation, reflected in longer RT (k = 0.0680 + 0.0042, Prpr <
0.0001), as illustrated in Fig. 2A. A main effect of rTMS indicated that
stimulation significantly shortened RT compared to no TMS condition (k
= -0.0109 =+ 0.0034, Prpr = 0.0016). The interaction between uncer-
tainty and rTMS was not significant (k =-0.0013 + 0.0014, P = 0.3353),
suggesting that the effect of ‘uncertainty’ during the ‘preparation phase’
was independent from the rTMS conditions. To further explore the ef-
fects of different rTMS protocols, we conducted separate GLME models,
each comparing two of the three rTMS conditions (Supplementary
Table 1, Models 2-4). These analysis showed that both regular (k =
-0.0190 + 0.0071, Pgpr = 0.0070) and irregular (k = -0.0107 + 0.0036,
Prpr = 0.0028) rTMS significantly and comparably (k = -0.0034 +
0.0053, Pppr = 0.5242) reduced RT relative to the no TMS condition
(Fig. 2B). These effects were consistent across different levels of uncer-
tainty, as evidenced by the absence of significant interaction effects in
all models.

3.2. Cortical beta and alpha are bilaterally and proportionally modulated
by directional uncertainty

To investigate the modulatory effects over the primary motor
cortices under varying levels of directional uncertainty, we analysed
time-frequency power spectra from both hemispheres (electrodes C3
and C4), aligned to the onset of the ‘uncertainty’ cue, using the data
recorded in the absence of rTMS. A clear bilateral reduction in beta-band
power was observed following the ‘uncertainty’ cue (Fig. 3A and D),
with the extent of modulation varying by uncertainty level: higher un-
certainty was associated with a smaller reduction in beta power (i.e.,
higher absolute beta power). Beta activity further decreased after the
‘go’ cue and rebounded following movement onset (Fig. 3B and E).
GLME modelling revealed significant main effects of uncertainty level
(no, low, and high; k = 0.4108 + 0.0696, Pppg = 7.9494 x 10~°) and
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laterality (left vs. right; k = 0.4403 + 0.1117, Pgpg = 8.2834 x 10~>) on
beta power modulation during the ‘preparation phase’ (i.e., before the
presentation of the ‘go’ cue), suggesting stronger beta modulation in the
left hemisphere (contralateral to the task hand) under lower uncertainty,
as also illustrated in the topographic maps (Fig. 3G). However, no sig-
nificant interaction was found between uncertainty level and laterality.
Pairwise comparisons revealed significant differences in beta modula-
tion between the no and high uncertainty conditions, as well as between
low and high uncertainty, in both hemispheres (Fig. 3C and F). Similar
patterns were also observed in the alpha frequency band (Supplemen-
tary Fig. 2). Interestingly, although the left hemisphere exhibited
greater overall beta and alpha modulation following the ‘uncertainty’
cue, GLME modelling revealed that right hemisphere modulation
showed a stronger statistical association with the associated level of
uncertainty. This was further supported by Fig. 3H, which shows a
broader area of larger beta modulation difference between high and no
uncertainty in the right hemisphere. Together, these results suggest that
both beta and alpha activity are bilaterally modulated by directional
uncertainty during movement preparation, with stronger modulation in
the left hemisphere and more precise representation of uncertainty
levels in the right. Details of GLME models can be found in Supple-
mentary Table 2.

3.3. Movement initiation is associated with contralateral cortical beta
activity preceding the ‘go’ cue

We demonstrated that directional uncertainty modulates both
behavioural performance (e.g., RT) and bilateral cortical beta/alpha
activity. To investigate the relationship between these neural and
behavioural modulations across varying levels of uncertainty, we
applied GLME models to examine the relationship between RT and beta/
alpha power in the 500 ms preceding the ‘go’ cue, while controlling for
baseline differences across participants and uncertainty conditions. The
results of this analysis (Table 1) revealed that, after considering the ef-
fect of uncertainty level, higher contralateral beta power before the ‘go’
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Fig. 2. Behavioural results. (A) Normalised velocity time courses aligned to the ‘go’ cue (grey dashed line) are shown for different levels of uncertainty (solid,
dotted, and dash lines) and rTMS conditions (green, pink, and yellow). (B) Reactions times are compared across uncertainty and rTMS conditions. Given the absence
of a significant interaction between uncertainty and rTMS, the statistical results presented here reflect the main effects of rTMS on reaction time, as derived from the

GLME models (Supplementary Table 1).
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Fig. 3. Bilateral modulation of beta activity by uncertainty. (A) Group-averaged time-frequency power spectra from EEG channel C3 (left hemisphere), aligned
to the onset of the ‘uncertainty’ cue (red dashed line), in the no-rTMS/no-uncertainty condition. Power spectra were normalised to a 500-millisecond pre-cue resting
baseline for each trial. Beta-band power (black box) showed modulations following the ‘uncertainty’ cue and prior to the ‘go’ cue (black dashed line). (B) Group-
averaged time courses of beta power, normalised to baseline, in different uncertainty conditions. Red, black, and blue dashed lines indicate the ‘uncertainty’, ‘go’, and
‘movement onset’ cues, respectively. (C) Comparison of beta power modulation across different uncertainty conditions. Power was quantified as the average within
500-millisecond window preceding the ‘go’ cue, normalised (in dB) to the 500-millisecond pre-‘uncertainty’ cue baseline. Error bars represent the mean + SEM
across participants. (D)-(F) Same analyses as in (A)-(C), but for EEG channel C4 (right hemisphere). (G) Topographical map of beta power modulation under
conditions of no (left), low (middle), and high (right) uncertainty. Power was quantified as in (C) and (F). (H) Difference in beta power modulation between high and
no uncertainty conditions. *P < 0.05, **P < 0.01, ***P < 0.001. P-values in (C) and (F) were derived from generalised linear mixed-effects models applied to
individual trials and corrected for multiple comparisons using FDR. Purple bars in (B) and (E) indicate significant differences between no- and high-uncertainty
conditions (cluster-based permutation test).

cue was significantly associated with longer RT (k = 0.0017 + 0.0008, significantly associated with RT, although all were modulated by
Prpr = 0.0327). In contrast, contralateral alpha (k = -0.0011 + 0.0006, uncertainty.

Prpr = 0.0781), ipsilateral beta (k = 0.0010 + 0.0007, Pgpg = 0.3048),

and ipsilateral alpha (k = 0.0002 + 0.0006, Prpg = 0.7348) were not
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Table 1
Table 1. Generalised linear mixed-effects (GLME) modelling of RT as a function of cortical beta and alpha power preceding the ‘go’ cue.

Model 1: RT ~ 1 + kjuncerID + kpcontBetaPow + kzcontAlphaPow + 1|subID + 1|uncerID + (-1 + uncerID|subID), exclude stimID # 1

AIC ki D1 ko D2 ks D3 R?
-3792.3 0.0692 + 0.0114 1.3849 x 10~° 0.0017 =+ 0.0008 0.0218 -0.0011 + 0.0006 0.0781

Model 2: RT ~ 1 + kyuncerID + kyipsiBetaPow + ksipsiAlphaPow + 1|subID + 1|uncerID + (-1 + uncerID|subID), exclude stimID # 1
AIC ky 41 ko P2 ks b3 R?
-3787.9 0.0687 + 0.0112 1.1938 x 10~° 0.0010 + 0.0008 0.2032 0.0002 + 0.0006 0.7348 0.4094

RT=reaction time; uncerID=uncertainty condition index, 1, 2, and 3 indicate no, low, and high uncertainty conditions, respectively; contBetaPow=contralateral beta
power 500 ms before the ‘go’ cue; contAlphaPow=contralateral alpha power 500 ms before the ‘go’ cue; subID=subject index; stimID=rTMD condition index, 1, 2, and
3 indicate no, regular, and irregular rTMS conditions, respectively; AIC=Akaike Information Criterion. In each model, an independent random slope(s) between the
predictor(s) and the dependent variable as well as an independent random intercept (s) were included. For each GLME model, the parameters were estimated based on
maximum likelihood using Laplace approximation, the AIC, estimate value with standard error of the coefficient (k + SE), pre-corrected p-value (p), and proportion of
variability in the response explained by the fitted model (R?) were reported. P-values survive multiple comparison correction following FDR approach were

highlighted.

3.4. rTMS facilitates movement initiation through attenuating beta ERD

We found that both regular and irregular rTMS significantly short-
ened RT compared to the no TMS condition (Fig. 2), with no significant
difference between the two rTMS conditions. GLME modelling indicated
that the reduction in RT under rTMS conditions could not be explained
by the timing of the first/last TMS pulse (Supplementary Table 3),
suggesting that the observed behavioural effects are unlikely to be
attributable to placebo timing influences of the auditory or tactile sen-
sations associated with the rTMS pulses. To investigate the effects of
1rTMS on beta activity, we quantified beta event-related desynchroni-
sation (ERD) around movement initialisation by calculating the differ-
ence in beta power between a baseline period (500 ms prior to the
‘uncertainty’ cue) and a 500-ms window centred around movement
onset. We then compared beta ERD across different uncertainty and
stimulation conditions using GLME modelling. Despite the clear modu-
latory effect of directional uncertainty on beta activity during the
preparation phase, beta ERD was not significantly modulated by un-
certainty across the three stimulation conditions (Fig. 4A). However,

r'TMS significantly reduced beta ERD compared to the no TMS condition
(No TMS vs. Regular rTMS: k = -0.6279 + 0.2241, Pppr = 0.0231; No
TMS vs. Irregular rTMS: k = -0.3003 + 0.1126, Pgpr = 0.0231), with no
significant difference observed between the two rTMS conditions (k =
0.0260 + 0.0885, Pppr = 0.8454). It is worth noting that the average
frequency of the irregular TMS condition is also the IBF, as the timing of
the last pulse with respect to the first pulse matched those of the IBF
rTMS condition. This modulation effect was specific to the stimulation
site (C3) at the beta frequency band and was not observed at the other
site (C4, Fig. 4B) or within the alpha frequency band (Supplementary
Fig. 3).

To further investigate the relationship between the behavioural and
neuronal effects of rTMS, we first quantified baseline RT and beta ERD
around movement initialisation by averaging values across all no-TMS
trials within each uncertainty condition. Using these baselines, we
then calculated trial-wise reductions in RT and beta ERD for each rTMS
trial. Here regular and irregular rTMS conditions were pooled together,
as no significant differences were observed between them in either
behavioural or neural measures. We applied a GLME model to assess the
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Fig. 4. Modulation of beta event-related desynchronisation by rTMS. (A) Group-averaged time-frequency power spectra from EEG channel C3 (left hemisphere),
aligned to the onset of the ‘uncertainty’ cue (red dashed line), shown for three conditions: no uncertainty and no TMS (up), regular rTMS (middle), and irregular
rTMS (bottom). Power spectra were normalised to a 500-millisecond pre-cue resting baseline (pink dashed line) for each trial. Beta-band activity (black box) showed
modulation following movement onset (black dashed line). (B) Comparison of beta ERD across different uncertainty and rTMS conditions. Power was quantified as
the average within a 500-ms window preceding the ‘uncertainty’ cue and normalised (in dB) to the 500 ms window centered at movement onset. Error bars represent
mean + SEM across participants. (C)-(D) Same analyses as in (A)-(B), but for EEG channel C4 (right hemisphere). *P < 0.05. P-values in (B) and (D) were obtained
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relationship between changes in beta ERD around movement initiali-
sation and RT under rTMS. The analysis revealed that greater reductions
in beta ERD, i.e. less beta reduction around movement initialisation,
were significantly associated with greater reductions in RT (k = 0.0006
4 0.0003, P = 0.0364); however, this effect did not survive correction
for multiple comparisons (Pgppr = 0.0727). Notably, the effect was
stronger and remained significant when using a broad beta frequency
band (13-30 Hz) instead of the IBF (k = 0.0010 + 0.0004, Pgpr =
0.0082) but was not significant when beta was replaced with alpha (k =
0.0004 £ 0.0002, Pppg = 0.1177).

3.5. The effects of rTMS on movement initiation depends on the initial
phase of the targeted beta activity

To further investigate the potential effects of the brain state when the
rTMS started, we performed a beta phase-dependent analysis (Fig. 5A,
see Methods). In the regular rTMS condition, RTs were significantly
shorter when rTMS started in Phase 1 (down phase) than in Phase 2 (up
phase) of beta (k = 0.0079 + 0.0032, Pppr = 0.0472; Fig. 5B), an effect
that could not be explained by differences in uncertainty (k = 0.0244 +
0.0386, Prpr = 0.5993; Fig. 5C) or by pre-stimulation beta power (k =
-0.0941 + 0.1792, Pgpg = 0.5993; Fig. 5D). In contrast, we did not find a
statistically significant phase-dependent modulation of RT for the
irregular rTMS condition (p >0.05) (Fig. 5E-G). Moreover, RTs when
regular rTMS started in Phase 1 were significantly shorter than those in
the irregular rTMS condition (k = 0.0027 + 0.0013, P = 0.0352). Beta
ERD in Phase 1 of the regular rTMS was not significantly different from
that in Phase 2 of the regular rTMS condition, or from that in the
irregular rTMS condition.
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4. Discussion

Beta-band oscillations in the cortical-basal ganglia network have
been linked to both physiological motor (He et al., 2020a; Little et al.,
2019; Wessel, 2020) and cognitive (Tzagarakis et al., 2010; Tan et al.,
2016) functions, as well as pathological conditions such as Parkinson’s
disease (Jenkinson and Brown, 2011; Crowell et al., 2012; Cagnan et al.,
2019). However, the extent to which cognition- versus motor-related
beta oscillations differ, and how we can better modulate them, re-
mains incompletely understood. In this study, we combined a
cognitive-motor behavioural task and non-invasive rTMS intervention to
investigate the distinct roles of cortical beta oscillations in relation to
uncertainty, motor control, and their modulation with rTMS.

4.1. Beta-band oscillations during movement preparation encode
uncertainty

Previous studies have shown that beta activity in the sensorimotor
cortex scales with directional uncertainty during movement preparation
(Tzagarakis et al., 2010), beta/alpha band power over central cortical
regions decreases more in conditions with predetermined/predictable
movements (i.e., no uncertainty) compared to conditions requiring a
choice/non-predictable (Alegre et al., 2003; van Helvert et al., 2021).
Consistent with these previous findings, in this study, we found that
cortical beta and alpha in both the left and right hemispheres decreased
during movement preparations following the ‘uncertainty’ cue, with a
smaller reduction (i.e., higher beta) observed under higher uncertainty
condition (Fig. 3 and Supplementary Fig. 2). This effect may be
attributed to the suggested associations between inhibitory interneurons
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Fig. 5. Phasic effects of regular and irregular rTMS. (A) A schematic illustration showing how two-phase bins (‘down state’ and ‘up state’) are defined. (B)-(D)
Comparisons between the two-phase groups in terms of RTs (B), uncertainty levels (C), and beta power preceding stimulation (D). Error bars indicate mean + SEM
across participants. *P < 0.05. P-values were derived from generalised linear mixed-effects models applied to individual trials and corrected for multiple comparisons
using FDR. (E)-(G) Same analyses as in (B)-(D), but under the irregular rTMS condition.



S. He et al.

and beta-band oscillations, which have been proposed to support the
maintenance of competing motor representations under uncertainty
(Jensen et al., 2005; Yamawaki et al., 2008). Specifically, increased
inhibition under high uncertainty conditions and decreased inhibition
under low uncertainty conditions may underlie the observed differences
in beta-band activity modulation. Tzagarakis et al. reported that a
greater number of channels in the left hemisphere exhibited pronounced
beta-band power decreases during the peri-movement period under a
similar paradigm (Tzagarakis et al., 2010). Extending these findings, we
showed that although overall modulation of beta and alpha activity was
greater in the left hemisphere (contralateral to the upcoming move-
ment), beta modulations in the right hemisphere more closely tracked
uncertainty levels. It has been suggested that the left hemisphere is
primarily involved in processing temporal features such as duration,
sequencing, and rhythm, while the right hemisphere is more engaged in
spatial mapping and body positioning (Bradshaw and Nettleton, 1981).
In the context of uncertainty, the left hemisphere has been associated
with generating explanations and filling informational gaps, whereas
the right hemisphere contributes to conflict detection, belief updating,
and cognitive flexibility (Marinsek et al., 2014). Importantly, because
the present study included only right-handed participants performing
the task with their right hand, future studies manipulating the
responding effector and handedness will be necessary to determine
whether this hemispheric asymmetry in uncertainty tracking generalises
across motor contexts.

4.2. Beta-band oscillations before movement encode reaction time

Modulation of cortical beta-band oscillations by movement has been
well established over the past decades (Pfurtscheller and Da Silva, 1999;
Pfurtscheller et al., 1996; Jurkiewicz et al., 2006). Specifically, EEG
power is known to decrease within the alpha-beta (or ‘mu’) rhythm
during movement preparation—known as event-related desynchroni-
sation (ERD), and to increase following movement initiation—referred
to as event-related synchronisation (ERS). Our data similarly demon-
strated clear beta ERD preceding movement onset and beta ERS
following it (Fig. 3 and Supplementary Fig. 2). Given that higher un-
certainty conditions were associated with significantly longer RTs
(Fig. 2) and elevated beta power, we accounted for baseline differences
in beta activity and RT across uncertainty levels. The results showed that
greater beta power (but not alpha) prior to the ‘go’ cue was associated
with slower movement initiation (i.e., longer RTs) (Table 1), suggesting
a movement-related component in cortical beta oscillations whose
relationship with movement initiation was independent of uncertainty
level. This finding not only aligns with previous research showing that
elevated beta activity in the cortical-basal ganglia network is associated
with delayed movement initiation, both in healthy individuals
(Tzagarakis et al., 2010; He et al., 2020a; Little et al., 2019; Wessel,
2020) and in patients with Parkinson’s disease (He et al., 2020b; Tor-
recillos et al., 2018; Lofredi et al., 2019), but also further demonstrates
that this relationship was not mediated by directional uncertainty,
despite a clear uncertainty-related modulation of beta activity.

Despite significant differences in behavioural performance and beta
oscillatory dynamics across uncertainty conditions, beta power consis-
tently decreased to a similar minimal level around movement onset
(Fig. 3B and Fig. 4B), a phenomenon also reported by Tzagarakis et al.
(Tzagarakis et al., 2010). Concretely, trials with slower movement ini-
tiation—whether due to higher uncertainty or elevated pre-movement
beta—were associated with a larger reduction in beta power,
converging toward this minimal level. This pattern is supported by
significantly lower beta power at movement onset compared to the
pre-‘go’ cue period (Supplementary Fig. 5), as well as the absence of
significant associations between reaction time or uncertainty level and
mean beta power around movement onset (Supplementary Table 4).
Indeed, it has been found that during self-paced movements, cortico-
spinal excitability increases and reaches a maximal level during
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movement initiation, then reduces after movement initiation, presenting
a very similar pattern to beta ERD (Chen et al., 1998). These findings
raise the possibility that the low beta power observed at movement onset
may reflect a functional threshold—indexed by beta ERD—that is
required for movement initiation. This speculation is further supported
by findings on the effects of normal aging on beta ERD. Specifically,
older adults exhibit greater beta ERD amplitudes over regions contra-
lateral to the active effector compared to younger individuals across a
variety of motor tasks, as shown in both EEG and MEG studies (Sailer
et al., 2000; Mary et al., 2015; Toledo et al., 2016; Johari and Beh-
roozmand, 2020; Walker et al., 2020; Peter et al., 2022). Additionally,
elite athletes have been shown to exhibit globally lower beta ERD am-
plitudes than non-athletes while performing the same air-pistol shooting
task (Del Percio et al., 2009).

4.3. Effects of regular and irregular rTMS

Numerous studies report that high-frequency rTMS (> 5 Hz) gener-
ally increases cortical excitability and is associated with reduced RTs
(Pascual-Leone et al., 1998; Huang et al., 2005; Vanderhasselt et al.,
2006; Kim et al., 2012; Spagnolo et al., 2014; Li et al., 2017; Parris et al.,
2021; Asl and Vaghef, 2022), whereas low-frequency rTMS (< 5 Hz)
tends to decrease excitability and is linked to prolonged RTs
(Pascual-Leone et al., 1998; Chen et al., 1997; Schlaghecken et al., 2003;
Terao et al., 2007; Brusa et al., 2009; Peterchev et al., 2012; Spagnolo
and Goldman, 2017). Consistent with this literature, we observed that
RTs were significantly reduced under rTMS relative to the no-TMS
condition across all uncertainty levels (Fig. 2). In parallel, beta-band
ERD—but not alpha-band ERD—was significantly smaller under rTMS
than in the no-TMS condition (Fig. 4 and Supplementary Fig. 3).
Importantly, the reduction in beta ERD (but not alpha) was significantly
associated with reductions in reaction times produced by rTMS across
uncertainty levels. Together, these results suggest that high frequency
rTMS may facilitate movement initiation by increasing cortical excit-
ability, resulting in a lower threshold for movement initiation that
represented as a smaller beta ERD around movement initialisation.

However, we did not observe significant differences in either RT or
beta ERD between the regular and irregular rTMS conditions. This lack
of differentiation may be attributed to the following three factors. First,
in addition to frequency, other stimulation parameters—number of
pulses, stimulation intensity, duration, inter-train interval, and coil
position—are known to influence the degree of excitability modulation
(Huang et al., 2005; Pell et al., 2011; Rossi et al., 2021). In this study, we
carefully matched all stimulation parameters between the two rTMS
conditions except for frequency. As a result, the measured outcomes (i.
e., RT and beta ERD) may not have been sensitive enough to detect
frequency-specific effects of rTMS. Second, the instantaneous fre-
quencies between TMS pulses were relatively high in both rTMS con-
ditions—18.96-23.01 Hz (5""-95™ percentile) in the regular condition
and 12.49-49.95 Hz (Sth—95th percentile) in the irregular condition
(Supplementary Fig. 4). These high frequencies may have elicited
comparable excitatory effects on cortical activity (Pascual-Leone et al.,
1998; Huang et al., 2005; Vanderhasselt et al., 2006; Kim et al., 2012;
Spagnolo et al., 2014; Li et al., 2017; Parris et al., 2021; Asl and Vaghef,
2022). Third, the efficacy of rTMS is also believed to depend on the brain
state at the time of stimulation, including the phase of the ongoing os-
cillations (Torrecillos et al., 2020; Pell et al., 2011; Mitchell et al., 2007;
Zanos et al., 2018; Zrenner et al., 2018; Schaworonkow et al., 2019). In
line with this, we observed a significant phase-dependent reduction in
RTs in the regular rTMS condition, but not in the irregular condition
(Fig. 4). Specifically, rTMS delivered at the ‘down state’ of endogenous
beta oscillation had a strongest effect in reducing RT compared to reg-
ular r'TMS delivered to the ‘up state’ of beta and irregular rTMS. This is
consistent with previous studies showing that TMS applied to the pri-
mary motor cortex (M1) targeting the sensorimotor mu-rhythm trough
phase has been associated with higher corticospinal excitability than
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during the peak phase, as measured by the amplitude of motor evoked
potentials (MEP) (Zrenner et al., 2018; Hougland et al., 2025). Regular
rTMS starting at the ‘down state’ of endogenous beta oscillations has
more likelihood to target the same phase over multiple consecutive beta
cycles compared to irregular rTMS, which may explain the phase
dependent effect of regular rTMS. This also suggest that continuous
cycle-by-cycle rTMS pulses phase-locked to specific beta phases may be
most effective in modulating cortical excitability and movement
initialisation.

Notably, although RTs differed depending on the initial beta phase at
stimulation onset, we did not observe corresponding differences in beta
ERD. This dissociation may reflect several factors. First, while rTMS may
have influenced the overall beta ERD associated with movement initi-
ation, its phase-dependent effect on RT may have been mediated
through phase-resetting mechanisms (Erickson et al., 2024). Such effects
may preferentially alter the temporal dynamics or trajectory of beta
desynchronization rather than its overall magnitude as captured by ERD
measures (Feingold et al., 2015). Second, beta ERD in the rTMS condi-
tion may have exhibited greater variability, potentially limiting sensi-
tivity to detect subtle phase-dependent effects (Herring et al., 2015).
Third, because the phase-dependent analysis was conducted post hoc
and the experiment was not originally designed to deliver phase-locked
stimulation, the number of trials per phase bin may have been insuffi-
cient to detect smaller effect sizes in ERD compared to behavioural
measures such as RT (Schaworonkow et al., 2019).

4.4. Implications in Parkinson’s disease

Although older adults generally exhibit greater beta ERD compared
to younger individuals (Sailer et al., 2000; Mary et al., 2015; Toledo
et al., 2016; Johari and Behroozmand, 2020; Walker et al., 2020; Peter
et al., 2022), reduced beta ERD has been reported in people with PD
compared to age-matched healthy controls (Heinrichs-Graham et al.,
2014). This attenuation may be attributed to elevated baseline beta
power, a hallmark of PD pathophysiology (Kiihn et al., 2006; Brittain
and Brown, 2014; Oswal et al., 2016), which diminishes the relative
change in beta amplitude during movement initiation, i.e., the ERD.
Both L-Dopa and DBS have been shown to enhance beta ERD compared
to the OFF-therapy state (Mathiopoulou et al., 2024; Doyle et al., 2005).
These effects are likely mediated through the suppression of patholog-
ical beta oscillations within the cortical-basal ganglia network
(Neumann et al., 2016; Kehnemouyi et al., 2021; Kiihn et al., 2009).
Recent evidence suggests that both medication and STN DBS may exert
their therapeutic effects via a shared mechanism: disruption of high-beta
band hyperdirect pathway coupling between cortex and basal ganglia,
which is associated with excessive inhibitory drive (Oswal et al., 2021;
Binns et al.,, 2025). In addition to medication and DBS, various
non-invasive neuromodulation approaches—including rTMS, trans-
cranial direct current stimulation (tDCS), temporal interference stimu-
lation (TIS), and low-intensity transcranial focused ultrasound
stimulation (LItFUS)—have been explored for PD treatment (Chou et al.,
2015; Duan and Zhang, 2024; Lamos et al., 2025, Darmani et al., 2025).
However, their stimulation parameters, targets, clinical efficacy, and
underlying mechanisms remain inconsistent and less well understood.
The findings of this study may help clarify some of these discrepancies.
For instance, rTMS effects in PD appear more robust when
high-frequency stimulation is applied over M1, or when low-frequency
stimulation targets frontal regions (Chou et al., 2015). These outcomes
may reflect the excitatory effects of high-frequency rTMS on motor
cortex, as suggested in this study, and the modulation of the abnormal
prefrontal-subthalamic hyperdirect pathway implicated in PD (Chen
et al., 2020). More broadly, our results support the notion that differ-
entiating motor- and cognition-related beta dynamics may enable more
targeted neuromodulation strategies, in which stimulation parameters
are tailored to selectively engage specific functional components of beta
activity. Such physiologically informed approaches could improve the
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precision of non-invasive interventions and contribute to the develop-
ment of individualised therapeutic protocols aimed at restoring both
motor performance and higher-order control in disorders characterised
by beta dysregulation such as PD.

5. Limitations

There are several limitations in the current study. First, EEG re-
cordings were conducted using a relatively low-density setup with only
23 channels. As a result, motor cortical activity was interpreted at the
sensor level, which likely reflects cortical field potentials rather than
direct neural sources. Future studies could enhance spatial resolution by
employing high-density EEG systems. Second, cortical excitability under
the two rTMS conditions was inferred from reaction times and beta
ERDs, since rTMS was delivered subthreshold and did not elicit MEPs
that could be used for direct excitability measurement. Third, the po-
tential phasic effects of rTMS were identified through post hoc analysis,
as the study was not originally designed to investigate phase-specific
modulation. Emerging methodologies now enable precise cycle-by-
cycle phase-locked stimulation (Guo et al., 2025; McNamara et al.,
2024), which could be leveraged in future research to more rigorously
test the phasic effects of IBF rTMS observed in this study. In addition,
future studies could extend the present paradigm to other cognitive
contexts (e.g., working memory or decision-making tasks) and to
different participant populations, including left-handed individuals and
clinical cohorts such as patients with Parkinson’s disease, to assess the
generalisability and translational relevance of the current findings.

6. Conclusion

This study demonstrates that cortical beta oscillations are involved in
the encoding of both directional uncertainty and movement preparation
and execution, and that these cortical oscillations can be modulated by
high frequency rTMS. Presentation of ‘uncertainty’ cues led to bilater-
ally suppression of beta power, with greater uncertainty associated with
a smaller reduction in beta activity. In contrast, movement-related beta
modulation was primarily lateralised to the hemisphere contralateral to
the executing hand, where elevated beta power prior to the ‘go’ cue was
associated with delayed movement initiation, as reflected in longer RTs.
Importantly, high frequency rTMS significantly shortened RTs and
attenuated beta ERD compared to the no TMS condition. The degree of
beta ERD reduction correlated with the improvement in RTs, suggesting
that beta ERD during movement initiation may reflect a neural threshold
that must be overcome to initiate movement. While this threshold ap-
pears to be unaffected by uncertainty, it can be lowered through rTMS,
thereby facilitating faster movement initiations.

CRediT authorship contribution statement

Shenghong He: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Funding acquisition, Formal
analysis. Juan Francisco Martin-Rodriguez: Writing — review & edit-
ing, Validation, Software, Resources, Methodology, Investigation, Data
curation, Conceptualization. Alek Pogosyan: Writing — review & edit-
ing, Software, Resources, Methodology, Investigation. Eduardo M.
Moraud: Writing — review & editing, Software, Methodology, Investi-
gation, Data curation. Huiling Tan: Writing — review & editing, Su-
pervision, Resources, Project administration, Methodology,
Investigation, Funding acquisition, Data curation, Conceptualization.

Declaration of competing interest

S.H., A.P., and H.T were supported by the Medical Research Council
(MRC) (MC_UU_00003/2), the Medical and Life Sciences Translational
Fund (MLSTF) from the University of Oxford, the National Institute for
Health and Care Research (NIHR) Oxford Biomedical Research Centre,



S. He et al.

and the Rosetrees Trust, UK. S.H. was also supported by a Non-Clinical
Postdoctoral Fellowship from the Guarantors of Brain, an International
Exchanges Award (IES\R3\213,123) from The Royal Society, and a
Senior Research Fellowship by Parkinson’s UK. J.F.M.R. was supported
by the Spanish Ministry of Science and Innovation (CNS2023-144790).
No conflicts of interest to report.

Acknowledgement

We thank all the participants for making this study possible. This
work was supported by the Medical Research Council (MC_UU_00003/
2) and the Guarantors of Brain. S.H. was also supported by The Royal
Society (IES\R3\213123) and Parkinson’s UK. J.F.M.R. was supported
by the Spanish Ministry of Science and Innovation (CNS2023-144790).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2026.121893.

References

Alegre, M., Gurtubay, 1.G., Labarga, A., Iriarte, J., Malanda, A., Artieda, J., 2003. Alpha
and beta oscillatory changes during stimulus-induced movement paradigms: effect of
stimulus predictability. Neuroreport 14 (3), 381-385. Mar 3.

Asl, F.A., Vaghef, L., 2022. The effectiveness of high-frequency left DLPFC-rTMS on
depression, response inhibition, and cognitive flexibility in female subjects with
major depressive disorder. J. Psychiatr. Res. 149, 287-292. May 1.

Benjamini, Y., Yekutieli, D., 2001. The control of the false discovery rate in multiple
testing under dependency. Ann. Stat. 1165-1188. Aug 1.

Binns, T.S., Kohler, R.M., Vanhoecke, J., Chikermane, M., Gerster, M., Merk, T.,
Pellegrini, F., Busch, J.L., Habets, J.G., Cavallo, A., Beyer, JC., 2025. Shared
pathway-specific network mechanisms of dopamine and deep brain stimulation for
the treatment of Parkinson’s disease. Nat. Commun. 16 (1), 3587. Apr 15.

Bradshaw, J.L., Nettleton, NC., 1981. The nature of hemispheric specialization in man.
Behav. Brain Sci. 4 (1), 51-63. Mar.

Brittain, J.S., Brown, P., 2014. Oscillations and the basal ganglia: motor control and
beyond. Neuroimage 85, 637-647. Jan 15.

Bronte-Stewart, H.M., Beudel, M., Ostrem, J.L., Little, S., Almeida, L., Ramirez-
Zamora, A., Fasano, A., Hassell, T., Mitchell, K.T., Moro, E., Gostkowski, M., 2025.
Long-Term Personalized Adaptive Deep Brain Stimulation in Parkinson Disease: A
Nonrandomized Clinical Trial. JAMA Neurol. Sep 22.

Brown, P., 2007. Abnormal oscillatory synchronisation in the motor system leads to
impaired movement. Curr. Opin. Neurobiol. 17 (6), 656-664. Dec 1.

Brusa, L., Agro, E.F., Petta, F., Sciobica, F., Torriero, S., Lo Gerfo, E., Iani, C.,
Stanzione, P., Koch, G., 2009. Effects of inhibitory rTMS on bladder function in
Parkinson's disease patients. Mov. Disord. 24 (3), 445-447. Feb 15.

Cagnan, H., Mallet, N., Moll, C.K., Gulberti, A., Holt, A.B., Westphal, M., Gerloff, C.,
Engel, A.K., Hamel, W., Magill, P.J., Brown, P., 2019. Temporal evolution of beta
bursts in the parkinsonian cortical and basal ganglia network. Proc. Natl. Acad. Sci.
116 (32), 16095-16104. Aug 6.

Chen, R., Yaseen, Z., Cohen, L.G., Hallett, M., 1998. Time course of corticospinal
excitability in reaction time and self-paced movements. Ann. Neurol. 44 (3),
317-325. Sep.

Chen, R.M., Classen, J., Gerloff, C., Celnik, P., Wassermann, E.M., Hallett, M.,

Cohen, LG., 1997. Depression of motor cortex excitability by low-frequency
transcranial magnetic stimulation. Neurology 48 (5), 1398-1403. May.

Chen, W., de Hemptinne, C., Miller, A.M., Leibbrand, M., Little, S.J., Lim, D.A., Larson, P.
S., Starr, PA., 2020. Prefrontal-subthalamic hyperdirect pathway modulates
movement inhibition in humans. Neuron 106 (4), 579-588. May 20.

Chernyshev, B.V., Pultsina, K.I., Tretyakova, V.D., Miasnikova, A.S., Prokofyev, A.O.,
Kozunova, G.L., Stroganova, TA., 2023. Losses resulting from deliberate exploration
trigger beta oscillations in frontal cortex. Front. Neurosci. 17, 1152926. May 11.

Chou, Y.H., Hickey, P.T., Sundman, M., Song, A.W., Chen, NK., 2015. Effects of repetitive
transcranial magnetic stimulation on motor symptoms in Parkinson disease: a
systematic review and meta-analysis. JAMA Neurol. 72 (4), 432-440. Apr 1.

Crowell, A.L., Ryapolova-Webb, E.S., Ostrem, J.L., Galifianakis, N.B., Shimamoto, S.,
Lim, D.A., Starr, PA., 2012. Oscillations in sensorimotor cortex in movement
disorders: an electrocorticography study. Brain 135 (2), 615-630. Feb 1.

Darmani, G., Ramezanpour, H., Sarica, C., Annirood, R., Grippe, T., Nankoo, J.F.,
Fomenko, A., Santyr, B., Zeng, K., Vetkas, A., Samuel, N., 2025. Individualized non-
invasive deep brain stimulation of the basal ganglia using transcranial ultrasound
stimulation. Nat. Commun. 16 (1), 2693. Mar 19.

Del Percio, C., Babiloni, C., Bertollo, M., Marzano, N., lacoboni, M., Infarinato, F.,
Lizio, R., Stocchi, M., Robazza, C., Cibelli, G., Comani, S., 2009. Visuo-attentional
and sensorimotor alpha rhythms are related to visuo-motor performance in athletes.
Hum. Brain Mapp. 30 (11), 3527-3540. Nov.

11

Neurolmage 331 (2026) 121893

Devos, D., Defebvre, L., 2006. Effect of deep brain stimulation and L-Dopa on
electrocortical rhythms related to movement in Parkinson's disease. Prog. Brain Res.
159, 331-349. Jan 1.

Doyle, L.M., Kiihn, A.A., Hariz, M., Kupsch, A., Schneider, G.H., Brown, P., 2005.
Levodopa-induced modulation of subthalamic beta oscillations during self-paced
movements in patients with Parkinson's disease. Eur. J. Neurosci. 21 (5), 1403-1412.
Mar.

Duan, Z., Zhang, C., 2024. Transcranial direct current stimulation for Parkinson’s
disease: Systematic review and meta-analysis of motor and cognitive effects. npj
Parkinson's Dis. 10 (1), 214. Nov 6.

Engel, A.K., Fries, P., 2010. Beta-band oscillations—signalling the status quo? Curr. Opin.
Neurobiol. 20 (2), 156-165. Apr 1.

Erickson, B., Kim, B., Sabes, P., Rich, R., Hatcher, A., Fernandez-Nunez, G.,
Mentzelopoulos, G., Vitale, F., Medaglia, J., 2024. TMS-induced phase resets depend
on TMS intensity and EEG phase. J. Neural Eng. 21 (5), 056035. Oct 1.

Feingold, J., Gibson, D.J., DePasquale, B., Graybiel, AM., 2015. Bursts of beta oscillation
differentiate postperformance activity in the striatum and motor cortex of monkeys
performing movement tasks. Proc. Natl. Acad. Sci. 112 (44), 13687-13692. Nov 3.

Guo, X., Pogosyan, A., Debarros, J., He, S., Wehmeyer, L., Plazas, F.R., Wendt, K., Yin, Z.,
Raslan, A., Hart, T., Morgante, F., Denison, T., Pereira, E.A., Ashkan, K., Wang, S.,
Tan, H., 2025. Flexible and stable cycle-by-cycle phase-locked deep brain
stimulation system targeting brain oscillations in the management of movement
disorders. Brain Stimul. 18, 1705-1717. Sep 4.

He, S., Deli, A., Fischer, P., Wiest, C., Huang, Y., Martin, S., Khawaldeh, S., Aziz, T.Z.,
Green, A.L., Brown, P., Tan, H., 2021. Gait-phase modulates alpha and beta
oscillations in the pedunculopontine nucleus. J. Neurosci. 41 (40), 8390-8402. Oct
6.

He, S., Everest-Phillips, C., Clouter, A., Brown, P., Tan, H., 2020a. Neurofeedback-linked
suppression of cortical p bursts speeds up movement initiation in healthy motor
control: a double-blind sham-controlled study. J. Neurosci. 40 (20), 4021-4032. May
13.

He, S., Mostofi, A., Syed, E., Torrecillos, F., Tinkhauser, G., Fischer, P., Pogosyan, A.,
Hasegawa, H., Li, Y., Ashkan, K., Pereira, E., 2020b. Subthalamic beta-targeted
neurofeedback speeds up movement initiation but increases tremor in Parkinsonian
patients. Elife 18 (9), e60979. Nov.

Heinrichs-Graham, E., Wilson, T.W., Santamaria, P.M., Heithoff, S.K., Torres-

Russotto, D., Hutter-Saunders, J.A., Estes, K.A., Meza, J.L., Mosley, R.L.,
Gendelman, HE., 2014. Neuromagnetic evidence of abnormal movement-related
beta desynchronization in Parkinson's disease. Cereb. cortex 24 (10), 2669-2678.
Oct 1.

Herring, J.D., Thut, G., Jensen, O., Bergmann, TO., 2015. Attention modulates TMS-
locked alpha oscillations in the visual cortex. J. Neurosci. 35 (43), 14435-14447. Oct
28.

Hougland, J.R., Kirchhoff, M., Vetter, D.E., Ahola, O., JooR, A., Humaidan, D.,
Ziemann, U., 2025. Fluctuations in the optimal sensorimotor mu-rhythm phase
associated with high corticospinal excitability during TMS-EEG. Brain Stimul. Sep
30.

Huang, Y.Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, JC., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45 (2), 201-206. Jan 20.

Ilmoniemi, R.J., Ki¢i¢, D., 2010. Methodology for combined TMS and EEG. Brain Topogr.
22 (4), 233-248. Jan.

Jenkinson, N., Brown, P., 2011. New insights into the relationship between dopamine,
beta oscillations and motor function. Trends Neurosci. 34 (12), 611-618. Dec 1.
Jensen, O., Goel, P., Kopell, N., Pohja, M., Hari, R., Ermentrout, B., 2005. On the human
sensorimotor-cortex beta rhythm: sources and modeling. Neuroimage 26 (2),

347-355. Jun 1.

Johari, K., Behroozmand, R., 2020. Event-related desynchronization of alpha and beta
band neural oscillations predicts speech and limb motor timing deficits in normal
aging. Behav. Brain Res. 393, 112763. Sep 1.

Jung, T.P., Makeig, S., Humphries, C., Lee, T.W., Mckeown, M.J., Iragui, V.,
Sejnowski, TJ., 2000. Removing electroencephalographic artifacts by blind source
separation. Psychophysiology 37 (2), 163-178. Mar.

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. Sep 1.

Kehnemouyi, Y.M., Wilkins, K.B., Anidi, C.M., Anderson, R.W., Afzal, M.F., Bronte-
Stewart, H.M., 2021. Modulation of beta bursts in subthalamic sensorimotor circuits
predicts improvement in bradykinesia. Brain 144 (2), 473-486. Feb 1.

Kim, S.H., Han, H.J., Ahn, H.M., Kim, S.A., Kim, SE., 2012. Effects of five daily high-
frequency rTMS on Stroop task performance in aging individuals. Neurosci. Res. 74
(3-4), 256-260. Dec 1.

Korhonen, R.J., Hernandez-Pavon, J.C., Metsomaa, J., Maki, H., lmoniemi, R.J.,
Sarvas, J., 2011. Removal of large muscle artifacts from transcranial magnetic
stimulation-evoked EEG by independent component analysis. Med. Biol. Eng.
Comput. 49 (4), 397-407. Apr.

Kiihn, A.A., Kupsch, A., Schneider, G.H., Brown, P., 2006. Reduction in subthalamic 8-35
Hz oscillatory activity correlates with clinical improvement in Parkinson's disease.
Eur. J. Neurosci. 23 (7), 1956-1960. Apr.

Kiihn, A.A,, Tsui, A., Aziz, T., Ray, N., Briicke, C., Kupsch, A., Schneider, G.H., Brown, P.,
2009. Pathological synchronisation in the subthalamic nucleus of patients with
Parkinson's disease relates to both bradykinesia and rigidity. Exp. Neurol. 215 (2),
380-387. Feb 1.

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.
Apr 1.


https://doi.org/10.1016/j.neuroimage.2026.121893
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0001
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0001
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0001
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0002
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0002
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0002
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0003
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0003
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0004
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0004
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0004
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0004
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0005
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0005
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0006
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0006
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0007
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0007
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0007
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0007
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0008
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0008
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0009
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0009
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0009
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0010
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0010
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0010
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0010
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0011
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0011
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0011
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0012
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0012
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0012
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0013
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0013
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0013
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0014
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0014
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0014
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0015
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0015
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0015
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0016
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0016
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0016
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0017
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0017
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0017
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0017
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0018
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0018
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0018
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0018
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0019
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0019
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0019
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0020
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0020
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0020
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0020
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0021
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0021
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0021
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0022
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0022
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0023
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0023
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0023
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0024
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0024
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0024
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0025
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0025
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0025
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0025
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0025
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0026
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0026
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0026
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0026
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0027
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0027
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0027
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0027
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0028
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0028
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0028
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0028
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0029
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0029
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0029
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0029
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0029
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0030
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0030
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0030
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0031
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0031
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0031
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0031
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0032
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0032
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0033
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0033
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0034
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0034
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0035
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0035
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0035
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0036
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0036
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0036
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0037
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0037
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0037
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0038
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0038
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0038
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0039
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0039
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0039
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0040
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0040
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0040
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0041
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0041
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0041
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0041
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0042
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0042
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0042
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0043
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0043
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0043
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0043
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0044
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0044
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0044
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0044

S. He et al.

Lamos, M., Bockova, M., Missey, F., Lubrano, C., de Aradjo e Silva, M., Trajlinek, J.,
Studnicka, O., Daniel, P., Carron, R., Jirsa, V., Chrastina, J., 2025. Noninvasive
temporal interference stimulation of the subthalamic nucleus in Parkinson's disease
reduces beta activity. Mov. Disord. Apr 9.

Leocani, L., Comi, G., 2006. Movement-related event-related desynchronization in
neuropsychiatric disorders. Prog. Brain Res. 159, 351-366. Jan 1.

Li, Y., Wang, L., Jia, M., Guo, J., Wang, H., Wang, M., 2017. The effects of high-frequency
rTMS over the left DLPFC on cognitive control in young healthy participants. PloS
one 12 (6), e0179430. Jun 14.

Little, S., Bonaiuto, J., Barnes, G., Bestmann, S., 2019. Human motor cortical beta bursts
relate to movement planning and response errors. PLoS Biol. 17 (10), e3000479. Oct
4.

Little, S., Pogosyan, A., Neal, S., Zavala, B., Zrinzo, L., Hariz, M., Foltynie, T.,
Limousin, P., Ashkan, K., FitzGerald, J., Green, AL., 2013. Adaptive deep brain
stimulation in advanced Parkinson disease. Ann. Neurol. 74 (3), 449-457. Sep.

Lofredi, R., Tan, H., Neumann, W.J., Yeh, C.H., Schneider, G.H., Kiihn, A.A., Brown, P.,
2019. Beta bursts during continuous movements accompany the velocity decrement
in Parkinson's disease patients. Neurobiol. Dis. 127, 462-471. Jul 1.

Marinsek, N., Turner, B.O., Gazzaniga, M., Miller, MB., 2014. Divergent hemispheric
reasoning strategies: reducing uncertainty versus resolving inconsistency. Front.
Hum. Neurosci. 8, 839. Oct 21.

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG-and MEG-data.
J. Neurosci. Methods 164 (1), 177-190. Aug 15.

Mary, A., Bourguignon, M., Wens, V., de Beeck, M.O., Leproult, R., De Tiege, X.,
Peigneux, P., 2015. Aging reduces experience-induced sensorimotor plasticity. A
magnetoencephalographic study. NeuroImage 104, 59-68. Jan 1.

Mathiopoulou, V., Lofredi, R., Feldmann, L.K., Habets, J., Darcy, N., Neumann, W.J.,
Faust, K., Schneider, G.H., Kiihn, AA., 2024. Modulation of subthalamic beta
oscillations by movement, dopamine, and deep brain stimulation in Parkinson’s
disease. npj Parkinson's Dis. 10 (1), 77. Apr 5.

McFarland, D.J., Miner, L.A., Vaughan, T.M., Wolpaw, JR., 2000. Mu and beta rhythm
topographies during motor imagery and actual movements. Brain Topogr. 12 (3),
177-186. Mar.

McNamara, H.M., Solley, S.C., Adamson, B., Chan, M.M., Toettcher, JE., 2024. Recording
morphogen signals reveals mechanisms underlying gastruloid symmetry breaking.
Nat. Cell Biol. 26 (11), 1832-1844. Nov.

Mitchell, W.K., Baker, M.R., Baker, SN., 2007. Muscle responses to transcranial
stimulation in man depend on background oscillatory activity. J. Physiol. 583 (2),
567-579. Sep.

Neumann, W.J., Degen, K., Schneider, G.H., Briicke, C., Huebl, J., Brown, P., Kiihn, AA.,
2016. Subthalamic synchronized oscillatory activity correlates with motor
impairment in patients with Parkinson's disease. Mov. Disord. 31 (11), 1748-1751.
Nov.

Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.M., 2011. FieldTrip: open source
software for advanced analysis of MEG, EEG, and invasive electrophysiological data.
Comput. Intell. Neurosci. 2011 (1), 156869.

Oswal, A., Beudel, M., Zrinzo, L., Limousin, P., Hariz, M., Foltynie, T., Litvak, V.,
Brown, P., 2016. Deep brain stimulation modulates synchrony within spatially and
spectrally distinct resting state networks in Parkinson’s disease. Brain 139 (5),
1482-1496. May 1.

Oswal, A., Cao, C., Yeh, C.H., Neumann, W.J., Gratwicke, J., Akram, H., Horn, A., Li, D.,
Zhan, S., Zhang, C., Wang, Q., 2021. Neural signatures of hyperdirect pathway
activity in Parkinson’s disease. Nat. Commun. 12 (1), 5185. Aug 31.

Parris, B.A., Wadsley, M.G., Arabaci, G., Hasshim, N., Augustinova, M., Ferrand, L., 2021.
The effect of high-frequency rTMS of the left dorsolateral prefrontal cortex on the
resolution of response, semantic and task conflict in the colour-word Stroop task.
Brain Struct. Funct. 226 (4), 1241-1252. May.

Pascual-Leone, A., Tormos, J.M., Keenan, J., Tarazona, F., Canete, C., Catala, MD., 1998.
Study and modulation of human cortical excitability with transcranial magnetic
stimulation. J. Clin. Neurophysiol. 15 (4), 333-343. Jul 1.

Pell, G.S., Roth, Y., Zangen, A., 2011. Modulation of cortical excitability induced by
repetitive transcranial magnetic stimulation: influence of timing and geometrical
parameters and underlying mechanisms. Prog. Neurobiol. 93 (1), 59-98. Jan 1.

Peng, J., Zikereya, T., Shao, Z., Shi, K., 2024. The neuromechanical of Beta-band
corticomuscular coupling within the human motor system. Front. Neurosci. 18,
1441002. Aug 15.

Peter, J., Ferraioli, F., Mathew, D., George, S., Chan, C., Alalade, T., Salcedo, S.A.,
Saed, S., Tatti, E., Quartarone, A., Ghilardi, MF., 2022. Movement-related beta ERD
and ERS abnormalities in neuropsychiatric disorders. Front. Neurosci. 16, 1045715.
Nov 23.

Peterchev, A.V., Wagner, T.A., Miranda, P.C., Nitsche, M.A., Paulus, W., Lisanby, S.H.,
Pascual-Leone, A., Bikson, M., 2012. Fundamentals of transcranial electric and
magnetic stimulation dose: definition, selection, and reporting practices. Brain
Stimul. 5 (4), 435-453. Oct 1.

Pfurtscheller, G., Da Silva, FL., 1999. Event-related EEG/MEG synchronization and
desynchronization: basic principles. Clin. Neurophysiol. 110 (11), 1842-1857. Nov
1.

Pfurtscheller, G., Graimann, B., Huggins, J.E., Levine, S.P., Schuh, LA., 2003.
Spatiotemporal patterns of beta desynchronization and gamma synchronization in
corticographic data during self-paced movement. Clin. Neurophysiol. 114 (7),
1226-1236. Jul 1.

Pfurtscheller, G., Stancak Jr, A., Neuper, C., 1996. Post-movement beta synchronization.
A correlate of an idling motor area? Electroencephalogr. clin. Neurophysiol. 98 (4),
281-293. Apr 1.

12

Neurolmage 331 (2026) 121893

Pogosyan, A., Gaynor, L.D., Eusebio, A., Brown, P., 2009. Boosting cortical activity at
beta-band frequencies slows movement in humans. Curr. Biol. 19 (19), 1637-1641.
Oct 13.

Romei, V., Bauer, M., Brooks, J.L., Economides, M., Penny, W., Thut, G., Driver, J.,
Bestmann, S., 2016. Causal evidence that intrinsic beta-frequency is relevant for
enhanced signal propagation in the motor system as shown through rhythmic TMS.
Neuroimage 126, 120-130. Feb 1.

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmoller, J., Carpenter, L.L.,
Cincotta, M., Chen, R., Daskalakis, J.D., Di Lazzaro, V., 2021. Safety and
recommendations for TMS use in healthy subjects and patient populations, with
updates on training, ethical and regulatory issues: Expert Guidelines. Clin.
Neurophysiol. 132 (1), 269-306. Jan 1.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., 2009. Safety of TMS Consensus
Group. Safety, ethical considerations, and application guidelines for the use of
transcranial magnetic stimulation in clinical practice and research. Clin.
Neurophysiol. 120 (12), 2008-2039. Dec 1.

Rossini, P.M., Burke, D., Chen, R., Cohen, L.G., Daskalakis, Z., Di lorio, R., Di Lazzaro, V.,
Ferreri, F., Fitzgerald, P.B., George, M.S., Hallett, M., 2015. Non-invasive electrical
and magnetic stimulation of the brain, spinal cord, roots and peripheral nerves: Basic
principles and procedures for routine clinical and research application. An updated
report from an IFCN Committee. Clin. Neurophysiol. 126 (6), 1071-1107. Jun 1.

Sailer, A., Dichgans, J., Gerloff, C., 2000. The influence of normal aging on the cortical
processing of a simple motor task. Neurology 55 (7), 979-985. Oct 10.

Saleh, M., Reimer, J., Penn, R., Ojakangas, C.L., Hatsopoulos, NG., 2010. Fast and slow
oscillations in human primary motor cortex predict oncoming behaviorally relevant
cues. Neuron 65 (4), 461-471. Feb 25.

Salimpour, Y., Mills, K.A., Hwang, B.Y., Anderson, WS., 2022. Phase-targeted stimulation
modulates phase-amplitude coupling in the motor cortex of the human brain. Brain
Stimul. 15 (1), 152-163. Jan 1.

Schaworonkow, N., Triesch, J., Ziemann, U., Zrenner, C., 2019. EEG-triggered TMS
reveals stronger brain state-dependent modulation of motor evoked potentials at
weaker stimulation intensities. Brain Stimul. 12 (1), 110-118. Jan 1.

Schlaghecken, F., Miinchau, A., Bloem, B.R., Rothwell, J., Eimer, M., 2003. Slow
frequency repetitive transcranial magnetic stimulation affects reaction times, but not
priming effects, in a masked prime task. Clin. Neurophysiol. 114 (7), 1272-1277. Jul
1.

Spagnolo, F., Volonté, M.A., Fichera, M., Chieffo, R., Houdayer, E., Bianco, M., Coppi, E.,
Nuara, A., Straffi, L., Di Maggio, G., Ferrari, L., 2014. Excitatory deep repetitive
transcranial magnetic stimulation with H-coil as add-on treatment of motor
symptoms in Parkinson's disease: an open label, pilot study. Brain Stimul. 7 (2),
297-300. Mar 1.

Spagnolo, P.A., Goldman, D., 2017. Neuromodulation interventions for addictive
disorders: challenges, promise, and roadmap for future research. Brain 140 (5),
1183-1203. May 1.

Tan, H., Wade, C., Brown, P., 2016. Post-movement beta activity in sensorimotor cortex
indexes confidence in the estimations from internal models. J. Neurosci. 36 (5),
1516-1528. Feb 3.

Terao, Y., Furubayashi, T., Okabe, S., Mochizuki, H., Arai, N., Kobayashi, S., Ugawa, Y.,
2007. Modifying the cortical processing for motor preparation by repetitive
transcranial magnetic stimulation. J. Cogn. Neurosci. 19 (9), 1556-1573. Sep 1.

Toledo, D.R., Manzano, G.M., Barela, J.A., Kohn, AF., 2016. Cortical correlates of
response time slowing in older adults: ERP and ERD/ERS analyses during passive
ankle movement. Clin. Neurophysiol. 127 (1), 655-663. Jan 1.

Torrecillos, F., Falato, E., Pogosyan, A., West, T., Di Lazzaro, V., Brown, P., 2020. Motor
cortex inputs at the optimum phase of beta cortical oscillations undergo more rapid
and less variable corticospinal propagation. J. Neurosci. 40 (2), 369-381. Jan 8.

Torrecillos, F., Tinkhauser, G., Fischer, P., Green, A.L., Aziz, T.Z., Foltynie, T.,
Limousin, P., Zrinzo, L., Ashkan, K., Brown, P., Tan, H., 2018. Modulation of beta
bursts in the subthalamic nucleus predicts motor performance. J. Neurosci. 38 (41),
8905-8917. Oct 10.

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.
Aug 25.

van Elswijk, G., Maij, F., Schoffelen, J.M., Overeem, S., Stegeman, D.F., Fries, P., 2010.
Corticospinal beta-band synchronization entails rhythmic gain modulation.

J. Neurosci. 30 (12), 4481-4488. Mar 24.

van Helvert, M.J., Wijdenes, L.O., Geerligs, L., Medendorp, WP., 2021. Cortical beta-
band power modulates with uncertainty in effector selection during motor planning.
J. neurophysiol. Nov 24.

Vanderhasselt, M.A., De Raedt, R., Baeken, C., Leyman, L., D’haenen, H., 2006. The
influence of rTMS over the left dorsolateral prefrontal cortex on Stroop task
performance. Exp. Brain Res. 169 (2), 279-282. Feb.

Walker, S., Monto, S., Piirainen, J.M., Avela, J., Tarkka, I.M., Parviainen, T.M.,
Piitulainen, H., 2020. Older age increases the amplitude of muscle stretch-induced
cortical beta-band suppression but does not affect rebound strength. Front. Aging
Neurosci. 12, 117. May 19.

Wen, W., Grover, S., Hazel, D., Berning, P., Baumgardt, F., Viswanathan, V., Tween, O.,
Reinhart, RM., 2024. Beta-band neural variability reveals age-related dissociations
in human working memory maintenance and deletion. Plos Biol. 22 (9), e3002784.
Sep 11.

Wessel, JR., 2020. p-bursts reveal the trial-to-trial dynamics of movement initiation and
cancellation. J. Neurosci. 40 (2), 411-423. Jan 8.

Yamawaki, N., Stanford, I.M., Hall, S.D., Woodhall, GL., 2008. Pharmacologically
induced and stimulus evoked rhythmic neuronal oscillatory activity in the primary
motor cortex in vitro. Neuroscience 151 (2), 386-395. Jan 24.


http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0045
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0045
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0045
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0045
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0046
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0046
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0047
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0047
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0047
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0048
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0048
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0048
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0049
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0049
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0049
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0050
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0050
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0050
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0051
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0051
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0051
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0052
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0052
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0053
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0053
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0053
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0054
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0055
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0055
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0055
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0056
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0056
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0056
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0057
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0057
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0057
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0058
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0058
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0058
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0058
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0059
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0059
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0059
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0060
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0060
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0060
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0060
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0061
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0061
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0061
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0062
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0062
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0062
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0062
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0063
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0063
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0063
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0064
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0064
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0064
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0065
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0065
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0065
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0066
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0066
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0066
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0066
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0067
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0067
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0067
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0067
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0068
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0068
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0068
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0069
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0069
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0069
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0069
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0070
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0070
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0070
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0071
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0071
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0071
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0072
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0072
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0072
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0072
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0073
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0073
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0073
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0073
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0073
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0074
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0074
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0074
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0074
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0075
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0075
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0075
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0075
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0075
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0076
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0076
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0077
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0077
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0077
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0078
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0078
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0078
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0079
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0079
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0079
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0080
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0080
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0080
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0080
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0081
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0081
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0081
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0081
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0081
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0082
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0082
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0082
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0083
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0083
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0083
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0084
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0084
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0084
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0085
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0085
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0085
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0086
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0086
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0086
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0087
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0087
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0087
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0087
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0088
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0088
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0088
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0089
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0089
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0089
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0090
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0090
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0090
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0091
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0091
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0091
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0092
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0092
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0092
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0092
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0093
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0093
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0093
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0093
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0094
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0094
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0095
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0095
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0095

S. He et al.

Yu, Z., Guindani, M., Grieco, S.F., Chen, L., Holmes, T.C., Xu, X., 2022. Beyond t test and
ANOVA: applications of mixed-effects models for more rigorous statistical analysis in
neuroscience research. Neuron 110 (1), 21-35. Jan 5.

Zaepffel, M., Trachel, R., Kilavik, B.E., Brochier, T., 2013. Modulations of EEG beta
power during planning and execution of grasping movements. PloS one 8 (3),
e60060. Mar 21.

13

Neurolmage 331 (2026) 121893

Zanos, S., Rembado, 1., Chen, D., Fetz, EE., 2018. Phase-locked stimulation during
cortical beta oscillations produces bidirectional synaptic plasticity in awake
monkeys. Curr. Biol. 28 (16), 2515-2526. Aug 20.

Zrenner, C., Desideri, D., Belardinelli, P., Ziemann, U., 2018. Real-time EEG-defined
excitability states determine efficacy of TMS-induced plasticity in human motor
cortex. Brain Stimul. 11 (2), 374-389. Mar 1.


http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0096
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0096
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0096
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0097
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0097
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0097
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0098
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0098
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0098
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0099
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0099
http://refhub.elsevier.com/S1053-8119(26)00209-0/sbref0099

	Characterising motor and cognitive contributions of cortical beta oscillations and their modulation with rTMS
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Determination of individual beta frequency (IBF)
	2.3 Experimental paradigm
	2.4 Data acquisition
	2.5 Determination of active motor threshold (AMT)
	2.6 Behavioural data analysis
	2.7 EEG data analysis
	2.8 Statistical analysis
	2.9 Data availability statement

	3 Results
	3.1 Movement initiation is modulated by both uncertainty and rTMS
	3.2 Cortical beta and alpha are bilaterally and proportionally modulated by directional uncertainty
	3.3 Movement initiation is associated with contralateral cortical beta activity preceding the ‘go’ cue
	3.4 rTMS facilitates movement initiation through attenuating beta ERD
	3.5 The effects of rTMS on movement initiation depends on the initial phase of the targeted beta activity

	4 Discussion
	4.1 Beta-band oscillations during movement preparation encode uncertainty
	4.2 Beta-band oscillations before movement encode reaction time
	4.3 Effects of regular and irregular rTMS
	4.4 Implications in Parkinson’s disease

	5 Limitations
	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Supplementary materials
	References


