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Abstract

Objective

Motor learning is key to successful neuro-rehabilitation. Combinations of Brain-Computer Interfaces
(BCIs) and repetitive transcranial magnetic stimulation (rTMS) have been proposed for
neurorehabilitation following conditions such as stroke. However, rTMS is typically delivered via a fixed
protocol without taking into consideration the current brain states of participants.

We propose a new BCI-based r'TMS delivery protocol for supporting motor learning. Specifically, we
propose BCI-based brain state dependent delivery of r'TMS, in which a BCI system measures the
event-related desynchronisation (ERD; a neural marker of motor learning in the alpha band, selected
because it is a robust, well-established real-time EEG correlate of motor activity and cortical
excitability) in order to determine when to deliver rTMS.

Approach

We compare our proposed r'TMS delivery protocol with two state of the art comparable protocols:
delivery of rTMS prior to the BCI-based motor learning and delivery of rTMS at fixed times throughout
the experiment, as well as a control condition in which no rTMS was used. Each protocol is tested with
a different group (n = 8) of participants (n = 32 total participants).

Main Results

Our results reveal a significant effect of changing the rTMS delivery protocol (p = 0.005) and that our
proposed r'TMS delivery protocol delivers better motor learning outcomes than other state of the art
r'TMS delivery protocols (e.g. BCI group vs. fixed times group: p = 0.003, BCI group vs. no rTMS
group: p = 0.03). Inspection of ERD dynamics from each of our participant groups demonstrates that
our BCI-based r'TMS paradigm keeps corticospinal excitability relatively stable throughout the learning
period, keeping the brain in a more optimal learning state for longer.

Significance
These findings suggest potential applications for adaptive rTMS-BCI systems in clinical
neurorehabilitation, sports skill learning, and neuroprosthetic control.

Keywords: Motor learning, BCI, r'TMS, ERD
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1 Introduction

Motor learning is essential for us throughout life but
particularly in early childhood, when we are first
learning to move, and for many of us, in later life to
support recovery and rehabilitation from brain
injuries such as stroke or Parkinson’s disease [Truelsen
et al., 2006, Feigin et al., 2009], as well as to support
adult skill learning.

As we age, our ability to learn new motor skills
declines, in part due to reduced plasticity in the
motor cortex and decreased corticospinal excitability
[Seidler et al., 2010]. This is seen in reduced levels of
corticospinal excitability and presents a challenge to
brain injury rehabilitation, as the most prevalent
brain injuries, such as stroke, are much more likely in
later life when our ability to re-learn lost motor skills
is greatly reduced [Kissela et al., 2012].

Motor learning involves changes in cortical
excitability as learners practice movement [Classen
et al., 1998]. Increasing corticospinal excitability
lowers motor-unit recruitment thresholds,
strengthening voluntary drive and making
contractions easier to initiate and scale [Perez et al.,
2004, Adkins et al., 2006]. It also primes Hebbian
plasticity to accelerate learning and consolidation
[Rioult-Pedotti et al., 2000]. A key neural signature of
these excitability changes is the event-related
desynchronisation (ERD), a rhythmic power decrease
in the sensorimotor alpha (8-13 Hz) and beta
(13-30 Hz) bands during actual or imagined
movement. ERD reflects cortical activation and motor
preparation, providing a reliable non-invasive marker
of motor network engagement and learning-related
plasticity [Pfurtscheller and da Silva, 1999, Neuper
et al., 2006, Daly et al., 2018].

These changes in cortical excitability can be
promoted through neural technologies such as
Brain-Computer Interfaces (BCIs). BClIs provide a
feedback loop between the human brain and a
computer. This feedback can be used to deliver
contingent feedback that rewards high-ERD,
disinhibited sensorimotor states, shifting
excitation—inhibition toward a pro-plastic regime that
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strengthens corticospinal drive and accelerates skill
acquisition. BCIs have been used to deliver clinically
validated improvements in stroke rehabilitation
outcomes, compared to traditional stroke
rehabilitation practice [Ang et al., 2010].

Motor imagery—based BCIs (MI-BCIs) have been
widely investigated as tools to aid motor learning and
post-stroke rehabilitation [Buch et al., 2008, Ang
et al., 2009, 2010, Caria et al., 2011, Pichiorri et al.,
2015, Remsik et al., 2016, Zhang et al., 2020, Jang
et al., 2016, Ramos-Murguialday et al., 2013, Ang
et al., 2014b, Li et al., 2014, Ang et al., 2014a, Mihara
et al., 2013, Pichiorri et al., 2015, Rayegani et al.,
2014, Frolov et al., 2017, Biasiucci et al., 2018, Ang
and Guan, 2013]. These systems use neural activity
such as ERD to provide positive feedback and
reinforce beneficial motor patterns, resulting in
significant improvements in motor control and
functional outcomes across multiple clinical studies
and meta-analyses [Ang et al., 2010, Cervera et al.,
2018].

The ERD is used as the basis for control of the
majority of BCI-based stroke rehabilitation systems
and ERD has also been suggested as a biomarker of
cortical excitability [Aono et al., 2013, Pollok et al.,
2014, Daly et al., 2018]. In the present study, we
focus on ERD in the alpha band (8-13 Hz), as it most
consistently reflects sensorimotor cortex activation
during both motor preparation, execution, and motor
imagery [Pfurtscheller and da Silva, 1999, Neuper
et al., 2006]. Alpha ERD is robust across participants,
less sensitive to muscle artefacts than higher
frequency bands, and shows strong correlations with
corticospinal excitability and motor learning outcomes
[Ramos-Murguialday et al., 2013, Pichiorri et al.,
2015]. Alpha ERD provides a reliable, interpretable
signal for real-time BCI control and neurofeedback in
stroke and motor learning contexts. Additionally,
activity in the theta and alpha bands and the ERD in
those same bands have been reported as biomarkers
for learning outcomes [Pitto et al., 2011, Pollok et al.,
2014, van der Cruijsen et al., 2021].

Other candidate biomarkers such as beta rebound,



gamma-band power, phase—amplitude coupling, or
functional connectivity can also index aspects of
motor learning and cortical reorganization [Brovelli
et al., 2002]. However, these typically require
higher-density recordings, have lower signal-to-noise
ratios in scalp EEG, or lack the temporal stability
needed for online BCI control. Therefore, ERD was
selected as the most practical and physiologically
grounded neural feature for this initial investigation.

Note that the ERD [Stancak and Pfurtscheller,
1996] serves two complementary roles in our study.
First, ERD is used as a trigger for
brain-state—dependent rTMS delivery: transient
periods of more negative ERD indicate periods of
cortical disinhibition, which may favour Hebbian
plasticity and enhance the efficacy of stimulation.
Second, ERD serves as a neural correlate of motor
learning: over repeated practice, decreases in absolute
ERD amplitude typically reflect more efficient
sensorimotor processing, indicating learning-related
plasticity. Using ERD in both capacities allows us to
target r'TMS delivery during optimally plastic states
while also monitoring learning progress.

As well as BClIs, neurostimulation can also be used
to enhance motor learning outcomes by modulating
cortical excitability [Dawson et al., 2024]. Among
these, repetitive transcranial magnetic stimulation
(rTMS) has been widely applied. Depending on
stimulation parameters, rTMS can either increase or
decrease local cortical excitability and has shown
beneficial effects for both motor learning and
rehabilitation [Fitzgerald et al., 2006, Bai et al., 2022,
Rumpf et al., 2020, Freedberg and Wassermann, 2021,
Takeuchi et al., 2005, Jia et al., 2021].

In recent years rTMS has been combined with BCI
for stroke rehabilitation in a few studies. For example,
Johnson and colleagues used repetitive transcranial
magnetic stimulation (rTMS) along with BCI to treat
3 stroke survivors over multiple sessions. In each
session r'TMS (either real or sham) was first applied
followed by a BCI training session with visual
feedback (delivered via virtual reality). Significant
functional improvements were reported in both real
and sham r'TMS sessions with real rTMS sessions also
resulting in significant alterations in inter-hemispheric
inhibition [Johnson et al., 2018].

However, rTMS is typically applied at fixed times,
without accounting for inter-participant variances in
learning rates, neural activity, physiology or other
factors. Typically, r'TMS sessions are either delivered
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before the beginning of the learning task (either a
traditional learning task or a BCI based system) or
they are delivered at fixed time points during the
motor learning task. A recent study by [Kwon et al.,
2014] compared the efficacy of these two approaches,
revealing that delivering rTMS sessions before the
motor learning task to be more effective than
delivering r'TMS at fixed intervals during motor
learning. Other dynamic stimulation paradigms have
also been explored in the literature. For example,
rTMS has been delivered at randomized intervals
[Benwell et al., 2006], or adaptively based on
performance, fatigue, or physiological markers [Luber
et al., 2013]. Alternatively, brain state dependent
delivery of rTMS has been proposed to attempt to
improve learning outcomes [Thut et al., 2017]. While
promising, these approaches have not yet been widely
integrated into BCI-driven motor learning paradigms,
which remain the focus of the present study.

We therefore propose a BCI-driven rTMS protocol
in which stimulation is delivered when neural markers
of motor learning (e.g. ERD amplitude) indicate
changes in cortical excitability. We hypothesise that
this, BCI-based, brain-state-dependent rTMS delivery
method will lead to more effective motor learning
compared with fixed-time or pre-training stimulation
protocols.

2 Methodology

2.1 Participants

A total of 32 individuals participated in our
experiments (23 male, median age 28.5, standard
deviation of 6.45, ranging from 20 to 40). The
majority (30) of the participants were right handed (2
left handed). All participants had normal or corrected
to normal vision and hearing, and passed our

screening protocols for safe inclusion in a joint rTMS
and EEG study.

2.2 FEthical approval and safety

Our research was conducted in accordance with the
Declaration of Helsinki and participants provided
written consent. We were granted ethical approval on
behalf of the University of Essex ethics committee
(ETH2324-1522). All participants were screened for
inclusion in rTMS experiments as per the screening
procedures recommended by Rossi et.al. [Rossi et al.,
2021].
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Figure 1: Overview of the timeline of blocks in the experiment protocol. The force max block lasted for 5s, the
30 % force max block for 40s, and each motor learning block lasted for approximately 365s. The total duration of
the experiment was approximately 3 hours, including preparation time. Participants are given breaks between each

block of at least 30s.

2.8 Protocol

The experiment timeline began with two force
maximum blocks, followed by two 30 % force
maximum blocks. After these initial blocks
participants were tasked with completing 10 motor
learning blocks. Two further 30 % force maximum
blocks were then presented to participants, before a
further 10 motor learning blocks. Finally, two final
30 % force maximum blocks were presented to
participants at the end of the experiment. An
overview of this protocol is illustrated in Figure 1.

There was a break after each block with a
minimum duration of 30s during which experimenters
checked on participants welfare. A break of at least
60s was given after the force maximum blocks.
Participants were then instructed to begin the next
block when ready.

Including task blocks, rTMS delivery, EEG setup,
and all scheduled breaks, each experimental session
lasted approximately three hours in total. This
duration was tolerated well by participants, with
regular rest periods provided to minimize fatigue.

The force maximum block consisted of a single
trial in which participants first viewed a fixation cross
for a random duration uniformly drawn from between
2-3 s followed by a 5s force maximum task. In the
force maximum task participants were presented with
a visual representation of a 5s countdown on screen in
the form of a filled arc, which decreased in
circumference from from 360° to 0° at a fixed speed of
72° per second. While this cue was on screen they
were instructed to pinch a force transducer between
their thumb and forefinger of their right hand as hard
as they could.

In the 30 % force maximum task participants were
asked to squeeze the force transducer between their
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thumb and forefinger of their right hand at 30 % of
the maximum force recorded during the two force
maximum blocks. The 30 % force maximum blocks
began with a fixation cross for a random duration
uniformly drawn from between 2-3s. This was
followed by presentation of a horizontal red line at

30 % of the vertical height of the screen. Participants
controlled the vertical height of a black trace line by
exerting force to the force transducer. This trace line
moved across the screen from left to right at a steady
speed over the 40s duration of the task. Participants
were tasked with keeping the trace line as close to the
red target line as possible. This is illustrated in
Figure 2.

Squeeze to reach the line.

Iy
V

Figure 2: The 30 % force maximum task. Participants
were tasked with controlling the vertical position of the
trace line as it moved across the screen from left to right
at a fixed speed. By varying the force exerted on the
force transducer participants aimed to keep the trace
as close to the middle red line as possible.

In the motor learning blocks participants went
through 10 motor learning trials. The motor learning
task was adapted from the ‘complex’ task described



by Cruijsen et.al. [van der Cruijsen et al., 2021].
Participants were presented with 5 target rectangles
on the screen arranged in random order along the
horizontal axis. They were also presented with a
rectangular ‘paddle’, which was initially placed on the
left of the screen. By squeezing a force transducer
between their right thumb and forefinger participants
could move the paddle from the left to the right of the
screen. This setup is illustrated in Figure 3.

Figure 3: The motor learning task. Participants con-
trolled the black paddle (the black rectangle shown to
the left of the screen) by squeezing a force transducer
with their right hand. The task involved moving the
paddle to sequentially hit numbered target rectangles
presented horizontally. Visual feedback of the paddle’s
position and targets was provided in real time.

A metronome was played to participants at a
speed of 80 bpm. Participants were asked to squeeze
the force transducer in order to move the cursor to
each of the targets in numbered order at the speed of
the metronome (ie. to hit the targets, in turn, once
per 750 ms). The measured force from the force
transducer was mapped to the cursors horizontal
position using the logarithmic function

(log F' + 4.65)

P=
5.4

(1)

where P denotes the position of the cursor on the
horizontal axis and F' denotes the measured force
from the force transducer. The scaling factors 4.65
and 5.4 were set manually by the research team and
fixed throughout all experiments to provide a good
response rate and a sufficiently challenging task for
the screen size.

The participants learning task was to learn to vary
the force applied to the transducer in order to hit the
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targets in the correct order and at the correct times
as determined by the metronome.

This motor task was selected because it elicits
robust and well-characterised event-related
desynchronisation (ERD) in the sensorimotor cortex
[van der Cruijsen et al., 2021]. It is also simple
enough to standardise across participants and to
integrate with online BCI control and rTMS timing.

2.4 Measurements
Both EEG and EMG were recorded from participants.

EEG was recorded via 64 channels positioned
according to the international 10/20 system. A
Biosemi Active2 biosignal amplifier was used to record
EEG at a sample rate of 2048 Hz for 27 of the
participants, with a sample rate of 8192 Hz used to
record a further 5 participants (1-2 per group).

EMG was recorded via the same Biosemi Active2
amplifier at 2048 Hz for 27 participants and 8192 Hz
for 5 further participants. The EMG channels were
positioned along the first dorsal interosseous muscle,
referenced to a position adjacent to the ring finger and
grounded to the ulnar point. All EMG measurements
were taken from all of the participants right hand.

2.5 Neurostimulation localisation

A Magstim repetitive transcranial magnetic
stimulation (rTMS) Rapid2 system was used for all
neurostimulation in the experiment. A 70 mm figure 8
air foil cooled (AFC) coil was used. This was placed
over the left motor cortex. The coil was placed
tangentially to the EEG cap with the coil handle
pointing backwards and laterally at a 45° angle away
from the midline.

The optimal TMS location was identified with a
Localite neuronavigation system (Localite GmbH,
Germany) in combination with a robotic TMS
positioning system (Axilum Robotics, France). The
optimal neurostimulation location was identified as
the location at which the largest average MEP
response was identified over 10 repetitions of single
pulse stimulation.

Once the hotspot was identified, the resting motor
threshold (RMT) was determined according to
standard procedures [Rothwell et al., 1999]. RMT was
defined as the minimum stimulator output intensity
that evoked motor-evoked potentials (MEPs) with a
peak-to-peak amplitude of at least 100 pV in the
relaxed first dorsal interosseous (FDI) muscle in 5 out
of 10 consecutive trials.
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RMT provides an individualized physiological
reference point for cortical excitability and is the
standard basis for setting rTMS intensity across
participants. Using a percentage of each participant’s
RMT (90 % in this study) ensures that stimulation
strength is scaled to individual cortical thresholds,
thereby reducing inter-participant variability in the
effective stimulation dose.

2.6 Repetitive transcranial magnetic stimulation
The r'TMS protocol used to encourage increased
corticospinal excitability was chosen based on a
review of the literature. The literature we identified
describing rTMS studies, their frequency protocols,
and their outcomes are detailed in Table 1.

The effects of different rTMS protocols on
cortico-spinal excitability and motor learning
outcomes are also summarised in our supplementary
material.

As can be seen from our literature review,
approximately 1000 stimulations at a frequency of
10Hz, and a stimulation intensity of 90 % of the
resting motor threshold have been reported to produce
the greatest improvement in corticospinal excitability
and motor learning outcomes. Therefore, we use an
r'TMS procedure with a frequency of 10 Hz and
duration of 5s at 90 % of the resting motor threshold.

The rTMS was delivered in trains, which were
delivered at different times for each participant
according to the experimental condition (see below).
Each train was 5s long and included 50 stimulations.
Where 2 or more trains were delivered consecutively
there was a 30s break between trains.

Participants wore disposable single-use ear plugs
for the duration of the experiment.

2.7 Conditions
Four conditions were investigated in the experiment.

1. BCI-based rTMS delivery.
2. Interleaved rTMS delivery.
3. Pre-learning r'TMS delivery.

4. No r'TMS delivery.

Participants were randomly allocated to one of the
four groups and, as much as possible, blinded to
which group they were in. This was done by not
informing participants about the existence of different
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3

groups or conditions until after the experiment. A
total of 8 participants were assigned to each group.

In the BCI-based rTMS delivery condition rTMS
was delivered at discrete times throughout the
experiment determined via the BCI. Specifically, a
single rTMS train (of duration 5s, see above) would
be delivered between a pair of motor learning blocks if
the BCI determined that participants were not
showing improvements in neural correlates of motor
learning over the previous 2 motor learning blocks.

In the interleaved rTMS delivery condition rTMS
was delivered between motor learning blocks at fixed
time points in the experiment regardless of the
participants measured neural activity.

In the pre-learning r'TMS delivery condition all
r'TMS trains were delivered at the beginning of the
experiment before the motor learning blocks. In this
condition an inter-train duration of 30s was used to
separate the trains. Note that this inter-train interval
of 30s was the smallest inter-train interval. In the
other two conditions (BCI-based and interleaved
r'TMS delivery) the inter-train intervals were much
longer as they came between 1 or more blocks of 10
trials.

The number of trains of r'TMS delivered to
participants in the BCI-based r'TMS delivery
condition varied from participant to participant
according to the BCI-based measurement of the neural
correlates of motor learning. Therefore, to ensure
meaningful comparisons could be made between
conditions, for each participant who undertook the
BClI-based rTMS condition, a participant undertook
the interleaved condition with the same number of
r'TMS trains and another participant undertook the
pre-learning condition with the same number of r'TMS
trains. For example, if a participant completed the
BClI-based condition with 9 rTMS trains delivered,
than 2 other participants each completed one of the
other two rTMS conditions also with 9 rTMS trains.

2.8 Brain-Computer Interface operation

EEG was preprocessed during the BCI operation.
Specifically, the EEG recorded during each 10s long
motor control trial was placed into an epoch of
duration 11s (from 1s before the start of the motor
control trial to the end of the trial).

All 64 EEG channels were then re-referenced to
the common average reference (CAR) scheme to
reduce the influence of common background noise
[Tsuchimoto et al., 2021]. The EEG was then



Frequency Effect ~ References
Decrease [Chen et al., 1997, Muellbacher et al., 2000, Rossi et al., 2000, Maeda et al.,
<1 2000a, Touge et al., 2001, Schlaghecken et al., 2003, Jancke et al., 2004, Psurek
et al., 2021, Wassermann et al., 1996, Siebner et al., 1999, Fierro et al., 2001,
Sommer et al., 2002, Romero et al., 2002, Modugno et al., 2003, Plewnia et al.,
2003, Fitzgerald et al., 2004, Stinear and Byblow, 2004, Fitzgerald et al., 2005,
Casula et al., 2014, Fitzgerald et al., 2002]
None [Pascual-leone et al., 1994, Muellbacher et al., 2002, Lee et al., 2003, Weiler
et al., 2008, Gerschlager et al., 2001, Cincotta et al., 2003, Gorsler et al., 2003,
Brighina et al., 2005, Murase et al., 2005, Inghilleri et al., 2006, Daskalakis
et al., 2000]
Increase [Pascual-leone et al., 1994, Wassermann, 1998, Schambra et al., 2003,
Kobayashi et al., 2004, Doumas et al., 2005, Carey et al., 2006, Avanzino
et al., 2008, Nowak et al., 2008, Dafotakis et al., 2008, Kobayashi et al., 2009,
Kobayashi, 2010, Sasaki et al., 2013, na Jin et al., 2019, Siebner et al., 1999,
Gilio et al., 2003]
Decrease [Berardelli et al., 1999, Peinemann et al., 2000]
5-7 None [Siebner et al., 2000, Fierro et al., 2001, Holler et al., 2006, Moisello et al., 2015,
Lazzaro et al., 2002, Peinemann et al., 2004]
Increase [Pascual-leone et al., 1994, Jennum et al., 1995, Berardelli et al., 1998, Narayana
et al., 2014, Agostino et al., 2007, Sczesny-Kaiser et al., 2009, Lorenzano et al.,
2002, Gorsler et al., 2003, Peinemann et al., 2004, Quartarone et al., 2005, In-
ghilleri et al., 2006, Gilio et al., 2009, Yin et al., 2015]
Increase [Pascual-leone et al., 1994, Jennum et al., 1995, Kim et al., 2004, Yoo et al.,
2008, Sasaki et al., 2013, Kwon et al., 2014, Pascual-Leone et al., 1998, Maeda
et al., 2000b, Lorenzano et al., 2002, Daskalakis et al., 2006, Jung et al., 2008]
15 Increase [Wu et al., 2000]
20 None [Wassermann et al., 1996, Rumpf et al., 2020]
Increase [Pascual-leone et al., 1994, Jennum et al., 1995, Wassermann, 1998, Kim and
Yim, 2018, Maeda et al., 2000a, Ke et al., 2020, Krogh et al., 2022, Lorenzano
et al., 2002, Daskalakis et al., 20006]

10

Table 1: Summary of our review of the literature describing the relationships between rTMS frequencies and effects
on motor learning outcomes.
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band-pass filtered into the range 1-45 Hz using a 2'nd
order Butterworth filter in order to minimise the
effects of low frequency drift and high frequency noise.
The band-power within the alpha frequency band
(8-13 Hz) was then extracted using a Butterworth IIR
filter and a 1s smoothing window (via the
‘bandpower’ function from the BioSig toolbox
[Vidaurre et al., 2011]). This approach allows
identification of the alpha band ERD, which is
strongly associated with movement planning and
execution as well as motor learning [Zhuang et al.,
1997]. This band power was then baseline corrected to
estimate the event-related (de)synchronisation (ERD),
by subtracting the mean alpha band-power from the
1s baseline period before the average of the resulting
ERD from the 0-5s movement period was calculated
for channel C3. This choice of time window and
channel allows extraction of the majority of the most
informative features of the ERD [Zhuang et al., 1997].
In the BCI-based rTMS delivery condition, the
ERD was used as a neural correlate of learning. The
ERD per trial was averaged over all trials in a block
to provide a measure of average ERD per block. The
change in this average ERD per block was used as a
neural correlate of motor learning. Specifically, after
each block (from block 2 onwards) the change in
average ERD per block over the previous 2 blocks was
checked. If a more negative ERD was seen in the
average ERD per block - i.e. if the ERD in block 3
was lower (more negative) than the average ERD in
block 2 - then an rTMS train was delivered to the
participant. No adaptive thresholding was applied
online, to preserve consistency across participants.

2.9 Analysis
Offline post-experiment analysis was used to
investigate changes in cortico-spinal excitability,
motor learning outcomes, and ERD dynamics.
Corticospinal excitability baselines were measured
via the amplitudes and latencies of the MEPs
recorded before the start of the experiment. The
EMG was first filtered with an FIR notch filter at
50 Hz with - for some participants, determined by
visual inspection - an additional notch filter at 100 Hz.
This was followed by an FIR high-pass filter at 5 Hz.
Epochs containing MEPs were then identified from
time windows from 0 ms up to 150 ms after delivery of
the single TMS pulse. Since there is a delay between
the trigger and the firing of the TMS, in order to
precisely compute the MEP latency it is necessary to
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know when exactly the TMS has been fired. We do
this by manually visually locating the artifact induced
by the TMS in the EMG recording. The MEP latency
is than defined as the time elapsed from this artifact
to the first visually identified peak due to muscular
activity.

The MEP amplitude was calculated as the
absolute value of the difference between the highest
and lowest peaks of the MEP. Any MEPs with a
peak-to-peak amplitude less than 100 uV were
discarded.

Motor learning outcomes were measured via the
number of targets a participant hit on time with the
metronome in a given trial. For each trial we
measured how many targets were hit correctly in the
sequence. For each of these correctly hit targets in the
sequence we then measured whether the target was
hit to the beat of the metronome. For each beat of
the metronome we defined a time window of + 0.2
around the metronome beat (with the time window
tested and refined on a sub-set of data from the 1st
participant in each of the three groups). If the target
was hit correctly within this window it was counted as
a correct hit.

We measured the number of correct hits per trial.
We then measured the average number of correct hits
over each block and used this as a measure of learning
outcomes. The more targets correctly hit per block by
a participant the better they have learnt the task.

We measured ERD dynamics during motor
learning in each trial. We first band-pass filtered the
EEG recorded from each participant into the range 1
to 45 Hz using a 2nd order Butterworth filter. We
then cleaned the EEG of artifacts using the
automated artifact removal method FORCe [Daly
et al., 2014]. Additionally, we attempted to reduce the
influence of horizontal eye movements on our EEG.
Specifically, we applied second order blind
independent component analysis (SOBI ICA) to our
EEG and measured the Pearson correlation between
each component and the EEG on channel F7 - F8.
Components with a correlation higher than 0.4 were
removed (a process that removed between 1-2
components per participant). We performed
inspection of random segments of the cleaned EEG to
verify the efficacy of the automated artifact removal
method.

We then extracted ERDs from the EEG by first
measuring the band-power of the EEG in the alpha
frequency band (8-13,) before baseline correcting to



the 2 pre-movement baseline period (the last 2s of
the fixation cross presentation period). We then
measured ERD as a percentage change in alpha
band-power against baseline via

bpy — base) @)

ERD, =100 x (
base
where bp; denotes the alpha band-power of the
EEG at time ¢t and base denotes the median
band-power in the pre-movement baseline period.
ERD time series were verified for each participant via
visual inspection.

2.10 Statistics

We assessed motor learning outcomes for each
participant to determine if the participant achieved a
significant improvement in their motor learning
outcome over the course of the experiment. We
modelled the mean number of targets hit per block
against block number via a 1st order linear regression
model. Significant differences from 0 (a flat line
relationship between block number and targets hit)
indicate significant learning has taken place. We then
assessed this by fitting a 1st order regression model
and measuring significance of the difference of fit from
a straight line.

We then analysed behavioural outcomes using
linear mixed-effects models (LMEMs). The model
included rTMS delivery condition as the primary
predictor, while participant age, gender, the time of
day when the measurement was made (morning or
afternoon), and the number of rTMS trains delivered
to participants were included as covariates. To
address potential confounding between rTMS delivery
condition, time of day, gender, and handedness, these
factors were included as fixed factors in the model.
Type III Sum of Squares was used to determine the
unique contribution of each variable.

Where significant fixed effects were identified, we
conducted pairwise comparisons using separate t-tests
to ensure that variance estimates remained local to
the specific subgroups. This approach provides a
conservative evaluation of group differences by
avoiding the global variance assumptions inherent in
pooled model-based estimates. This LMEM approach
was preferred over traditional ANOVA because it
better accommodates a repeated-measures structure
and inter-participant variability, thereby providing a
more appropriate test of group-level effects.

Given the exploratory, proof-of-concept nature of
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this study, we did not apply formal corrections for
multiple comparisons to prioritize sensitivity to
potential effects and minimize Type II errors. Instead,
we measure effect sizes (Cohen’s d) and 95 %
confidence intervals to provide a transparent
assessment of the magnitude and precision of the
observed findings.

3 Results

3.1 Neurostimulation localisation and conditions
We identified individual optimal resting motor
thresholds and locations for each participant. The
resting motor thresholds identified are listed in Table
2 along with the total number of stimulation trains
delivered per participant.

Note, a relatively high set of resting stimulation
strengths were identified due to the extra distance
between the stimulator coil and the brain as a result
of the EEG electrodes. The optimal stimulation
locations cluster around the primary left motor
cortex. This is illustrated in Figure 4.

Sagittal Coronal

Figure 4: Locations of the optimal TMS paddle loca-
tions identified per participant for production of MEPs.

3.2 Data quality

During online BCI operation it was not possible to
manually inspect EEG or EMG signal quality. Instead
we used an automated signal processing and artifact
removal pipeline.
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Participant  Condition

1 BCI

2 BCI

3 BCI

4 BCI

5 BCI

6 BCI

7 BCI

8 BCI

9 Interleaved
10 Interleaved
11 Interleaved
12 Interleaved
13 Interleaved
14 Interleaved
15 Interleaved
16 Interleaved
17 Pre-learning
18 Pre-learning
19 Pre-learning
20 Pre-learning
21 Pre-learning
22 Pre-learning
23 Pre-learning
24 Pre-learning
25 No rTMS
26 No rTMS
27 No rTMS
28 No rTMS
29 No rTMS
30 No rTMS
31 No rTMS
32 No rTMS

Resting mo-
tor threshold
75
60
65
80
86
100
71
71
80
78
79
69
80
69
90
75
100
75
83
85
85
75
72
95
70
80
71
85
85
53
74
100

MEP inten-
sity

90
72
78
96
100
100
94
85
96
94
95
83
96
83
98
90
100
90
91
94
94
90
86
100
84
96
85
100
100
64
89
100

rTMS in-
tensity
68
54
59
72
77
90
70
64
72
70
71
62
72
62
81
68
90
68
75
77
77
68
65
86

No. rTMS trains
delivered
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Table 2: Experiment conditions and stimulation strengths used with each participant.
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To verify the quality of the signals used by the
BCI after the session we manually inspected a random
sub-set of the recorded signals. No significant issues
were identified in the signals recorded from any
participants.

3.3 Behavioural results

We assessed motor learning outcomes across each of
the four rTMS delivery methods. We plot examples of
the mean number of targets hit sufficiently close in
time to the metronome per block per group (rTMS
delivery method) in Figure 5.

It can be seen that many participants achieved
improvements in motor learning outcomes over the
experiment, with upwards trends in the number of
targets hit over time for participants in all four
conditions.

We also assessed the statistical significance of
motor learning outcomes. The results per participant
are reported in Table 3.

It can be seen that the majority of participants in
the BCI group exhibited significant improvements in
motor learning outcomes over the course of the
experiment. In the pre-learning group 4 of the 8
participants achieved significant improvements in
motor learning outcomes. In the fixed interleaved
group only 1 participant achieved a significant
improvement in motor learning outcome. Finally, in
the no rTMS control group 2 of the 8 participants
achieved significant improvements in motor learning
outcomes.

Thus, there are apparent differences in motor
learning outcomes between experiment conditions.
These differences were found to be statistically
significant. Linear mixed effect (LME) models
revealed a significant effect of "TMS condition’ (BCI,
Interleaved, Pre-learning, or no rTMS),

F(3,20) = 5.785,p = 0.005. While handedness of
the participants was also a significant predictor of
learning, F'(1,20) = 6.563,p = 0.018, the lack of a
significant Condition x Handedness interaction

(p = 0.943) suggests that the benefit of the TMS
delivery condition was consistent across both left- and
right-handed participants. Although the highly
unbalanced nature of handedness in the dataset
means this result must be interpreted with caution.

Post-hoc t-tests revealed significant differences
between the BCI group and the fixed interleaved
group (t(14) = 3.507, p = 0.003,

95% CI [0.236, 3.53]). The effect size, measured by
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Cohen’s d, was d = 1.66, indicating a large effect.
The t-test between the BCI group and the
pre-learning group also showed trend towards
significant differences (¢(14) = 1.889,p = 0.08,

95 % CI [-0.176, 1.904]). The effect size, measured by
Cohen’s d, was d = 0.842, also indicating a
substantial effect. Finally, the ¢-test between the BCI
group and the no r'TMS group showed a significant
different (t(14) = 2.389,p = 0.03,

95 % CI [0.031, 0.575]) with a large effect size of

d = 1.13. These are illustrated in Figure 6.

No significant effects where found for the time of
day of the measurement F'(1,20) = 1.456,
p = 0.242, the gender of the participants
F(1,20) = 1.014,p = 0.326, or the number of rTMS
trains delivered F'(1,20) = 0.869,p = 0.362.
Additionally, no significant interactions were found
between any of these factors and the r'TMS delivery
condition (p > 0.05).
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Figure 5: Example relationships between blocks and motor task performance from representative participants from
each group. Each scatter plot shows the relationships between the block number in the learning task and the
numbers of targets hit within the block. The red dashed line indicates the line of best fit.
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Participant Condition  Adjusted R? p

1 BCI 0.337 0.004
2 BCI 0.266 0.012
3 BCI 0.460 0.001
4 BCI 0.557 < 0.001
5 BCI -0.042 0.633
6 BCI 0.420 0.001
7 BCI 0.536 < 0.001
8 BCI 0.002 0.322
Avg BCI 0.280
9 Interleaved -0.055 0.921
10 Interleaved -0.030 0.511
11 Interleaved 0.498 0.001
12 Interleaved -0.043 0.640
13 Interleaved 0.059 0.156
14 Interleaved -0.045 0.672
15 Interleaved -0.010 0.378
16 Interleaved -0.010 0.378
Avg Interleaved 0.041
17 Pre-learning 0.078 0.124
18 Pre-learning 0.502 < 0.001
19 Pre-learning 0.380 0.002
20 Pre-learning -0.026 0.482
21 Pre-learning 0.002 0.320
22 Pre-learning 0.212 0.024
23 Pre-learning 0.148 0.053
24 Pre-learning 0.204 0.026
Avg Pre-learning 0.167
25 No rTMS -0.007 0.366
26 No r'TMS 0.099 0.096
27 No r'TMS -0.052 0.801
28 No r'TMS -0.018 0.424
29 No r'TMS 0.356 0.003
30 No rTMS 0.312 0.006
31 No rTMS 0.134 0.062
32 No rTMS -0.031 0.522
Avg no rTMS 0.046

Table 3: Relationships between blocks and motor control. Linear regression models are fitted to the learning curves
for each participant and adjusted R? values and the statistical significance of the fit of the regression models are
reported.
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11

12

relative to a pre-movement baseline. Thus, more
negative ERD values indicate stronger
desynchronisation (greater cortical activation),
whereas less negative ERD values indicate weaker
desynchronisation. In this analysis, a reduction in
ERD amplitude refers to lower absolute (weaker)
desynchronisation over time, consistent with increased
neural efficiency during learning. We first plotted
mean ERD curves during motor control tasks over all
participants in each group. We epoched the mean
EEG from channels FC5, FC3, FC1, C1, C3, C5,
CP5, CP3, CP1 (located over the left motor cortex,
contralateral to the hand used to control the force
transducer) relative to the start of each motor
learning trial. For this analyses we explore the ERD
activity over a broad distribution of channels over the
motor cortex to obtain a more complete
representation of the ERD. This contrasts with the
online BCT system, which uses just one channel (C3)
to meet the speed constraints of the online BCI
system. For offline analyses, ERD was computed
using a 2s pre-movement baseline to maximise signal
stability and minimise baseline variability. The online
BCI system, by contrast, used a shorter 1s baseline.
Both baselines sampled equivalent pre-movement
activity, and this difference does not substantially
influence the interpretation of ERD polarity or
relative changes across groups.

The grand average ERDs over all trials within the
first 5 blocks and the last 5 blocks of the learning
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Figure 6: Median and 95 % confidence intervals of the
motor learning outcomes over all participants in each
group. Each point illustrates the learning outcome for
each individual participant.

3.4 EEG analysis
Mean ERD is a neural correlate of motor learning and
has been widely reported to change as a function of
motor skill acquisition [Pitto et al., 2011, Pollok et al.,
2014, van der Cruijsen et al., 2021]. Consequently, we
used changes in ERD strength as an indicator of when
to deliver r'TMS sessions to participants.

We investigated the relationships between ERD
strength and motor skill acquisition. ERD was
expressed as the percentage change in band power
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period for each group of participants are presented in
Figure 7. ERD was computed as the percentage
change in band power relative to a pre-movement
baseline. The analysis window spanned 0-5 s after
movement onset, corresponding to the period of
sustained force production.

In all groups there were clear ERDs over the left
motor cortex throughout the learning period that
have approximate average amplitudes of 30-40 %.
There were visibly apparent reductions in the
magnitude of ERD (i.e., less negative ERD values,
reflecting weaker desynchronisation relative to
baseline) and shorter ERD latencies over blocks
during the learning task for the fixed-interleaved and
pre-learning groups. This pattern is consistent with
increased neural efficiency accompanying motor
learning. These are illustrated in Figure 8.

There was no significant change in ERD amplitude
or latency over learning in the BCI group. However,
in the fixed interleaved group there was a significant
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Figure 7: Changes in ERD morphologies over the motor cortex and topologies over the head from the first 5 blocks
of the motor learning task to the last 5 blocks for each participant group. The y-axis (top rows) and colour bars
(bottom rows) indicate ERD as a percentage, with negative values indicating ERD. The x-axis (top rows) indicates
time (s). The shaded area around the lines in the top rows indicates the 95 % confidence intervals around the mean.

reduction in absolute ERD amplitude over learning.
Additionally, in both the fixed interleaved group, the
pre-learning group, and the no rTMS group, there was
a significant reduction in the latency of the ERD
during learning.

Taken together these results show that ERD
absolute amplitude reduced in the fixed interleaved
group but not in the BCI group. When inspecting
latencies significant reductions in latency were seen in
all groups except the BCI group.

3.5 EMG analysis

We measured motor evoked potentials (MEPs) via the
EMG recorded from the FDI at the beginning of the
experiment to provide a baseline measure of
corticospinal excitability for each participant.
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We used MEP amplitudes to provide a measure of
corticospinal excitability. We investigated whether
there was a significant relationship between MEP
amplitudes in the pre-experiment period and
participant groups. In other words, do participants in
some groups have higher or lower pre-experiment
cortico-spinal excitability?

To investigate this we measured the peak-to-peak
amplitudes and latencies of the MEPs in the baseline
(pre-motor learning) period for each participant in
each group. We then ran an ANOVA to measure the
significance of the effect of group on MEP amplitudes
and latencies followed by post-hoc ¢-tests to measure
the significance of the inter-group differences in MEP
amplitudes and latencies.

We do not find any significant effects of

16

17

18

20

21

22

23

24

25

26

27

28

29

30



-

~

o

22

23

24

25

26

BCI group Fixed-interleaved group Pre-learning group No rTMS group
. ........ —
3 _ v . .
= . g ’ P
< , i
= — ' o 1o T e '
.8 F e i . . \
< S
3

Figure 8: Grand-average ERD activity over the motor cortex for each participant group, showing changes in ERD
amplitude and latency over blocks. ERD amplitude (percentage change relative to the pre-movement baseline, with
a negative value indicating ERD) is plotted on the y-axis, and block number is plotted on the x-axis.

participant group on MEP amplitudes with our
ANOVA at the group level. Nor, did not find any
pair-wise significant differences between any pairs of
groups. We also did not find any significant effects of
group on MEP latencies in the pre-learning period.

4 Discussion
Our study, conducted in healthy adults as a
proof-of-concept, demonstrates that brain—computer
interface (BCI)-informed delivery of repetitive
transcranial magnetic stimulation (rTMS) during
motor learning improves behavioural outcomes
compared to both pre-learning, fixed-interval, and to
the no rTMS stimulation paradigms. By tailoring
stimulation timing to participants’ ongoing brain
states, we were able to achieve motor learning gains
that exceeded those obtained with more conventional
stimulation schedules. This supports our hypothesis
that dynamic, brain state-dependent stimulation can
more effectively engage neuroplasticity processes than
temporally rigid approaches. This aligns with findings
in other circuits, such as the cerebellum, where
non-fixed stimulation paradigms have been shown to
facilitate synaptic plasticity and improve motor
learning by leveraging ”spacing effects” in stimulation
delivery [?].

Previous studies of rTMS for motor learning and
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rehabilitation have generally adopted two strategies:
(i) delivering stimulation prior to the learning task to
prime motor networks [Kwon et al., 2014], or (ii)
interleaving stimulation at fixed intervals during task
execution. Our results align partly with earlier
findings — we observed that pre-learning stimulation
tended to outperform fixed-interval stimulation,
though the difference was not statistically significant.
Importantly, however, the BCI-informed approach
produced substantially greater learning gains,
highlighting the potential advantage of tailoring
stimulation to ongoing cortical dynamics rather than
applying it according to an arbitrary schedule.

The event-related desynchronisation (ERD)
analyses revealed divergent patterns between the BCI
and non-BCI groups. In the fixed-interval group the
absolute ERD amplitude decreased significantly over
the course of learning. While in the pre-learning
group absolute ERD amplitude trended towards a
significant decrease. Additionally, in the
fixed-interleaved, pre-learning, and no rTMS groups
the ERD latency significantly decreased during
learning. Finally, in the non-BCI groups the spatial
distribution of ERD activity became more focal.
These changes are consistent with the well-established
progression of sensorimotor rhythm dynamics during
skill acquisition, where reduced absolute amplitude



and latency reflect more efficient cortical processing
[Pollok et al., 2014, Mariman et al., 2023, Zhuang
et al., 1997].

In contrast, the BCI group did not exhibit
significant reductions in absolute ERD amplitude or
latency, nor did their ERD topographies appear to
become more spatially constrained. This suggests that
the BCI group maintained a desynchronised,
high-engagement sensorimotor state (absent ERD
attenuation), plausibly preventing homeostatic
down-regulation and preserving conditions favourable
for plasticity. One possible interpretation is that this
sustained excitability facilitated ongoing recruitment
of plasticity-related neural mechanisms, thereby
supporting greater motor learning gains.

Sustained de-synchronization of the sensorimotor
rhythm has been proposed to facilitate Hebbian-like
plasticity by maintaining neurons in a depolarized,
excitable state conducive to spike-timing—dependent
potentiation [Fritsch et al., 2010]. In this framework,
ERD may act as a gating mechanism for plasticity,
biasing the cortex toward a pro-learning regime, while
intermittent r'TMS pulses delivered during these
periods further reinforce synaptic strengthening
through coincident pre- and post-synaptic activation.
Conversely, reductions in ERD absolute amplitude or
premature resynchronization could reflect homeostatic
down-regulation, limiting further plastic change
[Turrigiano, 2008]. Thus, the observed maintenance of
ERD in the BCI group may index ongoing
engagement of such plasticity-related processes,
though this interpretation remains inferential given
the absence of direct physiological measures.

These findings have clear implications for
neurorehabilitation. In post-stroke patients, motor
cortex excitability is often disrupted, and recovery is
constrained by maladaptive plasticity and reduced
responsiveness to stimulation. A BCI-informed rTMS
approach could target stimulation to moments of
optimal cortical readiness, potentially enhancing the
efficacy of therapy while minimizing unnecessary
stimulation. Such a strategy could be integrated into
task-oriented rehabilitation, where neural markers
such as ERD serve as triggers for stimulation,
ensuring that plasticity is promoted at behaviourally
relevant moments. Furthermore, this approach could
be adapted to other domains where motor learning
plays a central role, such as neuroprosthetic control,
skill acquisition in sports, or rehabilitation following
orthopaedic injuries.
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It is important to note that ERD did not correlate
with behavioural learning equally across all
stimulation groups. As shown in Figure 6, ERD
absolute amplitude correlated with learning outcomes
in the pre-learning group but not in the fixed-interval
or BCI groups. This suggests that while ERD is a
widely used marker of motor engagement and cortical
activation, its relationship to behavioural gains is not
uniform across stimulation paradigms. In the BCI
condition in particular, the closed-loop manipulation
of ERD may have altered its natural predictive value.
These findings highlight that ERD should not be
interpreted as a universal or stand-alone correlate of
learning; rather, its utility may depend on the
underlying neurostimulation context. Future work
could directly test the relationship between
stimulation-triggered ERD dynamics and behavioural
change using formal correlation or regression models.

Several limitations warrant consideration. First,
the sample size, while adequate for detecting primary
effects, may have been underpowered to detect subtler
differences between non-BCI conditions (e.g.,
pre-learning vs. fixed-interval stimulation). A larger
sample size would also give additional confidence in
the generalisability of our results. Second, while ERD
was an effective trigger in this study, it remains to be
determined whether other neural markers (e.g.,
phase—amplitude coupling, high-gamma activity)
could complement ERD and further optimize
stimulation timing in future BCI-rTMS protocols.
Indeed, recent reviews highlight that integrating
real-time EEG with TMS to target specific oscillatory
phases or power levels is increasingly recognized as a
path toward more reliable and personalized
neuromodulation [?]. Moreover, while our
interpretation invokes mechanisms such as Hebbian
learning, STDP, and homeostatic plasticity, these
remain speculative; direct measures of synaptic
efficacy (e.g., paired-pulse TMS or resting-state
connectivity) were not collected and will be critical in
future work to confirm the link between ERD
dynamics and cortical plasticity. Third, our
participants were healthy adults, and the present
findings should therefore be interpreted as a
proof-of-concept rather than a direct demonstration of
therapeutic efficacy. Translation to stroke or other
populations will require careful consideration of
altered ERD patterns, lesion-induced cortical
reorganization, and substantial inter-individual
variability in oscillatory dynamics, all of which could
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affect BCI performance and rTMS responsiveness.

Future studies could extend our framework to
more complex motor learning paradigms, such as
sequential or goal-directed reaching tasks, to evaluate
whether the observed BCI-driven stimulation effects
generalise across different forms of motor adaptation
and skill learning. Future work should also explore
the mechanisms which enabled participants in the
BCI group to show greater improvements in learning
outcomes. This could include the use of single and
paired pulse TMS to probe the dynamics of changes
in corticospinal excitability during the learning
period. Further studies could also explore adaptive
algorithms that personalize stimulation thresholds
over time, investigate the long-term retention of
BClI-enhanced learning, and test the approach in
patient populations. Combining state-dependent
rTMS with other neuromodulatory approaches —
such as transcranial direct current stimulation (tDCS)
or closed-loop peripheral nerve stimulation — may
further enhance outcomes.

In conclusion, by synchronizing rTMS with
participants’ endogenous brain states, we were able to
produce motor learning gains that exceeded those
achieved with standard stimulation schedules. This
approach appears to maintain heightened
cortico-spinal excitability throughout training, as
reflected in ERD dynamics, and may represent a
promising strategy for accelerating recovery in stroke
and other motor impairments.
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