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ABSTRACT: Most lower-limb brain-computer interface
(BCI) studies focus on either isolated single-joint
movements or complex movements like gait initiation
and walking, leaving an unexplored gap between the
transition from one movement type to another. As part
of the REWIRING project, we aim to investigate the
spatiotemporal relationship between cortical signals and
muscle activation across various motor tasks of
increasing biomechanical complexity and different
volition types. To accomplish this, in an ongoing pilot
study, electroencephalographic and electromyographic
data were recorded and analysed from a single
participant during three self-paced movements of
varying complexity: dorsiflexion, plantar flexion, and
gait initiation. A preliminary analysis of the
spatially-filtered data extracted from Cz indicates
identifiable movement related cortical potential
(MRCP) patterns among all investigated tasks, with
differences in  peak-negativity and waveform
morphology. Our findings demonstrate the feasibility of
the proposed setup for investigating and understanding
the differences of MRCPs across various lower-limb
movements in future studies.

INTRODUCTION

Motor impairments following stroke or spinal cord
injury (SCI) often result from disruption of descending
efferent pathways, while cortical motor intent is
preserved [1]. Non-invasive BCIs aim to decode
movement intention using methods such as
electroencephalography (EEG) to trigger external
assistive devices [2—4]. When the decoded movement
intention is synchronized with peripheral sensory
feedback, it promotes plasticity, leading to
reorganization of the central nervous system and
functional recovery [5, 6].

One prominent neural marker for endogenous
movement intention is the Movement-Related Cortical
Potential (MRCP) [7-9]. MRCPs are slow negative
shifts in EEG (typically 0.1-3 Hz), primarily originating
from pre-motor cortical areas and primary motor cortex
(M1), that accompany voluntary movement and reflect
cortical processes of motor preparation, planning,
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execution, and feedback processing [7, 10—-12]. Some
foundational studies have demonstrated the significance
of precisely pairing the peak-negativity (PN) of MRCPs
with  peripheral afferent feedback in inducing
associative cortical plasticity, making MRCPs an ideal
trigger signal for BClIs in rehabilitation scenarios [5, 6].
Previous BCI studies that use the MRCP as the control
signal have used cue-based movements [13]. However,
natural body movements are predominantly self-paced.
Studies have investigated the morphological disparities
in MRCPs between self-paced and cue-based
movements, noting that self-paced movements exhibit a
distinct readiness potential (Bereitschaftspotential, BP),
whereas cue-based movements are dominated by the
Contingent Negative Variation (CNV) [7, 9, 14, 15].
Our upcoming study, for the REWIRING project [16],
will include tasks such as seated plantar flexion (PF)
and dorsiflexion (DF) of the dominant foot, gait
initiation (GI), and continuous walking (WA) during
both self-paced (SP) and cue-based (CB) conditions,
measured across more than 20 able-bodied individuals.
As an initial step toward this investigation, a pilot
experiment was conducted to evaluate the technical
feasibility of the experimental setup and to investigate
the MRCP morphology across self-paced lower-limb
movements of varying complexity. Here, we present a
preliminary comparison of MRCP morphology obtained
from a single participant from this ongoing pilot study.

MATERIALS AND METHODS

Participants: The current preliminary analysis
involved one able-bodied subject aged 25 years, with
written informed consent. The study protocol was
conducted according to the Declaration of Helsinki. The
protocol was structured as a 4x2 factorial design,
consisting of eight randomized experimental blocks.
Only three (DF, PF, and GI) of these eight blocks were
analysed here. Each experimental block comprised 40
trials, yielding a total of 120 trials.

Data Acquisition: During each experimental block,
EEG and electromyographic (EMG) data were recorded
with two g.USBAmps (g.tec Medical Engineering
GmbH, Austria).
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EEG data were acquired using a 28-channel active
electrode system positioned according to the
international 10-20 system. Particular emphasis was
placed on the electrodes over the motor cortex and
midline regions (Fz, FCz, Cz, CPz, Pz, C3, C4). Signals
were recorded in a monopolar configuration referenced
to the earlobe ipsilateral to the dominant leg, with a
ground electrode placed at FPz.

For recording muscle activity, unipolar surface EMG

electrodes were placed on the Tibialis Anterior (TA) and
Soleus muscles of both the dominant and non-dominant
legs. The reference and ground electrodes were placed
on the electrically neutral bony prominence of the
dominant knee. All signals were sampled at 1200Hz.
Additionally, an unimotor pedal system was used to
measure the force exertion and foot positioning during
dorsiflexion and plantar flexion tasks while sitting, as
well as for gait initiation while standing. A force
platform was used to measure ground reaction forces
during the walking trials. Throughout the session, a
goniometer and an accelerometer were placed on the
dominant ankle foot to record ankle rotation angle and
foot acceleration. This additional data was not included
in this preliminary analysis.

Factor B: Volition types

Self-paced Cue-based
Self-paced plantar flexion Cue-based plantar flexion
Planter : .
s 40 trials 40 trials
2 s Condition: SP-PF Condition: CB-PF
-3
g Do Self-paced dorsiflexion Cue-based dorsiflexion
% flexioti 40 trials 40 trials
2 Condition: SP-DF Condition: CB-DF
=
P Gait Self-paced gait initiation Cue-based gait initiation
i . .
& | initiation 40 trials 40 trials
E Condition: SP-GI Condition: SP-GI
Self-paced walking Cue-based walking
Walkling 40 trials 40 trials
Condition: SP-WA Condition: CB-WA

Figure 1: Experimental protocol: 4x2 factorial design.

Experimental Procedure: The first factor shown in
Fig. 1, ranges over four levels of movement complexity,
focusing on the dominant leg. During dorsiflexion and
plantar flexion, the participant was instructed to perform
a ballistic movement with the dominant leg while
maintaining the rest of the body steady. Gait initiation
was performed while standing on the pedal system and
transitioning from a quiet stance to the first step of the
dominant leg without lifting off. During walking trials,
the participant was instructed to walk for 2-3 steps
across a force platform and return to the start position.
The second factor shown in Fig. 1, was related to the
volition type. For self-paced trials, the participant was
given a start cue before each run, upon which they could
start the trials at their will, spacing each trial by roughly

8 to 10 seconds. A stop cue was given 5-10 seconds
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after the last trial. For cue-based trials, the participant
performed the movements by following a cursor on a
screen. Each cursor screen was followed by a ‘REST’
and preceded by a ‘FOCUS’ screen, each of
approximately 4-second duration [5]. All data was
acquired using a previously developed MATLAB-based
application. Here, the data from self-paced dorsiflexion,
plantar flexion, and gait initiation were analysed for our
preliminary analysis.

oSS

Figure 2: Movement Types; A: Dorsiflexion, B: Plantar
Flexion, C: Gait Initiation, D: Walking. Only A, B, and
C were evaluated in our preliminary analysis of our
pilot study.

Signal Preprocessing: Continuous EEG data for DF,
PF, and GI were recorded. The data was filtered using a
0.1 Hz high pass filter. Due to high noise level, channel
P4 was removed after visual inspection. Subsequently,
Independent Component Analysis (ICA) was performed
to identify and remove artifacts, specifically eye
movements and blinks. One component associated with
eye blinks was removed and the components were
projected back to EEG. A notch filter at 50 Hz was
used to eliminate power-line noise. A zero-phase
2nd-order Butterworth band-pass filter (0.1 - 3 Hz) was
applied to isolate the MRCPs. The data was then
segmented into epochs of -4 to +6 seconds relative to
movement onsets.

Epoching: To prevent temporal smearing of the
grand-averaged MRCP, precise alignment of "Time
Zero" is vital. For all discrete conditions (dorsiflexion,
plantarflexion, gait initiation), t=0 was defined as the
onset of the primary agonistic EMG burst (TA for
dorsiflexion, Soleus for plantar flexion and gait
initiation). The onset was detected wusing a

CC BY 4.0 - https://creativecommons.org/licenses/by/4.0/
This CC license does not apply to third-party material and content noted otherwise.



Proceedings of the

10th Graz Brain-Computer Interface Conference 2026

Teager-Kaiser Energy Operator (TKEO) thresholding
method [17]. Epochs were extracted from t =-4.0stot
=+6.0 s relative to EMG onset.

MRCP Alignment and Averaging: To enhance the

spatial specificity of cortical activity over the motor
cortex, a large Laplacian spatial filter centered at Cz
was computed for each epoch. To reduce temporal
variability across trials, the peak-negativities (PN) were
aligned. For each epoch, the local minimum of the
Laplacian Cz signal was identified within a window of
—0.5 s to +0.5 s around the EMG onset. Trials were then
realigned and cut to a duration of -3.0 s to +5.0 s based
on PN before averaging. Each epoch was then
individually baseline corrected. The mean signal value
during the first second of the epoch (—3 to —3 s relative
to PN) was calculated and subtracted from the entire
trial to remove slow drifts and inter-trial offsets.
For each movement condition, the aligned trials were
averaged to obtain the mean MRCP waveform. The
standard error of the mean (SEM) was computed across
trials to quantify variability. The resulting mean MRCPs
for dorsiflexion, plantar flexion, and gait initiation were
then superimposed to allow visual comparison of
waveform morphology across the three tasks.

MRCP Feature Extraction: To further characterize
task-dependent differences in MRCP morphology,
several temporal and amplitude-based features were
extracted from the averaged Laplacian Cz waveforms
after peak-negativity (PN) alignment and baseline
correction. The early Bereitschaftspotential (BP) slope
(NS1) was calculated within the interval from -2.0 s to
-0.5 s relative to PN, while the late BP slope (NS2) was
calculated from -0.5 s to 0 s. A post-movement recovery
slope was additionally computed from 0 s to +1.0 s. For
each interval, a first-order linear fit was applied to each
trial, and the resulting slopes were averaged across trials
for each movement condition. The peak-to-peak (P2P)
amplitude was calculated as the difference between the
most negative deflection and the maximum positive
deflection observed within the interval of #+2s around
the PN. All quantitative features are reported as mean +
standard error of the mean (SEM) across trials.

RESULTS

Fig. 3 shows the averaged MRCPs at the Cz electrode
for the three self-paced tasks: dorsiflexion (DF), plantar
flexion (PF), and gait initiation (GI), time-locked to
peak negativity (PN) (t = 0). All conditions exhibit the
characteristic  MRCP morphology consisting of a
gradual negative potential preceding movement onset,
followed by a return toward baseline after movement
initiation.
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The MRCP features differed across the three movement
conditions. The Peak-to-peak amplitudes were
comparable for DF (11.68 puV) and PF (11.10 puV),
whereas GI exhibited a smaller overall peak-to-peak
excursion (7.85 uV).

Differences were also observed in the temporal
evolution of the readiness potential. GI exhibited the
steepest early BP slope (NS1: -5.69 + 1.68 puV/s),
whereas DF demonstrated the strongest late BP slope
(NS2: -16.51 + 2.33 uV/s). PF showed comparatively
smaller negative slopes during both preparatory phases.
In the post-movement interval (NS3), all conditions
exhibited positive recovery slopes, with DF showing the
largest recovery rate.
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Figure 3: Mean MRCPs at electrode Cz for self-paced
(SP) DF (SPDF), PF (SPPF), and GI (SPGI). Shaded
regions represent =SEM across trials. The dashed line

indicates peak negativity (PN) (t=0).

DISCUSSION

The framework presented in this study addresses a
critical bottleneck in the translation of BCl-based
neuro-rehabilitation: the transition from simple, isolated
motor intentions to the control of complex locomotor
actions. By characterizing the MRCPs across a
spectrum of movement complexities, we intend to
establish a comprehensive “morphological library” of
motor intention.

The present work represents an exploratory pilot
analysis based on data from a single participant (N = 1).
Consequently,  statistical ~ comparisons  between
movement conditions on a group-level were not
feasible. In addition, only three self-paced movement
conditions were evaluated, limiting the generalizability
of the findings to broader motor tasks or clinical
rehabilitation populations.

Nevertheless, the quantified MRCP features revealed
distinct waveform characteristics across dorsiflexion,
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plantar flexion, and gait initiation. In particular, gait
initiation exhibited the largest motor potential amplitude
and the steepest early BP slope, whereas dorsiflexion
demonstrated the strongest late BP slope immediately
preceding movement onset. These observations suggest
the possibility of task-dependent differences in cortical
preparatory  dynamics associated with  varying
movement complexity.

Importantly, the present study does not establish that
these features can reliably discriminate movement
classes in a classifier framework. Rather, the results
serve as an Iinitial indication that MRCP-derived
features such as early and late BP slopes, motor
potential amplitude, and latency may contain
discriminative information worth investigating in larger
cohort studies. If validated across multiple participants
and sessions, such features could potentially support the
development of more adaptive BCI systems capable of
differentiating between simple ankle movements and
more complex locomotor actions such as gait initiation
[2].

Although preliminary, the results presented here provide
an initial validation of the proposed experimental
framework and motivate future studies involving larger
participant cohorts, additional movement conditions,
and clinical populations relevant to neuro-rehabilitation
applications.

CONCLUSION

This study outlines the feasibility of a comprehensive,
multimodal  paradigm  for  characterizing  the
spatiotemporal and cortico-muscular dynamics of
lower-limb movements. Building upon this pilot, we
aim to map the diverse neural signatures required for
intent-driven,  closed-loop  BCI
rehabilitation systems that can account for variations in
the interactions involved in movements of varying
complexity.

asynchronous,

ACKNOWLEDGEMENTS

This work was supported by ERA-NET NEURON -
The Network of European Funding for Neuroscience
Research.

REFERENCES

[1] Ang KK, Guan C, Chua KSG, Ang BT, Kuah C,
Wang C, et al. Clinical study of neurorchabilitation
in stroke using EEG-based motor imagery
brain—computer interface with robotic feedback. In:
Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.
(EMBC). Buenos Aires, Argentina, 2010, pp.

515

10.3217/978-3-99161-093-9-088

5549-5552.

[2] Savic AM, Aliakbaryhosseinabadi S, Blicher JU,
Farina D, Mrachacz-Kersting N, Dosen S. Online
control of an assistive active glove by slow cortical
signals in patients with amyotrophic lateral sclerosis.
J. Neural Eng. 2021;18(4):046085.

[3] Hernandez-Gloria JJ, Jaramillo-Gonzalez A, Savié
AM, Mrachacz-Kersting N. Toward brain-computer
interface speller with movement-related cortical
potentials as control signals. Front. Hum. Neurosci.
2025;19:1539081.

[4]Wolpaw JR, McFarland DJ. Control of a
two-dimensional movement signal by a noninvasive
brain—computer interface in humans. Proc. Natl.
Acad. Sci. U.S.A. 2004;101(51):17849-17854.

[5] Mrachacz-Kersting N, Jiang N, Stevenson AJ, Niazi
IK, Kostic V, Pavlovic A, et al. Efficient
neuroplasticity induction in chronic stroke patients
by an associative brain—computer interface. J.
Neurophysiol. 2016;115(3):1410-1421.

[6] Mrachacz-Kersting N, Kristensen SR, Niazi IK,
Farina D. Precise temporal association between
cortical potentials evoked by motor imagination and
afference induces cortical plasticity. J. Physiol.
2012;590(7):1669—1682.

[7] Shakeel A, Navid MS, Anwar MN, Mazhar S,
Jochumsen M, Niazi IK. A review of techniques for
detection  of movement intention  using
movement-related cortical potentials. Comput.
Math. Methods Med. 2015;2015:346217.

[8] Niazi IK, Jiang N, Tiberghien O, Nielsen JF,
Dremstrup K, Farina D. Detection of movement
intention from single-trial movement-related cortical
potentials. J. Neural Eng. 2011;8(6):066009.

[9] Jiang N, Gizzi S, Mrachacz-Kersting N, Dremstrup
K, Farina D. A brain—computer interface for
single-trial ~detection of gait initiation from
movement related cortical potentials. Clin.
Neurophysiol. 2015;126(1):154-159.

[10] Shibasaki H, Hallett M. What 1is the
Bereitschaftspotential? Clin. Neurophysiol.
2006;117(11):2341-2356.

[11] Cui RQ, Huter D, Lang W, Deecke L. Neuroimage
of voluntary movement: topography of the
Bereitschaftspotential, a 64-channel DC current
source density study. Neuroimage.
1999;9(1):124-134.

[12] Cunnington R, Iansek R, Bradshaw JL, Phillips JG.
Movement-related  potentials  associated  with
movement preparation and motor imagery. Exp.
Brain Res. 1996;111(3):429-436.

[13] Aliakbaryhosseinabadi S, et al. Detection of
movement intention from movement-related cortical
potentials with different paradigms. In: Jensen W,
Andersen O, Akay M (Ed.). Replace, Repair,
Restore, Relieve — Bridging Clinical and
Engineering  Solutions in Neurorehabilitation.
Biosyst. Biorobot., vol. 7. Springer, Cham, 2014.

[14] Jankelowitz SK, Colebatch JG. Movement-related
potentials associated with self-paced, cued and

CC BY 4.0 - https://creativecommons.org/licenses/by/4.0/
This CC license does not apply to third-party material and content noted otherwise.



Proceedings of the 10.3217/978-3-99161-093-9-088
10th Graz Brain-Computer Interface Conference 2026

imagined arm movements. Exp. Brain Res.
2002;147(1):98-107.

[15] Savi¢ A, et al. Movement related cortical potentials
and sensory motor rhythms during self initiated and
cued movements. In: Jensen W, Andersen O, Akay
M (Ed.). Replace, Repair, Restore, Relieve —
Bridging Clinical and Engineering Solutions in
Neurorehabilitation. Biosyst. Biorobot., vol. 7.
Springer, Cham, 2014.

[16] Neuron ERANET. JTC2024 - Brain-Body:
REWIRING. Unlocking and re-establishing
effective mechanisms of the wiring between brain
and lower limb to improve recovery of walking after
stroke. Available from:
https://www.neuron-eranet.cu/projects/REWIRING/

[17] Yang D, Zhang H, Gu Y, Liu H. Accurate EMG
onset detection in pathological, weak and noisy
myoelectric  signals. Biomed. Signal Process.
Control. 2017;33:306-315.

516

CC BY 4.0 - https://creativecommons.org/licenses/by/4.0/
This CC license does not apply to third-party material and content noted otherwise.



