b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Rhythmic neural activity is comodulated with short-term gait modifications during first-time use
of a dummy prosthesis

Kooiman, Vera G M; van Keeken, Helco G; Maurits, Natasha M; Weerdesteyn, Vivian; Solis-
Escalante, Teodoro

Published in:
Journal of Neuroengineering and Rehabilitation

DOI:
10.1186/s12984-020-00761-8

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Kooiman, V. G. M., van Keeken, H. G., Maurits, N. M., Weerdesteyn, V., & Solis-Escalante, T. (2020).
Rhythmic neural activity is comodulated with short-term gait modifications during first-time use of a dummy
prosthesis: a pilot study. Journal of Neuroengineering and Rehabilitation, 17(1), [134].
https://doi.org/10.1186/s12984-020-00761-8

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1186/s12984-020-00761-8
https://research.rug.nl/en/publications/a8ce7277-63c6-4517-b9ac-ac42ba5ec08f
https://doi.org/10.1186/s12984-020-00761-8

Kooiman et al. J NeuroEngineering Rehabil (2020) 17:134 . .
https://doi.org/10.1186/512984-020-00761-8 JOU rnal Of [;lre]éj ?gr?agéﬂﬁgg:gﬁ

RESEARCH Open Access

: L -
Rhythmic neural activity is comodulated Rl

with short-term gait modifications
during first-time use of a dummy prosthesis:
a pilot study

Vera G. M. Kooiman'#", Helco G. van Keeken?, Natasha M. Maurits*, Vivian Weerdesteyn??
and Teodoro Solis-Escalante?

Abstract

Background: After transfemoral amputation, many hours of practice are needed to re-learn walking with a prosthe-
sis. The long adaptation process that consolidates a novel gait pattern seems to depend on cerebellar function for
reinforcement of specific gait modifications, but the precise, step-by-step gait modifications (e.g., foot placement)
most likely rely on top-down commands from the brainstem and cerebral cortex. The aim of this study was to identify,
in able-bodied individuals, the specific modulations of cortical rhythms that accompany short-term gait modifications
during first-time use of a dummy prosthesis.

Methods: Fourteen naive participants walked on a treadmill without (one block, 4 min) and with a dummy pros-
thesis (three blocks, 3 x 4 min), while ground reaction forces and 32-channel EEG were recorded. Gait cycle duration,
stance phase duration, step width, maximal ground reaction force and, ground reaction force trace over time were
measured to identify gait modifications. Independent component analysis of EEG data isolated brain-related activity
from distinct anatomical sources. The source-level data were segmented into gait cycles and analyzed in the time—fre-
guency domain to reveal relative enhancement or suppression of intrinsic cortical oscillations. Differences between
walking conditions were evaluated with one-way ANOVA and post-hoc testing (a=0.05).

Results: Immediate modifications occurred in the gait parameters when participants were introduced to the dummy
prosthesis. Except for gait cycle duration, these modifications remained throughout the duration of the experimental
session. Power modulations of the theta, mu, beta, and gamma rhythms, of sources presumably from the fronto-cen-
tral and the parietal cortices, were found across the experimental session. Significant power modulations of the theta,
beta, and gamma rhythms within the gait cycle were predominately found around the heel strike of both feet and the
swing phase of the right (prosthetic) leg.

Conclusions: The modulations of cortical activity could be related to whole-body coordination, including the swing

phase and placing of the prosthesis, and the bodyweight transfer between legs and arms. Reduced power modula-
tion of the gamma rhythm within the experimental session may indicate initial motor memories being formed. Better
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understanding of the sensorimotor processes behind gait modifications may inform the development of neurofeed-

back strategies to assist gait rehabilitation.

Keywords: Gait, Prosthesis, EEG, Gait modifications, Mobile brain/body imaging

Background

In everyday life, walking requires flexible adjustments
of a stereotypical gait pattern according to varying envi-
ronmental conditions and task demands. In able-bodied
individuals, years of walking practice allow for seam-
less gait adjustments with limited conscious effort [1,
2]. However, with a transfemoral amputation, part of
the locomotor system is lost, gait capacity is drastically
reduced, and simple gait adjustments become burden-
some. This is particularly the case for those who use a
mechanical knee prosthesis, where correct foot place-
ment and the initiation of the swing phase is crucial to
prevent knee buckling or stumbles during walking [3].
An incorrect placement of the foot can create a flexion
moment on the knee, causing the knee to buckle during
initial stance phase, whereas a correct placement of the
prosthetic foot will lock the knee to ensure it can be safely
loaded during the stance phase. To initiate the swing
phase, the extension moment needs to be changed into a
flexion moment ensuring enough clearance between the
prosthetic foot and the ground to avoid a stumble or trip.
These implications cause gait to be more physically and
cognitively demanding for individuals with a transfemo-
ral amputation [4-7] and requires a long rehabilitation
process to fully comprehend this skill.

During gait rehabilitation with a lower limb prosthe-
sis, many hours of practice are needed to permanently
adapt the gait pattern, taking into account the loss of
direct control over knee and ankle joints, the loss of sen-
sory feedback from the lower leg, and the dynamics of
the lower limb prosthesis. The long adaptation process
that consolidates a novel gait pattern gradually occurs
through iterative short-term modifications of the stereo-
typical gait pattern [8, 9]. The acquisition and consolida-
tion of a novel gait pattern seem to depend on cerebellar
function for reinforcement of specific gait modifications
[8, 10], but the precise, step-by-step gait modifications
(e.g., foot placement) most likely rely on top-down com-
mands from the brainstem and cerebral cortex [11, 12].

Studies on mobile brain/body imaging (MoBI) demon-
strate modulations of cortical rhythms linked to dynamic
gait modifications. Mu and beta rhythms, source-local-
ized from scalp-level recordings to the premotor and
parietal cortices, are suppressed during volitional gait
cycle modification during treadmill walking [13]. Since
the suppression of mu and beta rhythms typically accom-
panies both the preparation and execution of voluntary

movements [14], the authors suggested that their results
could reflect the activity of a premotor-parietal cortical
network involved in the preparation and execution of gait
modifications [13]. Beta rhythms are enhanced, source-
localized from scalp-level recordings to the prefrontal
cortex, during step-shortening (compared to step-length-
ening) in auditory cue-guided treadmill walking [15]. The
enhancement of the beta rhythm was linked to motor
inhibition processes [15], consistent with the presumed
functional role of the beta rhythm [14, 16]. Together,
this implies a prominent role of mu and beta rhythms
for dynamic gait modifications. Also, power modulations
of the beta rhythm, source-localized from scalp-level
recordings to the premotor cortices, could be related
to postural stabilization during steady-state treadmill
walking [17]. Other studies have shown modulations of
prefrontal, premotor, and sensorimotor mu and beta
rhythms, as well as metabolic changes in prefrontal and
sensorimotor cortices, during visually guided and preci-
sion stepping (see [18] for a recent review). In addition,
recent studies have shown a causal effect (established
by means of directed coherence and Granger causality
analyses) of multiple cortical rhythms from many differ-
ent cortical areas on coordinated muscle activity during
treadmill walking [19, 20], and provide compelling evi-
dence for the direct involvement of the cerebral cortex in
step-by-step modifications of the stereotypical gait pat-
tern. These studies show that modulations of the cortical
mu and beta rhythms, presumably from prefrontal, pre-
motor, and parietal cortices, are related to the dynamic
gait modifications. Therefore, the mu and beta rhythms
may reflect cortical mechanisms for top-down control of
gait.

The goal of this study was to identify, in able-bodied
individuals, the specific modulations of cortical rhythms
that accompany short-term gait modifications during
first-time use of a dummy mechanical knee prosthesis.
Our pilot study focused on investigating the first-time
use of a prosthesis in able-bodied individuals, because an
experiment on the immediate use of a prosthesis follow-
ing an amputation would lead to additional undesirable
burden to the patients. With the use of a dummy pros-
thesis, it is possible to simulate the changes to the loco-
motor system that come with a transfemoral amputation,
without affecting the central and peripheral nervous sys-
tem. We hypothesized that mu and beta rhythms from
prefrontal, sensorimotor, and parietal cortices would
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reflect the immediate gait modifications related to the
first-time use of the dummy prosthesis. It was expected
that the power of the mu and beta rhythms would be
reduced during steady-state walking with the dummy
prosthesis, relative to walking without the dummy pros-
thesis, thus indicating a stronger cortical activation and
top-down control of gait. Such modulations may reflect
initial mechanisms of long-term modifications (i.e., pos-
sibly leading to permanent adaptation) of the gait pat-
tern within a single experimental session (approximately
12 min of practice). We expected to find stronger effects
(i.e., power modulations) during early use of the dummy
prosthesis that weaken with repeated use of the dummy
prosthesis. Better understanding of the sensorimo-
tor processes behind gait modifications may inform the
development of novel neurofeedback strategies to assist
gait rehabilitation.

Methods

Participants

Fourteen able-bodied male individuals participated in
this study (12 right-footed). All individuals provided
written informed consent prior to participation in the
experiment. The datasets from two participants had
to be excluded due to poor quality of their EEG sig-
nals (after visual inspection and epoch rejection). Thus,
data from 12 participants (21+2 vyears, 83+12 kg,
186+ 6 cm) were analyzed. The experimental procedure
was approved by the Ethical Committee for the depart-
ment of Human Movement Sciences of the University of
Groningen. The procedures complied with the guidelines
defined in the Declaration of Helsinki [21].

Experimental procedure

Participants walked on a treadmill with and without a
dummy mechanical knee prosthesis that simulates walk-
ing with a transfemoral prosthesis [3, 22, 23]. None of the
participants had previous experience with the dummy
prosthesis, and no specific instructions were given with
respect to the use of the prosthesis or to the usage of the
handrails during walking. The walking speed was kept
constant across all participants at 0.9 m/s. The walk-
ing speed was selected based on energy efficiency and
the average walking speed of people with a transfemo-
ral amputation [24, 25]. All participants completed four
blocks of 4-min treadmill walking with resting periods of
4 min in between (see Fig. 1).

In the first block, participants walked on the treadmill
without the dummy prosthesis. After the first block, the
dummy prosthesis was fitted to the right leg of the par-
ticipants. Participants were not allowed to practice walk-
ing on the prosthesis before the measurement, but were
allowed to flex, extend and support themselves with

Page 3 of 14

the knee of the dummy prosthesis, to familiarize them-
selves with the mechanism of the prosthesis. In the sec-
ond, third, and fourth blocks, the participants used the
dummy mechanical knee prosthesis to walk. Figure 1
illustrates the experimental setup and the timing of the
procedure.

Data acquisition

Multi-channel electroencephalogram (EEG), ground
reaction forces (GRF), and center of pressure (CoP)
were recorded throughout the experiment. The EEG was
recorded with 32 active Ag—AgCl electrodes (EasyCap
GmbH, Herrsching, Germany) distributed across the
scalp according to the international 10-20 system [26],
using a wireless amplifier (Siesta, Compumedics Neuro-
scan, Australia) and the Profusion EEG software (Com-
pumedics Neuroscan, Australia). The sampling rate was
512 Hz. Before each walking block, EEG was recorded
for 2 min during quiet stance. To reduce potential arti-
facts in the EEG, the participants were instructed to limit
their head movements and, to avoid talking, and exces-
sive blinking.

The GRF and CoP for each foot were separately
recorded with two force plates embedded in the tread-
mill (M-Gait, Motekforce Link, Netherlands). These data
were recorded with D-Flow 3.26.0 (Motekforce Link,
Netherlands) with a variable sampling frequency (later
resampled at 300 Hz). A digital trigger was simultane-
ously recorded by both systems (Profusion and D-Flow)
for synchronization.

Data analysis

All analyses were performed using MATLAB version
2014b (The MathWorks Inc., USA) with the addition of
EEGLAB 14.1.2b (Swartz Center for Computational Neu-
roscience, USA) for EEG analyses.

Gait cycle segmentation

The gait events for heel strike and toe off were extracted
from the GRF via threshold detection. The GRF data
were filtered with a zero-lag low-pass 4th order Butter-
worth filter (10 Hz) and compared against a force thresh-
old set to 30 N. Heel strike events were detected when
the GRF exceeded the force threshold. Similarly, toe off
events were detected when the GRF dropped below the
force threshold. The gait events were aligned with the
EEG using the digital trigger for synchronization.

Gait parameters

To assess any modifications of the gait pattern, the fol-
lowing gait parameters were computed: gait cycle dura-
tion, stance phase duration, step width, maximal GRE,
and the GRF trace over time. The gait cycle duration was
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Fig. 1 The experimental setup during the measurements and a schematic overview of the timing of the procedure. Resting period was 4 min

defined as the time difference between consecutive right
heel strikes. The stance phase duration was defined as the
percentage of the gait cycle spent between heel strike and
toe off from the same foot. The step width was defined
as the mediolateral distance of the filtered CoP (zero-
lag, band-pass 4th order Butterworth filter, 0.5-15 Hz)
between both feet during the double support phase of the
gait cycle. The maximal GRF was defined through each
gait cycle and for each foot, and it was normalized by the
participant’s bodyweight (in Newton). The GRF trace was
segmented according to the gait cycles of the right foot
and time-normalized for gait cycle duration and the fol-
lowing fixed gait events: heel strike right (0%), toe off left
(12%), heel strike left (50%), toe off right (62%) and heel

strike right (100%). For group-level analyses, the mean of
each parameter (gait cycle duration, stance phase dura-
tion, step width, maximal GRF, and the GRF trace over
time) was computed (per participant) over all gait cycles
within each walking condition.

EEG analysis

A schematic overview of the EEG processing steps can be
found in Additional file 1. This approach is in line with
previous studies on cortical dynamics during whole-body
movement [15, 20, 27]. During acquisition, the EEG was
filtered with a notch filter (50 Hz) to remove line noise.
After acquisition, the EEG was filtered with a zero-phase
high-pass FIR filter (1 Hz) and further processed with
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the CleanLine EEGLAB plugin [28, 29] to reduce line
noise harmonics (100 and 150 Hz). The EEG was visu-
ally inspected for artifacts and noisy channels. Only one
channel was removed in two of the participants.

The EEG was re-referenced to the common aver-
age and processed with the artifact subspace recon-
struction (ASR) EEGLAB plugin that was used [30] to
automatically remove non-stationary large-amplitude
artifacts from the data. During a calibration stage, the
ASR method determines a noise-free subspace from
the continuous data, via principal component analysis
(PCA). Then, a sliding-window PCA is computed over
the data and compared against the noise-free subspace.
If the variance of any principal component is above a
certain threshold, the principal component is labeled as
artifact and removed from the data. To ensure proper
calibration of the ASR, the quiet stance EEG data were
appended to the experimental data recorded during the
walking blocks. The ASR user interface was configured
to remove channels if the correlation with surrounding
channels was less than 0.5, to reconstruct artifacts lying
beyond ten standard deviations from the calibration data,
and to remove a 500 ms time window from all channels if
more than 25% of the channels contained artifacts at that
moment in time.

After preprocessing, the EEG data were segmented
into epochs ranging from — 0.4 to 2.2 s surrounding the
right heel strike (i.e., the side of the dummy prosthesis).
Epochs which did not contain a standard sequence of gait
events (heel strike right, toe off left, heel strike left, toe off
right, and heel strike right) were removed. Epochs with
flat lines were visually identified and removed from the
individual EEG datasets. The average number of remain-
ing epochs (gait cycles) for the walking without dummy
prosthesis, first, and last time walking with dummy pros-
thesis were (mean &+ SD) 187 £ 13, 126 26, and 146 + 24,
respectively.

Source separation

The segmented EEG data were separated into compo-
nents from independent brain sources using Infomax
independent component analyses (ICA) [31-34]. Then,
the variance of individual epochs was computed for each
independent component (IC) and normalized using the
z-score per component across all epochs. Epochs with
a normalized variance exceeding three standard devia-
tions were marked as artifacts and removed from the
data (resulting in 181 + 14, 122 426, and 141 =+ 25 epochs
remaining for walking without, first, and last time walk-
ing with dummy prosthesis). Afterwards the ICA was
recomputed to ensure components were based on arti-
fact-reduced EEG data. The resulting ICs were associated
with an equivalent current dipole using a standardized
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three-shell boundary element head model (Montreal
Neurological Institute (MNI)) and standard electrode
positions (EEGLAB plugin DIPFIT; [35]). ICs were identi-
fied as possible brain sources according to their anatomi-
cal location (inside the head volume) and when residual
variance of their equivalent current dipole was <15%
(mean number of ICs per participant: 3+ 1.7, range 1-8).

The selected components were clustered across par-
ticipants using the k-means clustering algorithm (k=3)
based on the following features: 3D anatomical location
of their equivalent current dipoles, their mean power
spectral density (PSD) (frequency band 3-48 Hz), their
associated scalp projection, and their mean spectrogram
across trials. These features were reduced to 10 principal
components before clustering. Equivalent current dipoles
(ECDs) which were located more than three times the
standard deviation of distances within a cluster from
any cluster centroid were considered outliers and were
removed. Clusters with ECDs of at least half of the par-
ticipants (n>6) were kept for statistical analysis. When
clusters contained multiple ECDs of one participant, a
single ECD with the shortest distance to the cluster cen-
troid was retained for analysis. The Yale Biolmage Suite
[36] was used to determine the location of the cluster
centroid and its corresponding Brodmann area.

Event-related spectral perturbation time-frequency maps
Event-related spectral perturbation (ERSP) time—fre-
quency maps were used to compute modulations of
intrinsic cortical rhythms [31, 37]. From each epoch (i.e.,
one gait cycle), single-trial spectrograms were computed
and time-warped to normalize the duration of the gait
cycle across all walking conditions." The gait cycle and
the gait events onset (i.e., heel strike right, toe off left,
heel strike left, toe off right, and heel strike right) were
normalized, using linear interpolation, to the median gait
cycle duration and event onsets across all participants, all
conditions, and all steps.

Average log-transformed spectrograms showing rela-
tive power changes were computed per individual IC and
walking condition as the average difference between each
(log-transformed) single-trial spectrogram and the aver-
age (log-transformed) spectrogram from the entire epoch
(baseline). For visualization purposes, condition-specific
baselines (i.e., the log-transformed power spectrum) were
obtained from each walking condition over the complete
gait cycle duration. Average time—frequency maps for a
given IC cluster were computed by averaging across the

! Via the optional parameter ‘timewarpms’ in the newtimef.m function from
EEGLAB.
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maps corresponding to the ICs that were members of the
cluster, separately for each walking condition.

Group-level statistical analyses

Gait parameters

Statistical analyses for the gait cycle duration, stance
phase duration, step width, and maximal GRF were done
with IBM SPSS Statistics 25 (IBM B.V., the Netherlands).
The normal distribution of each parameter was first
checked with the Shapiro—Wilk test. A repeated meas-
ures one-way ANOVA with post-hoc tests was conducted
if the distribution was normal, otherwise a Friedman test
was conducted with Wilcoxon signed rank tests for post-
hoc testing. All post-hoc tests were Bonferroni corrected.
The significance level for all tests was set at o= 0.05.

For the statistical analyzes of the GRF trace, MAT-
LAB was used. A repeated measures one-way ANOVA
was conducted of the normalized and time-warped GRF
within the gait cycle. The significance level was set at
a=0.05 and it was corrected for false discovery rate [38]
due to the multiple tests over the individual time points.
Post-hoc comparisons were conducted with paired two-
tailed t-tests and corrected in the same way.

Event-related spectral perturbation

MATLAB was used for comparison of the ERSP maps
between conditions. The ERSP maps for the three walk-
ing conditions were computed with a common baseline
(log-transformed spectrogram of walking without the
dummy prosthesis). The significance of the modulations
of cortical rhythms was determined with non-parametric
permutation statistics [39, 40]. First, a one-way ANOVA
of the ERSP maps with three levels (i.e., the walking con-
ditions) was computed, and the resulting F-statistic per
time point was stored. Then, a surrogate random distri-
bution was created through random permutations of
the condition labels (n=200), followed by calculation of
the surrogate F-statistic. The significance of the original
E-statistic was determined by comparing against the sur-
rogate distribution (critical alpha a =0.05). Post-hoc tests
(paired two-tailed t-tests) were conducted in a similar
way. The significance level was corrected for false discov-
ery rate [38].

Results

Gait parameters

Figure 2 shows the mean and standard deviation
of the gait cycle parameters. Gait cycle duration
(F(2,22)=112.3, p<0.001), stance phase duration of the
right (prosthetic) (F(2,22)=98.4, p<0.001) and left leg
(F(2,22)=16.0, p<0.001), and the maximal GRF of the
right (prosthetic) (F(2,22)=135.5, p<0.001) and left leg
(x*(2) =18.7, p<0.001) all differed between blocks. Only
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step width did not differ between blocks (x*(2)=2.2,
p=0.338).

Post-hoc testing was done between the three different
condition. During the first time walking, in comparison
to walking without the dummy prosthesis, the gait cycle
duration was significantly longer, the stance phase dura-
tion was significantly shorter for the right (prosthetic)
leg, and significantly longer for the left leg, and maximal
GRF was significantly lower for both legs. Similar effects
were found during the last time walking in comparison
to walking without dummy prosthesis. No significant dif-
ference was found between the first and last time walking
with the dummy prosthesis in the stance phase duration,
and in the maximal GRF for both the right (prosthetic)
and left leg. Differently, gait cycle duration was signifi-
cantly shorter in the last time walking in comparison to
the first time walking with dummy prosthesis.

Figure 3 shows the GRF trace over the gait cycle. Sig-
nificant differences in the GRF trace between all blocks
occurred during the stance phase of either leg. For the
right (prosthetic) leg, the GRF during the stance phase
was significantly lower in first and last time walking with
the dummy prosthesis in comparison to walking without.
During the last time walking with dummy prosthesis, the
GRF was significantly higher during mid stance in com-
parison to the first time walking with the dummy pros-
thesis. For the left leg, it can be seen that the GRF peak
during early stance is significantly lower during first and
last time walking with the dummy prosthesis in compar-
ison to walking without. The GRF peak late stance was
significantly lower during the first time walking com-
pared to walking without dummy prosthesis, and signifi-
cantly higher during the last compared to the first time
with dummy prosthesis.

Clusters of independent components

Two clusters with independent components from more
than half of the participants were found. Figure 4 shows
the location of the corresponding equivalent current
dipoles. The MNI coordinates of the cluster centroids
were Cluster A {x=—2, y=17, z=45} (Brodmann area
8, fronto-central cluster) and Cluster B {x=—38, y=-58,
z=37} (Brodmann area 31, parietal cluster) with ICs
from 9/12 and 10/12 participants, respectively. These
coordinates provide an approximation to the localization
of the actual cortical sources, limited by the spatial reso-
lution of the source localization methods (standard elec-
trode positions and standard head model).

Modulations of cortical rhythms within the gait cycle

Figure 5 shows the mean time—frequency maps with a
common baseline of walking without dummy prosthe-
sis. For the fronto-central cluster, the mu (9-13 Hz) and
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beta (20-26 Hz) band show power decrease during the
first and last time walking with the dummy prosthesis
in comparison to walking without (Fig. 5, fronto-cen-
tral). In addition, power increase can be seen in theta
(3—-7 Hz) and gamma (34—44 Hz) bands, which appears
to be most pronounced during the first time walking
in comparison to walking without dummy prosthesis
(Fig. 5, fronto-central). For the parietal cluster, power
increases are found in the theta (3—7 Hz) and gamma
(35-120 Hz) band in the first and last time walking with
dummy prosthesis (Fig. 5, parietal), whereas the power
increase of gamma seems to be smaller in the last
time in comparison to the first time walking with the
dummy prosthesis (Fig. 5, parietal II). Further, in the
mu (9-13 Hz) band power modulations are decreased

during first and last time walking with the dummy
prosthesis.

Further analyses were done to determine the modu-
lations of cortical rhythms within the gait cycle. Based
on the results displayed in Fig. 5, the power modula-
tions within the gait cycle of the fronto-central and pari-
etal clusters were analysed for the theta (3-7 Hz), mu
(9-13 Hz), and gamma bands (34-44 Hz, 35-120 Hz,
respectively). For the fronto-central cluster, the power
modulations within the gait cycle of the beta band (20—
26 Hz) were additionally analysed.

Figure 6 shows power modulations within the gait
cycle, for the frequency bands specified in the previous
section. For the fronto-central and parietal cluster, the
theta band shows increased power around heel strike
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Fig. 5 Event-related spectral perturbations time—frequency maps and mean ERSP across the gait cycle. The ERSP(I) and mean ERSP(Il) are displayed
for the fronto-central and parietal clusters. I: Time—frequency maps show the decrease (blue) and increase (red) in mean power for each condition,
relative to the baseline of walking without dummy prosthesis. The non-significant differences from this baseline are partially masked with a white
overlay. Il: The mean ERSP across the gait cycle shows the power increase (positive) or decrease (negative) in the mean power and standard
deviation over frequencies. The blue shaded region represents the power of walking without dummy prosthesis (baseline), green represents first
time and yellow represents last time walking with dummy prosthesis
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and weight acceptance on the right (prosthetic) leg.
Similarly, theta band modulation in the parietal clus-
ter appears around heel strike of the left leg. In the mu
band of the fronto-central and parietal cluster, a brief
time period around toe off of the right (prosthetic) leg
shows a significant decrease in power for the last time
walking with in comparison to walking without dummy
prosthesis. The beta band in the fronto-central cluster
shows significant differences during the swing phase of
the right (prosthetic) leg and around heel strike of both
legs, where the power of the first time walking with
is significantly decreased compared to walking with-
out dummy prosthesis. The gamma band power from
the fronto-central cluster shows a significant increase
around heel strike of the right (prosthetic) leg in the
first time walking compared to walking without. This
increased power shows a significant decrease in the
last time compared to the first time walking with the
dummy prosthesis. A similar pattern appears for the
power of the gamma band from the parietal cluster, but
no significant gait-cycle dependent modulations could
be identified due to the significantly increased offset for
first and last time walking with the dummy prosthesis
in comparison to walking without. This offset in power
of the gamma band during the last time walking with
dummy prosthesis is significantly decreased compared
to first time walking with dummy prosthesis.

Discussion

In this study modulations of cortical rhythms that
accompany short-term gait modifications were identi-
fied during first-time use of a dummy mechanical knee
prosthesis. Able-bodied individuals walked with a
dummy prosthesis for their first time, in a short experi-
mental session. All gait parameters (stance phase dura-
tion, step width, maximal GRF, and the GRF trace over
time) revealed immediate modifications of the gait pat-
tern when participants were introduced to the dummy
prosthesis. Except for the gait cycle duration, these modi-
fications remained throughout the duration the experi-
mental session. Interestingly, power modulations of the
theta, mu, beta, and gamma rhythms, source-localized
from scalp-level recordings to the fronto-central and the
parietal cortical regions, accompanied the modifications
of the gait pattern throughout the experimental session.
These power modulations of the theta, beta, and gamma
rhythms within the gait cycle differed between walking
conditions.

Gait modifications occurred from the first experimental
block walking with the dummy prosthesis. In comparison
with walking without the dummy prosthesis, the dura-
tion of the gait cycle increased in the first experimental
block and was slightly reduced in the last experimental
block (after roughly 12 min of practice). Additionally, the
participants modified their gait pattern to spend less time
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supporting themselves with the dummy prosthetic leg
and decreased their body weight support while standing
on either leg. The changes in stance phase duration and
body weight support suggest reduced confidence in the
support of the dummy prosthetic leg and increased use of
the handrails to support the body weight during the gait
cycle. The use of the handrails for support while stand-
ing on the dummy prosthesis is clearly seen in the trace
of the GRF (Fig. 3). Moreover, the GRF trace indicates
consistent use of the handrails for weight support with
either leg, showing a reduction of the amount of support
through the experimental session. These results indicate
short-term gait modification related to the use of the
dummy prosthesis, that are sustained through an initial
experimental session.

Together with the gait modifications, power modu-
lations of cortical theta, mu, beta, and gamma rhythms
were found, presumably originating from the fronto-
central (centroid of cluster A) and parietal cortical
regions (centroid of cluster B), according to the source
localization analysis. In previous studies, the involve-
ment of fronto-central and parietal cortices during gait
adaptation has been related to top-down control (e.g.,
motor planning and inhibitory control; fronto-central),
and integration of sensorimotor feedback (parietal) [13,
15]. Consistent with these previous reports, a power
decrease of the mu rhythm from the fronto-central and
parietal cluster during walking with the prosthesis was
found compared to walking without dummy prosthesis.
The decrease in power of the mu rhythm occurs around
toe off of the prosthetic leg. During this phase of the gait
cycle, it is estimated how much clearance should be pro-
vided between the prosthetic foot and the ground, and
how much active swing force should be provided to the
prosthetic leg, which together determine the ability to
successfully complete the swing phase of the prosthetic
leg. Therefore, the power decrease of the mu rhythm may
indicate increased motor planning and sensorimotor
integration during the pre-swing with the prosthetic leg.

The results also showed a power decrease of the beta
rhythm from the fronto-central cluster during the swing
phase of the prosthetic leg and heel strike of both legs.
A power decrease of the beta rhythm from the fronto-
central cluster during gait adaptation has previously been
related to increased cognitive control [15, 41]. During
the swing phase of the prosthetic leg, enough clearance
should be provided between the prosthetic foot and the
ground to avoid a stumble or trip. Furthermore, a correct
placement of the prosthesis during heel strike ensures
the prosthetic knee to lock so it can be safely loaded dur-
ing stance phase. As these events in the gait cycle are
essential to avoid a stumble or trip, the power decrease
of beta rhythm from the fronto-central cluster probably
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indicates additional cognitive load for top-down control
of the prosthesis during swing phase and the placement
of the prosthesis during heel strike. Importantly, the use
of handrails to support the body weight must be taken
into account. During right heel strike, the body weight is
transferred to the prosthetic leg, but also to the arms, as
can be seen in the GRF trace. This shift in body weight
could also require increased top-down control and there-
fore contribute to the power decrease of the mu (fronto-
central and parietal) and beta (fronto-central) rhythms.

In addition to these results, a power increase was found
in theta rhythms in the fronto-central and parietal clus-
ters around the heel strike of both limbs. In previous
studies, a transient power increase of the theta rhythms
from a fronto-central cortical region has been related to
the control of balance and posture [42] and the monitor-
ing of postural stability during quiet stance [43-45] and
walking [46]. Additionally, power increase of the theta
rhythm from posterior-parietal cortical regions has been
related to error detection during movement and the mis-
match between intended action and sensory feedback
[20, 47]. During walking with a dummy prosthesis, the
heel strikes with the dummy prosthesis might feel unu-
sual and unstable, as the prosthesis is an external walking
aid attached to the body. The use of the prosthesis cre-
ates new sensory input during walking, in addition to an
altered perception of postural stability that comes with
this modification. The power increase of the theta rhythm
occurring around heel strike might therefore indicate an
increase in sensorimotor processing and the assessment
of postural stability during stepping.

During the whole gait cycle, the power of the gamma
rhythm from the parietal cluster is increased, especially
around heel strike of the prosthetic leg. Power modu-
lations of the gamma rhythm have been related to goal
directed behavior in visual search tasks [48] and to initial
visual motor learning during gait adaptation [49]. Here,
the visual feedback from the placement of the prosthetic
foot might be used to anticipate the prosthesis behavior
and modify the gait pattern when needed, which could
cause the power increase of the gamma band in the pari-
etal cluster. In addition to the power increase of the theta
rhythm, the results reveal a power increase of gamma
rhythms from the parietal cluster during first walking
with the prosthesis, which both (theta and gamma) sub-
sequently diminish over the period of the experimental
session. Previous research reported that power increase
of the gamma rhythm could be related to the power
increase of the theta rhythm via cross-frequency cou-
pling [50]. The theta-gamma cross-frequency coupling
has been associated with short-term memory processing
[50-52], which may indicate a learning process of new
motor memories [49, 53]. Hence, the current findings
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may indicate that new motor memories are being formed
during walking with the prosthesis and that during the
experimental session progress might have been made in
forming these memories. Further analysis that specifi-
cally target cross-frequency coupling are needed to cor-
roborate this observation.

When interpreting these results, several limitations
need to be considered. First, the spatial resolution of our
analysis is limited by the use of multichannel (32 chan-
nels) EEG, standard electrode locations and standard
head models. However, although the spatial resolution of
the source localisation for each component is limited, the
group-level analysis (represented by the cluster centroid)
may provide a more accurate estimation of the cortical
source location. For this reason, our interpretations are
restricted to the likely cortical regions where the cluster
centroids are located. Previous studies on cortical con-
tributions to gait control often reported modulations
of rhythmic activity from fronto-central and parietal
cortical areas; in particular from supplementary motor
are (Brodmann area 6) and the posterior parietal cor-
tex (Brodmann area 7). Importantly, these cortical loca-
tions are adjacent to the estimated locations reported
in this study and their functional mapping does overlap
[54, 55]. Therefore, the interpretation given here is con-
sistent with our current understanding of the cortical
gait control. Second, despite the measures taken during
data acquisition and the careful artefact-correction and
-rejection, some artefacts may still be present in the EEG
data. Thus, caution must be exercised when interpreting
broad modulations of the gamma rhythm in parietal and
occipital regions, as complete removal of spurious EMG
activity cannot be completely achieved. Notably, the PSD
of the fronto-central and parietal clusters (see Fig. 4) do
not suggest a strong impact of EMG, as the PSDs follow a
typical 1/f power decay characteristic for oscillatory cor-
tical activity. Third, our pilot study is limited by its sam-
ple size (n=12), and therefore generalizing the results
cannot be granted. Yet, taking into consideration the
sample size of previous EEG studies (ranging from 4 to
37 participants) [10, 13, 15, 17, 19, 20, 27, 30, 41-44, 46,
48, 49, 52, 56], the sample size of the current pilot study
is acceptable.

Importantly, we present a first step towards identifying
the cortical modulations of short-term gait modifications
during walking with a prosthesis; yet, to further investi-
gate the neural mechanisms of walking with a prosthesis,
the neural pathways involved in these modifications must
be identified. This could be done by defining the interac-
tions between the central and peripheral nervous system
using for instance (effective/directed) corticomuscular
coherence [19, 56]. Future studies should strive to acquire
high-density (1004 channels) EEG and person specific
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electrode locations to improve the source localisation.
Furthermore, a close inspection of data quality (against
severe movement artefacts) and integrity (e.g., against
sample loss and flat lines) needs to be conducted during
data acquisition.

Conclusion

Immediate gait modifications to the use of a pros-
thesis are accompanied by modulations of the mu
(fronto-central and parietal cortical regions) and beta
(fronto-central) rhythms, as well as theta and gamma
rhythms (fronto-central and parietal). The modulations
of cortical activity could be related to whole-body coor-
dination, including the swing initiation and the place-
ment of the prosthesis, as well as the bodyweight transfer
between legs and arms. During a short experimental ses-
sion limited gait adaptation could take place, as indicated
by multiple gait parameters. The observed power modu-
lations of the gamma rhythm may indicate that an initial
motor memory of the new gait pattern is formed within
the duration of a short (12 min) experimental session. To
our knowledge, this is the first study to show the corti-
cal mechanisms of short-term adaptation of able-bodied
individuals to walking with a dummy prosthesis. Future
efforts will focus on determining the effects of long-
term adaptation on cortical modulations and its neural
correlates.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512984-020-00761-8.

[ Additional file 1. Schematic overview of the EEG data processing. }

Abbreviations

ASR: Artifact subspace reconstruction; CoP: Center of pressure; ECD: Equivalent
current dipoles; EEG: Multi-channel electroencephalogram; ERSP: Event-
related spectral perturbation; GRF: Ground reaction force; IC: Independent
component; ICA: Independent component analyses; MNI: Montreal Neurologi-
cal Institute; PCA: Principal component analysis; PSD: Power spectral density.

Acknowledgements

We would like to express our gratitude to Jeske Jansens for assistance with
data collection and all the volunteers, who participated in this study. All data
were collected at Center of Human Movement Sciences, UMCG.

Authors’ contributions

VK contributed to conception, design of the work, data acquisition, data analy-
sis, interpretation of the results, and drafted and revised the manuscript. HG
and NM contributed to the conception, and design of the work, and substan-
tively revised the manuscript. HG contributed to the analysis and interpreta-
tion of the gait parameters. TSE contributed to analyzing and interpretation

of the EEG data and in writing the manuscript. VW revised the manuscript. All
authors read and approved the final manuscript.

Funding

The work was supported by ERC-H2020 Project “MylLeg" (n.780871), and by
Netherlands Organization for Scientific Research (NWO) VIDI grant Project
“Roads to recovery” (n.91717369).


https://doi.org/10.1186/s12984-020-00761-8
https://doi.org/10.1186/s12984-020-00761-8

Kooiman et al. J NeuroEngineering Rehabil (2020) 17:134

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

The experimental procedure received a waiver of ethical approval by the
Ethical Committee for the department of Human Movement Sciences of
the University of Groningen. The procedures complied with the guidelines
defined in the Declaration of Helsinki [21].

Consent for publication
All individuals provided written informed consent on publication of this data
prior to participation in the experiment.

Competing interests
The authors declare that they have no competing interests.

Author details

! Orthopaedic Research Laboratory, Radboud University Medical Center,

(611) PO. Box 9101, NL-6500 HB Nijmegen, The Netherlands. 2 Department

of Rehabilitation, Donders Institute for Brain, Cognition and Behavior, Radboud
University Medical Centre, (898) PO. Box 9101, NL-6500 HB Nijmegen, The
Netherlands. * Center for Human Movement Sciences, University of Gro-
ningen, University Medical Center Groningen, UMCG Sector F, FA 23, PO.

Box 196, NL-9700 AD Groningen, The Netherlands. * Department of Neurology,
University of Groningen, University Medical Center Groningen, Hanzeplein 1,
PO. Box 30.001, Groningen, The Netherlands. ° Sint Maartenskliniek, Research &
Rehabilitation, PO. Box 9011, NL-6500 GM Nijmegen, The Netherlands.

Received: 22 April 2020 Accepted: 16 September 2020
Published online: 08 October 2020

References:

1. Shumway-Cook A, Woollacott MH. Motor control: translating research
into clinical practice. Philadelphia: Lippincott Williams & Wilkins; 2007.

2. Reisman DS, Block HJ, Bastian AJ. Interlimb coordination dur-
ing locomotion: what can be adapted and stored? J Neurophysiol.
2005;94(4):2403-15.

3. van Keeken HG, Vrieling AH, Hof AL, Postema K, Otten B. Stabilizing
moments of force on a prosthetic knee during stance in the first steps
after gait initiation. Med Eng Phys. 2012a;34(6):733-9.

4. Morgan SJ, Hafner BJ, Kelly VE. The effects of a concurrent task on walking
in persons with transfemoral amputation compared to persons without
limb loss. Prosthet Orthot Int. 2016;40(4):490-6.

5. Morgan SJ, Hafner BJ, Kelly VE. Dual-task walking over a compliant foam
surface: a comparison of people with transfemoral amputation and
controls. Gait Posture. 2017;58:41-5.

6. SchmalzT, Blumentritt S, Jarasch R. Energy expenditure and biome-
chanical characteristics of lower limb amputee gait: the influence of
prosthetic alignment and different prosthetic components. Gait Posture.
2002;16(3):255-63.

7. Waters RL, Mulroy S.The energy expenditure of normal and pathologic
gait. Gait Posture. 1999;9(3):207-31.

8. Bastian AJ. Understanding sensorimotor adaptation and learning for
rehabilitation. Curr Opin Neurol. 2008;21(6):628-33.

9. Krakauer JW, Hadjiosif AM, Xu J, Wong AL, Haith AM. Motor learning.
Compr Physiol. 2019;9(2):613-63.

10. Morton SM, Bastian AJ. Cerebellar contributions to locomotor adapta-
tions during splitbelt treadmill walking. J Neurosci. 2006;26(36):9107-16.

11. Drew T, Marigold DS. Taking the next step: cortical contributions to the
control of locomotion. Curr Opin Neurobiol. 2015;33:25-33.

12. Takakusaki K. Functional neuroanatomy for posture and gait control. J
Mov Disord. 2017;10(1):1-17.

13. Wagner J, Solis-Escalante T, Scherer R, Neuper C, Miller-Putz G. It's how
you get there: walking down a virtual alley activates premotor and pari-
etal areas. Front Hum Neurosci. 2014;8:93.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 13 of 14

Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchro-
nization and desynchronization: basic principles. Clin Neurophysiol.
1999;110(11):1842-57.

Wagner J, Makeig S, Gola M, Neuper C, Miller-Putz G. Distinct 3 band
oscillatory networks subserving motor and cognitive control during gait
adaptation. J Neurosci. 2016;36(7):2212-26.

Engel AK, Fries P. Beta-band oscillations-signalling the status quo? Curr
Opin Neurobiol. 2010;20(2):156-65.

Bruijn SM, Van Dieén JH, Daffertshofer A. Beta activity in the premotor
cortex is increased during stabilized as compared to normal walking.
Front Hum Neurosci. 2015;9:593.

Potocanac Z, Duysens J. Online adjustments of leg movements in healthy
young and old. Exp Brain Res. 2017;235(8):2329-48.

Artoni F, Fanciullacci C, Bertolucci F, Panarese A, Makeig S, Micera S,

et al. Unidirectional brain to muscle connectivity reveals motor cortex
control of leg muscles during stereotyped walking. Neuroimage.
2017;159:403-16.

Peterson SM, Ferris DP. Group-level cortical and muscular connectivity
during perturbations to walking and standing balance. Neuroimage.
2019;198:93-103.

Association WM. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects. JAMA.
2013;310(20):2191-4.

Lemaire ED, Nielen D, Paquin MA. Gait evaluation of a transfemoral pros-
thetic simulator. Arch Phys Med Rehabil. 2000;81(6):840-3.

van Keeken HG, Vrieling AH, Hof AL, Postema K, Otten B. Principles of
obstacle avoidance with a transfemoral prosthetic limb. Med Eng Phys.
2012b;34(8):1109-16.

Darter BJ, Nielsen DH, Yack HJ, Janz KF. Home-based treadmill training
to improve gait performance in persons with a chronic transfemoral
amputation. Arch Phys Med Rehabil. 2013;94(12):2440-7.

Wezenberg D, van der Woude LH, Faber WX, de Haan A, Houdijk H. Rela-
tion between aerobic capacity and walking ability in older adults with a
lower-limb amputation. Arch Phys Med Rehabil. 2013;94(9):1714-20.
Klem GH, Ltuders HO, Jasper HH, Elger C. The ten-twenty electrode
system of the International Federation. The International Federation of
Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol Suppl.
1999;52:3-6.

Gwin JT, Gramann K, Makeig S, Ferris DP. Electrocortical activity is
coupled to gait cycle phase during treadmill walking. Neuroimage.
2011;54(2):1289-96.

Mitra P. Observed brain dynamics. Oxford: Oxford University Press; 2007.
MullenT. CleanLine EEGLAB plugin. San Diego: Neuroimaging Informatics
Toolsand Resources Clearinghouse (NITRC); 2012.

Mullen TR, Kothe CA, Chi YM, Ojeda A, Kerth T, Makeig S, et al. Real-time
neuroimaging and cognitive monitoring using wearable dry EEG. IEEE
Trans Biomed Eng. 2015;62(11):2553-67.

Delorme A, Palmer J, Onton J, Oostenveld R, Makeig S. Independent EEG
sources are dipolar. PLoS ONE. 2012;7(2):e30135.

Makeig S, Bell AJ, Jung T-P, Sejnowski TJ. Independent component
analysis of electroencephalographic data. In: Touretzky D, Mozer M,
Hasselmo M, editors. Advances in neural information processing systems.
Cambridge: MIT Press; 1996.

Onton J, Westerfield M, Townsend J, Makeig S. Imaging human EEG
dynamics using independent component analysis. Neurosci Biobehav
Rev. 2006;30(6):808-22.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J
Neurosci Methods. 2004;134(1):9-21.

QOostenveld R, Oostendorp TF. Validating the boundary element method
for forward and inverse EEG computations in the presence of a hole in
the skull. Hum Brain Mapp. 2002;17(3):179-92.

Lacadie CM, Fulbright RK, Rajeevan N, Constable RT, Papademetris X.
More accurate Talairach coordinates for neuroimaging using non-linear
registration. Neuroimage. 2008;42(2):717-25.

Makeig S. Auditory event-related dynamics of the EEG spectrum and
effects of exposure to tones. Electroencephalogr Clin Neurophysiol.
1993,86(4):283-93.

Benjamini Y, Yekutieli D. The control of the false discovery rate in multiple
testing under dependency. Ann Stat. 2001;29:1165-88.



Kooiman et al. J NeuroEngineering Rehabil (2020) 17:134

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Maris E, Oostenveld R. Nonparametric statistical testing of EEG- and MEG-
data. J Neurosci Methods. 2007;164(1):177-90.

Nichols TE, Holmes AP. Nonparametric permutation tests for func-

tional neuroimaging: a primer with examples. Hum Brain Mapp.
2002;15(1):1-25.

Swann N, Tandon N, Canolty R, Ellmore TM, McEvoy LK, Dreyer S, et al.
Intracranial EEG reveals a time- and frequency-specific role for the right
inferior frontal gyrus and primary motor cortex in stopping initiated
responses. J Neurosci. 2009;29(40):12675-85.

Slobounov S, Cao C, Jaiswal N, Newell KM. Neural basis of postural insta-
bility identified by VTC and EEG. Exp Brain Res. 2009;199(1):1-16.

Mierau A, Pester B, Hulsdlnker T, Schiecke K, Strider HK, Witte H. Cortical
correlates of human balance control. Brain Topogr. 2017;30(4):434-46.
Hulsdtnker T, Mierau A, Neeb C, Kleinéder H, Striider HK. Cortical pro-
cesses associated with continuous balance control as revealed by EEG
spectral power. Neurosci Lett. 2015;592:1-5.

Varghese JP, Marlin A, Beyer KB, Staines WR, Mochizuki G, Mcllroy WE. Fre-
quency characteristics of cortical activity associated with perturbations
to upright stability. Neurosci Lett. 2014;578:33-8.

Sipp AR, Gwin JT, Makeig S, Ferris DP. Loss of balance during balance
beam walking elicits a multifocal theta band electrocortical response. J
Neurophysiol. 2013;110(9):2050-60.

Cohen MX, Ranganath C. Reinforcement learning signals predict future
decisions. J Neurosci. 2007;27(2):371-8.

Ossandon T, Jerbi K, Vidal JR, Bayle DJ, Henaff MA, Jung J, et al. Transient
suppression of broadband gamma power in the default-mode network
is correlated with task complexity and subject performance. J Neurosci.
2011;31(41):14521-30.

Page 14 of 14

49. Perfetti B, Moisello C, Landsness EC, Kvint S, Lanzafame S, Onofrj M, et al.
Modulation of gamma and theta spectral amplitude and phase synchro-
nization is associated with the development of visuo-motor learning. J
Neurosci. 2011;31(41):14810-9.

50. Lisman JE, Jensen O. The 6-y neural code. Neuron. 2013;77(6):1002-16.

51. Canolty RT, Knight RT. The functional role of cross-frequency coupling.
Trends Cogn Sci. 2010;14(11):506-15.

52. Park JY, Lee YR, Lee J. The relationship between theta-gamma cou-
pling and spatial memory ability in older adults. Neurosci Lett.
2011,498(1):37-41.

53. Whittier T, Willy RW, Sandri Heidner G, Niland S, Melton C, Mizelle JC, et al.
The cognitive demands of gait retraining in runners: an EEG study. J Mot
Behav. 2020;52(3):360-71.

54. Gage NM, Baars B. Fundamentals of cognitive neuroscience: a beginner’s
guide. Cambridge: Academic Press; 2018.

55. Leech R, Smallwood J. The posterior cingulate cortex: insights from struc-
ture and function. In: Handbook of clinical neurology. 166. Elsevier; 2019.
p.73-85.

56. Roeder L, Boonstra TW, Kerr GK. Corticomuscular control of walk-
ing in older people and people with Parkinson’s disease. Sci Rep.
2020;10(1):1-18.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Rhythmic neural activity is comodulated with short-term gait modifications during first-time use of a dummy prosthesis: a pilot study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	Experimental procedure
	Data acquisition
	Data analysis
	Gait cycle segmentation
	Gait parameters
	EEG analysis
	Source separation
	Event-related spectral perturbation time–frequency maps

	Group-level statistical analyses
	Gait parameters
	Event-related spectral perturbation


	Results
	Gait parameters
	Clusters of independent components
	Modulations of cortical rhythms within the gait cycle

	Discussion
	Conclusion
	Acknowledgements
	References


