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Altered brain function during
movement programming is linked
with motor deficits after stroke: a
high temporal resolution study

Célia Delcamp??, Alexandre Chalard'?, Ramesh Srinivasan® and
Steven C. Cramer'?*

!Department of Neurology, University of California, Los Angeles, Los Angeles, CA, United States,
2California Rehabilitation Institute, Los Angeles, CA, United States, *Department of Cognitive Sciences,
University of California, Irvine, Irvine, CA, United States

Introduction: Stroke leads to motor deficits, requiring rehabilitation therapy that
targets mechanisms underlying movement generation. Cortical activity during
the planning and execution of motor tasks can be studied using EEG, particularly
via the Event Related Desynchronization (ERD). ERD is altered by stroke in a
manner that varies with extent of motor deficits. Despite this consensus in
the literature, defining precisely the temporality of these alterations during
movement preparation and performance may be helpful to better understand
motor system pathophysiology and might also inform development of novel
therapies that benefit from temporal resolution.

Methods: Patients with chronic hemiparetic post-stroke (n = 27;age 59 + 14 years)
and age-matched healthy right-handed control subjects (n =23; 59 + 12 years)
were included. They performed a shoulder rotation task following the onset of a
stimulus. Cortical activity was recorded using a 256-electrode EEG cap. ERD was
calculated in the beta frequency band (15-30Hz) in ipsilesional sensorimotor
cortex, contralateral to movement. The ERD was compared over time between
stroke and control subjects using permutation tests. The correlation between
upper extremity motor deficits (assessed by the Fugl-Meyer scale) and ERD over
time was studied in stroke patients using Spearman and permutation tests.

Results: Patients with stroke showed on average less beta ERD amplitude than
control subjects in the time window of =350 to 50 ms relative to movement
onset (t(46) =2.8, p=0.007, Cohen's d=0.31, 95% CI [0.22: 140]). Beta-ERD
values correlated negatively with the Fugl-Meyer score during the time window
—200 to 400 ms relative to movement onset (Spearman’s r=-0.54, p =0.003,
95% CI [-0.77 to —0.18]).

Discussion: Our results provide new insights into the precise temporal changes
of ERD after hemiparetic stroke and the associations they have with motor
deficits. After stroke, the average amplitude of cortical activity is reduced as
compared to age-matched controls, and the extent of this decrease is correlated
with the severity of motor deficits; both were true during motor programming
and during motor performance. Understanding how stroke affects the temporal
dynamics of cortical preparation and execution of movement paves the way for
more precise restorative therapies. Studying the temporal dynamics of the EEG
also strengthens the promising interest of ERD as a biomarker of post-stroke
motor function.

01 frontiersin.org


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2024.1415134&domain=pdf&date_stamp=2024-08-12
https://www.frontiersin.org/articles/10.3389/fnins.2024.1415134/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1415134/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1415134/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1415134/full
mailto:sccramer@mednet.ucla.edu
https://doi.org/10.3389/fnins.2024.1415134
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2024.1415134

Delcamp et al.

KEYWORDS

10.3389/fnins.2024.1415134

biomarker, cortical activity, event-related desynchronization, motor control,

premovement

1 Introduction

Stroke is a leading cause of motor impairment worldwide, with a
majority of patients experiencing upper extremity deficits (Rathore
etal,, 2002). An important direction for stroke rehabilitation targeting
these deficits is to understand the mechanisms underlying movement
generation. Electroencephalography (EEG) is a non-invasive tool
useful for studying and measuring cortical activity during the
planning and execution of a motor task by recording the associated
electrical activity of the brain. Analysis of EEG data thereby allows for
characterization of pathological patterns of cortical activation during
movement by patients with stroke.

In humans, the initiation of a motor task is preceded within
500ms by a slow decrease in EEG amplitude measured over the
primary motor cortex. These potentials are known as motor related
cortical potentials (MRCP) (Shakeel et al., 2015). MRCP are a
consistent across a range of motor behaviors, e.g., being present during
self-paced and cued movements (Shibasaki and Hallett, 2006).

Spectral modulations of cortical oscillations in the beta frequency
band (13-30Hz), such as beta event-related desynchronization (ERD),
are particularly relevant to motor function and behavior. Cortical
oscillations in the beta frequency band over the sensorimotor cortex are
heavily involved in motor control. They are present at rest and decrease
slightly before, then further during, a movement, and this decrease in
beta power defines an ERD (Pfurtscheller and Lopes da Silva, 1999;
Pfurtscheller, 2001). This ERD corresponds to increased corticospinal
excitability and in most settings is interpreted as an electrophysiological
correlate of cortical activations involved in the generation of movement
(Takemi et al., 2013a,b). During the execution of a movement by a
paretic limb, patients with stroke show an ERD in ipsilesional
sensorimotor cortex, measured using EEG or magnetoencephalography;,
that has a smaller amplitude compared to that of healthy controls (Platz,
2000; Fu et al., 2006, p. 200; Gerloff et al., 2006; Rossiter et al., 2014; Park
et al., 2016; Chalard et al., 2020). Some of these studies have studied
movement preparation using a priori assumptions regarding choice of
temporal window to study, for example, a window between —750 and
—500 ms before movement onset (Platz, 2000) and the first 2's before
movement onset (Fu et al., 2006). Studies of the ERD may also be useful
to understand how stroke affects motor system function, as ERD
amplitude correlates with degree of motor deficits in the subacute
(Bartur etal., 2019; Tang et al., 2020) and chronic phase and is reduced
compared to healthy controls (Fu et al., 2006).

Defining, without any a priori assumptions, the exact
timepoints during the genesis of movement when beta-ERD is
altered by stroke, and is related to motor deficits, may be helpful to
understand motor system pathophysiology and might also inform

Abbreviations: ERD, Event-related desynchronization; UE-FM, Upper extremity
Fugl-Meyer scale; MoCA, Montreal cognitive assessment ERD; MRCP, Motor

related cortical potentials; mRS, Modified Rankin scale.

Frontiers in Neuroscience

development of novel therapies (Fu et al., 2006; Norman et al.,
2018), such as brain-machine interfaces and certain forms of brain
stimulation. EEG has excellent temporal resolution and so is useful
for understanding how alterations in brain function are related to
deficits in motor status. We studied 27 patients with hemiparetic
stroke and, as an initial step, confirmed that beta-ERD is reduced
as compared to age-matched healthy controls, and that this
reduction is proportional to the degree of motor deficits. In the
current study, we sought to determine: (1) the time window during
which beta-ERD differs
hypothesizing that we would observe a lower ERD amplitude for

between patients and controls,
patients during a discrete epoch before movement and exploring
whether this extends to the time period after movement is initiated;
and (2) the time window during which the amplitude of beta-ERD
is reduced in proportion to motor deficits after stroke,
hypothesizing that timepoints when patients had reduced ERD
compared to controls would be clinically relevant, i.e., that at
timepoints with reduced ERD after stroke, ERD would also
correlate with deficits in motor performance. In addition, an
exploratory analysis examined functional connectivity, measured
as EEG coherence, in relation to stroke and motor deficits, to better
understand changes in ERD.

2 Methods
2.1 Subjects

Fifty adults (>18years old) consented to study participation.
Entry criteria for all subjects were English-speaking, no disorder
interfering with ability to follow study procedures, no coexisting
diagnosis affecting arm function (apart from stroke), and no history
of craniotomy. In addition, patients with stroke were required to have
a history of unilateral hemiparetic stroke >30 days prior that included
upper extremity weakness, defined as score<61 on the upper
extremity motor Fugl-Meyer (UE-FM) (See et al., 2013) scale. Healthy
control subjects were age-matched to patients with stroke.

2.2 Behavioral testing and neuroimaging

Testing in all subjects included the Nottingham Sensory Test
(maximum 11 points, higher is better), Geriatric Depression Scale
(maximum 15 points, lower is better), and Montreal Cognitive
Assessment (MoCA; maximum 30 points, higher is better). In
addition, patients with stroke were tested on the UE-FM (maximum
66 points, higher is better), modified Rankin Scale (mRS; lower is
better), and Line Cancelation Test (higher is better). Assessors were
certified on the UE-FM and MoCA scales.

Neuroimaging was retrieved from past medical records whenever
possible. Images were reviewed for stroke location, subtype (ischemic
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vs. intracerebral hemorrhage), and involvement of primary motor
cortex (M1). Lesion volume was measured by hand using MRIcron.!

2.3 Standard protocol approvals,
registrations, and subject consents

This study was approved by the institutional review board of the
University of California Irvine. All subjects gave written informed
consent at their entry into the protocol.

2.4 EEG acquisition

Subjects were fitted with a 256-electrode EEG cap (HydroCel
Sensor Net, Electrical Geodesics, Inc., Eugene, OR, United States). The
EEG data were sampled at 1,000 Hz using a high-input impedance Net
Amp 300 amplifier (Electrical Geodesics, Inc.) and NetStation 4.5.3
software. The EEG signals were referenced to the vertex electrode (Cz)
during recording. The inputs from the splint apparatus were recorded
by the EEG amplifier at 1,000 Hz. The onset of the stimulus was
recorded by the EEG amplifier using a light sensor (Cedrus, San
Pedro, CA, United States).

2.5 EEG experimental task

Subjects performed a task that required evaluation of a visual
stimulus and a motor response. Each subject sat on a chair facing a
monitor, with their back against the backrest, hips and knees at
approximately 90°, and forearm (for stroke patients, paretic forearm;
for healthy controls, right forearm) in a splint. This plastic splint sits
on the proximal aspect of the table, moves with very low friction (~1N
resistance), and limits forearm movement to internal or external
rotation at the shoulder in the plane of the tabletop (Figure 1A).
During each trial of the task, subjects focused visually on a fixation
cross until a stimulus (an arrow facing right or left) appeared; it then
remained on the screen for 2s. To obtain a self-initiated movement
while controlling the inter-stimulus rest time, subjects were instructed
to initiate the motor response freely following the onset of the stimulus.
The motor response was given by internal or external (depending to
the direction of the arrow) shoulder rotation of 2-3°, corresponding
to 2mm of hand displacement. This rotational motion triggered a
mechanical motion detector for either direction of movement, which
allowed for recording of the time at which the motion started
(Figure 1B). Response time was defined as the time between stimulus
onset and movement initiation. After each movement, subjects
received verbal instruction to return their arm to the initial (mid)
position of the apparatus, which was verified by the examiner. The rest
period between the return to the initial position and the next stimulus
was jittered between 2 and 3.5, to avoid cue anticipation. Participants
completed four blocks of this task, with 20 trials/block (Figure 1C).
After each block, participants received a 30s rest break during which

1 http://www.mccauslandcenter.sc.edu/mricro/mricron
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the screen was blank. The order of internal and external shoulder
rotation movements was counterbalanced and combined in analyses.

2.6 EEG preprocessing

Continuous EEG data were resampled at 200 Hz, high pass filtered
at 0.5Hz, and a 60Hz notch filter was applied. EEG data were
preprocessed using the EEGLAB clean_rawdata (Delorme and
Makeig, 2004) pipeline: first, channels with artifact were removed,
using the automatic channel rejection algorithm of the EEGLAB
clean_rawdata plugin. Flat channels (having no signal variation over
55s), noisy channels (signals with no variation over 5s), and channels
poorly correlated with other channels were detected, rejected, and
interpolated using a spline interpolation. Second, artifacts were
corrected using the EEGLAB ICLabel plugin. The EEG data were
decomposed by independent component analysis using the EEGLAB
runica function, then ICLabel classified independent components as
artifact or EEG based on a supervised learning algorithm considering
features in the spatial, spectral, and temporal domain. Independent
components considered to be eye, muscle, or heart artifacts with a
probability of at least 80% were removed, and their activities were
subtracted from the data.

The EEG data were then segmented into 3,500 ms trials, each
ranging from —2000 to +1,500ms around stimulus presentation.
Cutting at +1,500ms after the stimulus enabled retention of all
movements of even the slowest subjects without cutting into the
return to initial position phase of the fastest subjects. To remove bad
EEG epochs, a data-driven segment rejection approach based on
quality assessment metrics was used. For each EEG epoch, epochs of
high amplitude, timepoints of high variance, and channels of high
variance were identified (Pedroni et al., 2019). Based on these metrics,
epochs in the 90th percentile or greater regarding high amplitude,
timepoint variance, and channel variance were rejected. To improve
the spatial distribution of EEG signals, surface Laplacian was applied
on the EEG data (Perrin et al., 1989). Finally, to enable comparison of
patients with stroke to healthy controls, EEG data of stroke patients
with right brain lesions were flipped along the midline to the left brain.
As a result, C3 is always contralateral to movement: C3 is over the
ipsilesional hemisphere for all patients with stroke and it is over the
left hemisphere for healthy controls.

2.7 Event-related desynchronization

The ERD was calculated using time-frequency analysis [using a
Morlet wavelet (Grinsted et al., 2004)]. The scale resolution of the
wavelet (parameter “nvoice”), the number of scales used in the wavelet
analysis (parameter “J1”), and the Morlet mother wavelet parameter
(parameter “wavenumber”) were set to 7, 20, and 10, respectively. The
ERD was obtained using the method described by Pfurtscheller
(2001), whereby a decrease in power corresponds to an ERD,
calculated using the following formula:

ERD(t)=[(A(t)-B)/B]*100.
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FIGURE 1

(A) Rest position of subjects with forearm in the tabletop splint. (B) Enlargement of the red box from (A) (with contrast adjusted for visibility), with the
green arrow pointing to the 2 mm gap between splint and switch. This allows movement of the forearm in the plane of the table, after which the splint
contacts the switch and can be displaced no further. In this image, the subject’s forearm is on the right side of the image and a switch is on the left
side. (C) Representation of study design composed of four blocks of 20 movements. Each movement starts with rest, followed by movement cue,
followed by return of the arm to the basal position, as outlined in vertically ascending order.

where A is the absolute power at time t, and B is the mean of the
absolute power during a baseline period ranging from —2000 to
—1500ms before stimulus onset. The ERD is therefore calculated as
the power at each instant relative to the baseline power (X 100). In the
current work our analysis was focused on the ERD in the beta
(15-30Hz) frequency band in leads approximately overlying
ipsilesional M1 (Homan et al., 1987). Values of ERD reported
represent the average across seven leads: it is the mean ERD in C3 as
well as the mean ERD in the six leads that immediately surround C3.
Data processing and statistical analysis were performed with the
MATLAB software [version: 9.13.0 (R2022b)].

2.8 Cortical coherence

Cortical coherence was calculated for three signals of interest: (1)
C3-F3, (2) C3-P3, and (3) C3-C4.
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For each movement, spectral analysis was performed using a
wavelet transform with the same characteristics as for the ERD
analysis. The cross-spectrum between each signal of interest was
calculated, after which cortical coherence was calculated by
normalizing the cross-spectrum by the product of the auto-spectrum
following formula:

2

S geG1 (ou)
EEG2

Seeci(@.u)SEEG (w’u),

R? grG1 (o) =
EEG2

where EEG1 and EEG2 are EEG time series, Sprai/ppca(0, 1) is the
wavelet cross-spectrum between EEG time series at frequency ® and
time u, and SEEG1(®, u) and SEEG2(w, u) are wavelet auto-spectra of
EEG time series at frequency ® and time u (Delcamp et al., 2023).
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A map of significant coherence was calculated using a binary
mask of significance determined from the cross-spectrum and
then applied to the coherence map to avoid retaining false
positive values (Bigot et al., 2011). Coherence was then averaged
in the beta frequency band (20-30 Hz) during two time windows:
the premovement time window (from stimulus to start of
movement) and the movement execution time window.
Coherence during baseline was subtracted from that during
premovement and movement, constituting the new coherence
variables of interest.

2.9 Statistical analysis

Response time was compared between stroke patients and healthy
controls. Data could be transformed to a normal distribution and so
Student’s ¢-test was used.

The amplitude of the premovement beta-ERD was compared
between stroke patients and healthy control subjects at each timepoint
using a non-parametric permutation approach. This method provides a
framework to enable statistical comparisons between entire time series
data rather than imposing data reduction (Friston, 2007). Independent
t-tests between stroke and healthy control groups were computed at each
point in the time series, thereby forming a test statistic continuum. Next,
groups of participants were randomly permuted, and the previous step for
each permutation was repeated (n=10,000) in order to generate random
test statistic continuum distributions. To control for multiple comparisons,
the test statistic continuum was compared to the random distribution
given by the permutation analysis. If the statistic continuum exceeded the
critical threshold (¢=0.05) given by the statistic continuum derived from
the permuted data, a significant difference was deemed to exist. This
procedure obviated concern for multiple comparisons while offering
greater sensitivity than a conservative Bonferroni procedure (Maris and
Oostenveld, 2007).

To better understand factors influencing beta-ERD after stroke,
its amplitude was examined in the time window significantly
different between groups in relation to key measures: side of stroke,
lesion volume, lesion location, M1 injury, time post-stroke,
Nottingham Sensory Test score, Geriatric Depression Scale score,
and Montreal Cognitive Assessment score. These measures were not
normally distributed, and so Mann-Whitney tests and Spearman’s
rank correlation coeflicient tests were used. The effect of M1 injury
could not be disentangled from stroke location (see section 3.2), and
so the critical thresholds were Bonferroni adjusted for seven
comparisons, i.e., using a=0.007 for these tests.

The amplitude of the beta-ERD was compared with the UE-FM
score in patients with stroke using a non-parametric approach to assess
correlation temporality. First, the Spearman’s rank correlation coefficient
was calculated at each point in the time series, forming a correlation
continuum. Next, groups of stroke patients were randomly permuted,
and the previous step for each permutation was repeated (1=10,000) in
order to generate random correlation continuum distributions. Finally,
the correlation continuum was compared to the random distribution
given by the permutation analysis. If the correlation continuum
exceeded the critical threshold (@=0.05) given by the random
distribution, a significant correlation was deemed to exist.
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To better understand ERD findings, exploratory analysis examined
three aspects of cortical coherence. First, values in patients were
compared with those of healthy control subjects, for each of the three
regions of interest, both premovement and during-movement; these
were compared using Mann-Whitney tests, and significance for these six
comparisons was set at «=0.008. Second, in patients with stroke, each of
the six measures of cortical coherence was compared with motor deficits
(UE-FM score) using Spearman’s rank correlation tests at @=0.008.

Sample size was calculated based on ability to detect a
difference between groups in b-ERD with a SD that is 1.2-times
larger than the difference between groups, assuming alpha=0.05 at
80% power, yielding 23 subjects in each group; four extra patients
with stroke were recruited in anticipation of subject dropout.

3 Results

Subjects were studied from July 2018 to June 2019. Individual
characteristics of patients with stroke appear in Table 1. Results are
presented as mean + SD for data following a normal distribution and
median [1st Quartile-3rd Quartile] for data not following this
distribution. All subjects were right-handed, except for two stroke
patients who were left-handed and two who were ambidextrous.
Patients were a median of 27 [4-78] months post-stroke. The paretic
side was right in 14 and left in 13 patients. ERD variation curves over
time and clinical parameters were similar between patients with
lesions infarcts on the right and left side of the brain, and so patients
were analyzed as a single group. The mRS score was 2.1£0.8. The
UE-FM score was 48 [41.5-57]. No patient with stroke had
hemispatial neglect, as none made an error on the Line Cancellation
Test. Brain imaging was available in 19 patients, and infarct volume
was 13 [4.2-40] cc. Representative images of each infarct appear in
Figure 2.

Age did not differ between patients and controls (59+12 vs.
59+ 14, t, 45=0.13, p=0.90, Cohen’s d=0.04, 95% CI [—0.52: 0.59]).
Patients had 19 males/8females, and controls had eight males/15
females (y* test: p=0.01, odds ratio=0.23, 95% CI [0.07-0.74]). The
Nottingham Sensory test score was lower in patients compared to
controls (11 [9.5-11] vs. 11 [11-11], Wilcoxon Signed Rank:
p=0.002; Rank-Biserial correlation = —1), indicating greater sensory
deficits. The Geriatric Depression Scale was higher in patients
compared to controls (3 [1.5-4] vs. 0 [0-1], Mann-Whitney U-test:
p<0.001, Rank-Biserial correlation=0.76, 95% CI [0.58: 0.86]),
indicating greater depression symptoms that on average did not meet
criteria for major depression. The Montreal Cognitive Assessment
score did not differ between groups (27 [23.5-29] in stroke vs. 27
[26-28] in controls, Mann-Whitney U-test: p=0.72, Rank-Biserial
correlation =—0.06, 95% CI [—0.37: 0.26]).

3.1 No difference in response time between
groups

The response time following stimulus onset was not different between
patients with stroke and healthy controls (626 +243 ms vs. 621 £383ms,
t,45=0.23, p=0.81, Cohenis d=0.06, 95%CI [—0.63: 0.49]).
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TABLE 1 Subject characteristics.

Patient GE Sex M LLEE dgs l'réas.irilgn (ﬁ/:)(;r:i::ie\?el etherprﬁ irty TITteropkoeSt_ As?c?g tjfd sihe Stro !<e . .Ml \:gts:ﬁte
(yrs) sensory test scale assessment  Fugl-Meyer = (months) brain S0 e IIIEEE (cc)
1 61 F 11 2 21 57 4 Right Isch Sub no 34.1
2 62 M 11 3 26 57 6 Right Isch Sub no 1.4
3 62 M 11 0 26 30 9 Right Isch Sub no 4.3
4 55 F 9 7 25 48 16 Right Isch Sub no 40.1
5 59 F 11 11 27 45 5 Left Isch Sub no 8.6
6 78 M 10 1 24 41 1 Left Isch Sub no 10.0
7 65 M 11 2 29 46 2 Right Isch Sub no 8.8
8 53 M 11 2 28 61 89 Left Isch Sub no 1.1
9 75 M 10 3 27 53 45 Left Isch Sub no 21
10 78 F 11 6 20 58 169 Left Isch Sub no 19.9
11 65 M 1 4 29 26 39 Right Isch Sub no 13.0
12 67 M 10 0 27 25 210 Left Isch Sub no 33
13 40 F 2 3 23 21 44 Left Hem Sub no 4.1
14 56 M 11 3 30 56 16 Right Hem Sub no 40.1
15 29 F 11 1 30 37 27 Right Hem Sub no 25.7
16 32 F 9 4 23 39 1 Left Isch Sub + Cort yes 65.6
17 47 M 4 3 23 60 57 Right Isch Sub + Cort yes 498.5
18 74 F 9 1 29 49 4 Right Isch Sub + Cort yes 110.6
19 53 M 11 4 29 51 3 Right Hem Sub + Cort yes 73.6
20 39 M 11 3 27 55 112 Right NA NA NA NA
21 49 M 11 3 29 43 40 Right NA NA NA NA
22 68 M 10 9 29 44 2 Left NA NA NA NA
23 66 M 11 1 28 58 6 Left NA NA NA NA
24 86 M 10 8 13 42 27 Left NA NA NA NA
25 66 M 11 4 28 60 33 Left NA NA NA NA
26 69 M 11 1 24 44 152 Right NA NA NA NA
27 51 M 7 2 21 59 76 Left NA NA NA NA

Values expressed as mean + SD. Brain imaging was available in 19 patients. Isch, Ischemic stroke; Hem, Intracerebral hemorrhage; Sub, Subcortical stroke; Cort, Cortical stroke; M1, primary motor cortex; NA, Non-available.
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FIGURE 2

medical records in eight patients. L, left; R, right.

Representative images of the infarct are shown for patients with stroke. The arrow indicates the lesion. Images could not be retrieved from outside

3.2 Time window during which beta-ERD
differs between patients and controls

First, we defined the time window during which beta-ERD
differs between groups, which was significant both before and
during movement: patients with stroke, compared to healthy
controls, showed smaller beta-ERD amplitudes in the time window
of —350 to +50ms relative to movement onset (gray box in
Figure 3). We then compared the two groups with respect to the
topographic distribution of beta-ERD during this time window.
The spatial distribution in stroke patients is similar to that of
healthy controls but occurs across a smaller number of leads
(Figure 4).

Next, we confirmed that, in this time window, the median
amplitude of the beta-ERD was decreased in patients with stroke
compared to age-matched healthy controls (Mann-Whitney U-test:
p=0.02, Rank-Biserial correlation=0.39, 95% CI [0.09: 0.63])
(Figure 5). Outliers were defined as values lower than 25% —1.5 *
interquartile range and higher than 75% +1.5 * interquartile range.

Frontiers in Neuroscience

One outlier was identified in each group. Excluding these outliers, the
distribution of remaining values had a normal distribution, and so a
t-test was used to compare the mean beta-ERD amplitude, which was
decreased in patients with stroke compared to age-matched healthy
controls (#(46)=2.8, p=0.007, Cohen’s d=0.31, 95% CI [0.22: 1.40]).
Note also that, in this time window, values for beta-ERD in patients
with stroke did not differ according to side of stroke (Mann-Whitney
U-test: p=0.23, Rank-Biserial correlation=—0.29, 95% CI [—0.63:
0.15]), lesion volume (p=0.55, Spearman’s r=0.15, 95% CI [—0.38:
0.65]), lesion location (Mann-Whitney U-test: p=0.96, Rank-Biserial
correlation=-0.033, 95% CI [-0.60: 0.55]), time post-stroke
(p=0.60, Spearman’s r=0.10, 95% CI [—0.31: 0.50]), Nottingham
Sensory Test score (p=0.36, Spearman’s r=—0.18, 95% CI [—0.58:
0.25]), Geriatric depression scale score (p =0.84, Spearman’s r=0.04,
95% CI [—0.29: 0.43]), or Montreal Cognitive Assessment score
(p=0.64, Spearman’s r=0.09, 95% CI [—0.62: 0.49]). Patients with
cortical stroke all had involvement of M1, and so the effect of M1
injury could not be disentangled from stroke location in the
current cohort.
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Temporal evolution of beta-ERD (blue line = stroke patients; red line = healthy controls) in C3 and surrounding leads. The shaded area represents the
time window where the two subject groups show a statistically significant difference in amplitude, which occurred both before and during movement.
The dotted black line indicates the start of movement; the solid black line, the average appearance of the stimulus.

o
Event-related desynchronization (%)

&
o

A
<)

Stroke patients

FIGURE 4

ipsilesional hemisphere and for healthy controls it is the left hemisphere.

o
Event-related desynchronization (%)

&
3

A
S

Healthy controls

Topographical representation of the beta-ERD for the time window from —350 to +50 ms, which in (A) stroke patients shows a similar but smaller
spatial distribution as compared to (B) healthy controls. White dots indicate C3 and the six leads surrounding it, which for patients with stroke is the

3.3 Time window during which the
amplitude of beta-ERD is reduced in
proportion to motor deficits after stroke

First, we defined the time window during which beta-ERD
amplitude showed a significant relationship with motor deficits after
stroke. An inverse correlation between beta-ERD and UE-FM score
was significant from —200 to +400ms relative to movement onset
(Figure 6). This indicates that a healthier motor exam (smaller motor
deficits) is associated with larger beta-ERD values both before and
during movement.

Frontiers in Neuroscience 08

Next, we confirmed that patients with a larger beta-ERD
negative amplitude in the ipsilesional sensorimotor cortex (i.e., a
more negative ERD) had better motor status (i.e., a higher UE-FM
score), as depicted in Figure 7 (p=0.003, Spearman’s r=—0.54, 95%
CI [-0.77: —0.18]). As a secondary analysis, we assessed the
relationship between beta-ERD and motor status during the time
window when there was a significant difference in beta-ERD
between stroke patients and controls (—350 to 50 ms); during this
time window, a significant correlation remained was also found
between FM-UE and ERD (p=0.048, Spearman’s r=—0.38, 95% CI
[—0.72: 0.046]).
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FIGURE 5

Individual and boxplot representation of the beta-ERD for the time
window from —350 to +50 ms. In each box, the center line
represents the median, the top, and bottom of the box correspond
to the 25th and 75th percentiles, and the whiskers represent extreme
values excluding outliers (<25% —1.5 interquartile range and >75%
+1.5 interquartile range). The amplitude of the beta-ERD was
decreased in patients with stroke compared to age-matched healthy
controls (Mann—-Whitney U-test: p = 0.02, Rank-Biserial

correlation = 0.39, 95% CI [0.09: 0.63]).
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3.4 Ipsilesional coherence after stroke

Coherence between ipsilesional M1 (C3) and ipsilesional parietal
cortex (P3) was significantly different between subject groups, being
smaller in stroke patients as compared to control subjects during
premovement (—0.005 [—0.011-0.002] vs. —0.015 [—0.032 to —0.007],
Mann-Whitney U-test: p=0.002, Rank-Biserial correlation=0.49,
95% CI [0.21: 0.70]). No other differences in cortical coherence (i.e.,
between C3-F3 and C3-C4) were observed between patients and
controls (Mann-Whitney U-test: p>0.38, Rank-Biserial correlation
<0.15). No measure of cortical coherence was significantly related to
motor deficits (Fugl-Meyer score) in patients with stroke.

4 Discussion

We aimed to map the time course of EEG changes before and
during a visually cued motor task in patients with hemiparetic stroke.
The results confirm that after hemiparetic stroke, the beta-ERD is
decreased on average in amplitude compared to healthy controls, and
it occurs across a more restricted cortical region as compared to
healthy controls. Key new findings are that beta-ERD amplitude in
patients with stroke is reduced as compared to healthy controls, on
average, during a time window that spans premovement and
movement execution epochs (specifically —350 to +50 ms), and that
this decreased beta-ERD amplitude is proportional to extent of motor
deficits during a specific time window (specifically —200 to +400 ms)
that also extends from premovement to movement. Results support
the utility of beta-ERD as a biomarker of motor system function after
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FIGURE 6

Temporal evolution of the correlation between beta-ERD and the upper extremity Fugl-Meyer score; gray shaded area represents a random
distribution derived from permutation analysis, with values outside the gray box indicating a significant (p < 0.05) correlation. The dotted black line
represents the start of movement; the solid black line, the average appearance of the stimulus. Negative values for p indicate that a more negative ERD
correlates with higher UE-FM score—more cortical activity (a more negative ERD) is associated with better motor status (higher UE-FM score).

-0.4
Time (s)

1
1
1
1
1 | |
0

-0.2 0.2 0.4 0.6

Frontiers in Neuroscience

09

frontiersin.org


https://doi.org/10.3389/fnins.2024.1415134
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Delcamp et al.

A A O 0 @ o
S & & o oS o
T T T T 1

@
o
T

Fugl-Meyer Upper Extremity

w
S

80 60 40 20 0 -20 -40 -60
Event-related beta desynchronization (%)

FIGURE 7

Correlation between beta-ERD for the time window from —200 to
+400 ms and the upper extremity Fugl-Meyer score (Spearman’s
r=-0.54, 95% Cl [-0.77 to —0.18], p = 0.003).

stroke and contribute to the understanding of how stroke affects the
temporal dynamics of cortical preparation and execution of
movement, which stands to inform emerging restorative therapies.
Beta-ERD was distributed bilaterally, though mainly in the
hemisphere contralateral to movement. The reason for the observed
bilateral distribution is not clear but may be due to the advanced age
of participants, as higher age is known to be associated with a more
bilateral distribution of motor function; such a change in motor
function distribution is often seen in patients with stroke, who
commonly have increased reliance on secondary motor areas during
movement generation. We focused beta-ERD analysis on the
ipsilesional hemisphere contralateral to movement, around C3, to
ensure that current methods match those employed previously in the
1980; Stepien et al, 2011;
Tangwiriyasakul et al., 2014; Ray et al., 2017; Pichiorri et al., 2018).

literature (Pfurtscheller et al,

The amplitude of beta-ERD in ipsilesional M1 was, on average,
diminished in patients with hemiparetic stroke, as compared to
healthy controls, from —350 to 50 ms, with a peak difference around
—200ms relative to movement onset. This result is in line with other
studies that showed that beta-ERD amplitude after stroke is reduced
during the premovement period (Platz, 2000; Fu et al., 2006) and
during movement (Gerloff et al., 2006; Rossiter et al., 2014; Park et al.,
2016; Chalard et al., 2020), with current results providing details on
the exact temporal dynamics of this relationship. Beta-ERD reflects
decreased synchrony of neuronal populations (Pfurtscheller, 1992;
Pfurtscheller, 2006) and is associated with increased neuronal
excitability in thalamocortical networks (Steriade and Llinds, 1988),
as excitatory modulatory inputs to motor cortex are increased even
during anticipation of movement (Takemi et al., 2013a). Pathologically
reduced beta-ERD amplitude may be associated with a decrease in
control of movement (Tang et al., 2020). Overall, M1 coherence did
not differ between patients and controls, with the sole exception being
that coherence between ipsilesional M1 and parietal cortex was
dampened in patients during movement execution. In the current
study, reaction times by patients with stroke did not differ from those
of healthy controls, though further assessment of motor control
during EEG could not be performed given the motor task.

The amplitude of beta-ERD was reduced in proportion to motor
deficits (Figure 7), a finding that is consistent with prior reports in
subacute (Bartur et al., 2019; Tang et al., 2020) and chronic stroke (Fu
etal., 2006). A key finding in the current report is that this relationship
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was present before and during movement, i.e., beta-ERD correlated
with UE-FM score from —200 to +400 ms relative to movement onset
(Figure 6). This time window covers the period from pre-movement
to after the movement has started. Because this correlation appears in
a time window where the desynchronization of beta power is still
present (Figure 3), it is appropriate to label this as a correlation
between the UE-FM score and beta-ERD. It is also reasonable to refer
to this as a correlation between the UE-FM score and the power of
beta band activity” These findings highlight the value of studying the
temporal evolution of beta-ERD in patients with stroke, as prior
studies have generally focused only on timepoints following start of
movement, but brain function during movement planning may also
be important to understanding and treating motor deficits after stroke.
Building on this, future studies might investigate ERD during a more
complex motor task, such as one involving contraction with force
feedback, as this would provide insights into the relationship that a
wider range of motor behaviors, such as sensorimotor integration,
have with underlying electrophysiological derangements. The
beta-ERD amplitude in patients with stroke was related to UE-FM
score but explained less than half of the variance (Figure 7) and did
not differ according to side of stroke, time post-stroke, or the severity
of sensory, depression, or cognitive deficits. The explanation may lie
in the motor behaviors measured by the UE-FM scale, some of which
(such as synkinesias) may arise from widely distributed cortical and
subcortical circuits.

Sensorimotor cortex activity during movement can be bilateral in
patients with stroke and in healthy control subjects (Park et al., 2016;
Chalard et al., 2020; Williamson et al., 2022), but we did not observe
a difference between groups in coherence between leads approximately
overlying ipsilesional M1 and contralesional M1. However, we did
observe a stroke-related decrease in ipsilesional coherence (i.e.,
between C3 and P3), similar to a prior report (Gerloff et al., 2006). The
key novel finding here is that reduced coherence in patients with
stroke was observed specifically during premovement, whereas the
literature has mainly focused on motor system coherence during
movement performance. Measures of coherence were not related to
motor status (UE-EM score) in the current study. One prior study did
find a positive correlation between ipsilesional coherence and motor
status, as assessed by the UE-FM score (Zheng et al., 2022). Thus,
while that prior study and the current one both found decreased
ipsilesional coherence after stroke, differences were found as to
whether this coherence was related to behavioral status; the basis for
these divergent results is unclear but may relate to features of the study
population or the EEG acquisition protocol.

The results support the utility of beta-ERD as a biomarker of
sensorimotor cortex pathology for use in clinical trials of interventions
that rely on high temporal resolution when aiming to improve motor
status, including those that target the neural events underlying
movement preparation. Features of the temporal evolution provides a
broader picture of ERD than a single value reflecting the mean of the
ERD in an investigator-selected time window of interest. A biomarker
with high temporal resolution may prove useful for some restorative
therapies. For example, the precision with which neural signals are
sensed is critical for brain stimulation associated with a closed-loop
brain-computer interface (Valenchon et al., 2022; Belkacem et al,,
2023), and closed-loop non-invasive brain stimulation with
millisecond precision enables selective interference with ongoing
brain activity (Zrenner et al., 2016). Also, current findings may inform
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a strategy whereby learning to control electrical rhythms in
sensorimotor cortices that occur prior to movement can improve
finger extension ability for some patients with stroke (Norman et al.,
2018). Some forms of non-invasive brain stimulation might also
benefit with  high
temporal resolution.

from incorporation of a biomarker

Limitations of the current study include the choice of task used to
elicit the beta-ERD. We selected a simple, rapid, small amplitude,
single-joint movement for this study; future studies may use a more
complex movement requiring sensory feedback. The current patient
population did not include patients in the initial days post-stroke,
when post-stroke recovery is at a maximum (Duncan et al., 1992), and
so attention to this detail can be incorporated into future study
designs. When selecting healthy controls, our focus was on
age-matching, which was achieved, however other behavioral variables
differed between groups (Table 1), and this might have affected results.
It is important to note, as illustrated in Figure 5, that although the
median and mean beta-ERD (without outliers) differed between the
two groups, the power of the effect was moderate (Cohen’s d=0.31)
and the beta-ERD of some patients was similar to that of some healthy
control subjects. This report, therefore, does not identify pathological
beta-ERD in all patients, but instead is focused on differences in group
behavior. Finally, stroke is a very heterogeneous disease, and consistent
with this the population of patients enrolled in this study varied with
respect to factors such as time post-stroke and lesion characteristics,
although these measures were not found to be related to ERD in the
current patient cohort; future studies examining patients with more
homogenous features may provide additional insights. Despite these
limitations, the current study provides new insights into the effects of
hemiparetic stroke on motor control and its link with motor
impairments, findings that may be useful to development of novel
therapies targeting stroke recovery and that inform use of EEG as a
biomarker for clinical studies of novel therapies that rely on high
temporal resolution.

Data availability statement

Anonymized data will be made available by reasonable request
from a qualified investigator.

References

Bartur, G., Pratt, H., and Soroker, N. (2019). Changes in mu and beta amplitude of the
EEG during upper limb movement correlate with motor impairment and structural damage
in subacute stroke. Clin. Neurophysiol. 130, 1644-1651. doi: 10.1016/j.clinph.2019.06.008

Belkacem, A. N, Jamil, N., Khalid, S., and Alnajjar, F. (2023). On closed-loop brain
stimulation systems for improving the quality of life of patients with neurological
disorders. Front. Hum. Neurosci. 17:1085173. doi: 10.3389/fnhum.2023.1085173

Bigot, J., Longcamp, M., Dal Maso, F.,, and Amarantini, D. (2011). A new statistical test
based on the wavelet cross-Spectrum to detect time-frequency dependence between
non-stationary signals: application to the analysis of Cortico-muscular interactions.
Neurolmage 55, 1504-1518. doi: 10.1016/j.neuroimage.2011.01.033

Chalard, A., Amarantini, D., Tisseyre, J., Marque, P.,, and Gasg, D. (2020). Spastic co-
contraction is directly associated with altered cortical Beta oscillations after stroke. Clin.
Neurophysiol. 131, 1345-1353. doi: 10.1016/j.clinph.2020.02.023

Delcamp, C., Gasq, D., Cormier, C., and Amarantini, D. (2023). Corticomuscular and
intermuscular coherence are correlated after stroke: a simplified motor control? Brain
Commun. 5:fcad187. doi: 10.1093/braincomms/fcad187

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J. Neurosci.
Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Frontiers in Neuroscience

10.3389/fnins.2024.1415134

Ethics statement

The studies involving humans were approved by the institutional
review board of the University of California Irvine. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

CD: Formal analysis, Methodology, Writing - original draft. AC:
Formal analysis, Methodology, Writing — original draft, Software,
Visualization. RS: Formal analysis, Methodology, Software, Writing
- original draft. SC: Formal analysis, Methodology, Writing - original
draft, Conceptualization,

Funding acquisition, Investigation,

Resources, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the UC Irvine CTSA (NIH grant UL1-TR000153).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Duncan, P. W,, Goldstein, L. B., Matchar, D., Divine, G. W., and Feussner, J. (1992).
Measurement of motor recovery after stroke. Outcome assessment and sample size
requirements. Stroke 23, 1084-1089. doi: 10.1161/01.5tr.23.8.1084

Friston, K. J. (2007). Statistical parametric mapping: the analysis of functional brain
images. Ist Edn. Amsterdam: Elsevier.

Fu, M. ], Daly, J. ], and Cavusoglu, M. C. (2006). Assessment of EEG event-related
desynchronization in stroke survivors performing shoulder-elbow movements. In
Proceedings 2006 IEEE International Conference on Robotics and Automation, 2006,
ICRA. 3158-3164. doi: 10.1109/ROBOT.2006.1642182

Gerloft, C., Bushara, K., Sailer, A., Wassermann, E. M., Chen, R., Matsuoka, T, et al.
(2006). Multimodal imaging of brain reorganization in motor areas of the contralesional
hemisphere of well recovered patients after capsular stroke. Brain 129, 791-808. doi:
10.1093/brain/awh713

Grinsted, A., Moore, J. C., and Jevrejeva, S. (2004). Application of the cross wavelet
transform and wavelet coherence to geophysical time series. Nonlinear Proc. Geophys.
11, 561-566. doi: 10.5194/npg-11-561-2004

Homan, R. W,, Herman, J., and Purdy, P. (1987). Cerebral location of international
10-20 system electrode placement. Electroencephalogr. Clin. Neurophysiol. 66, 376-382.
doi: 10.1016/0013-4694(87)90206-9

frontiersin.org


https://doi.org/10.3389/fnins.2024.1415134
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.clinph.2019.06.008
https://doi.org/10.3389/fnhum.2023.1085173
https://doi.org/10.1016/j.neuroimage.2011.01.033
https://doi.org/10.1016/j.clinph.2020.02.023
https://doi.org/10.1093/braincomms/fcad187
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1161/01.str.23.8.1084
https://doi.org/10.1109/ROBOT.2006.1642182
https://doi.org/10.1093/brain/awh713
https://doi.org/10.5194/npg-11-561-2004
https://doi.org/10.1016/0013-4694(87)90206-9

Delcamp et al.

Maris, E., and Oostenveld, R. (2007). Nonparametric statistical testing of EEG- and
MEG-data. J. Neurosci. Methods 164, 177-190. doi: 10.1016/j.jneumeth.2007.03.024

Norman, S. L., McFarland, D. J., Miner, A., Cramer, S. C., Wolbrecht, E. T,
Wolpaw, J. R., et al. (2018). Controlling pre-movement sensorimotor rhythm can
improve finger extension after stroke. J. Neural Eng. 15:056026. doi: 10.1088/1741-2552/
aad724

Park, W,, Kwon, G. H., Kim, Y.-H., Lee, J.-H., and Kim, L. (2016). EEG response varies
with lesion location in patients with chronic stroke. J. Neuroeng. Rehabil. 13:21. doi:
10.1186/512984-016-0120-2

Pedroni, A., Bahreini, A., and Langer, N. (2019). Automagic: standardized
preprocessing of big EEG data. Neurolmage 200, 460-473. doi: 10.1016/j.
neuroimage.2019.06.046

Perrin, E, Pernier, J., Bertrand, O., and Echallier, J. F. (1989). Spherical splines for scalp
potential and current density mapping. Electroencephalogr. Clin. Neurophysiol. 72,
184-187. doi: 10.1016/0013-4694(89)90180-6

Pfurtscheller, G. (1992). Event-related synchronization (ERS): an electrophysiological
correlate of cortical areas at rest. Electroencephalogr. Clin. Neurophysiol. 83, 62-69. doi:
10.1016/0013-4694(92)90133-3

Pfurtscheller, G. (2001). Functional brain imaging based on ERD/ERS. Vis. Res. 41,
1257-1260. doi: 10.1016/S0042-6989(00)00235-2

Pfurtscheller, G. (2006). The cortical activation model (CAM). Prog. Brain Res. 159,
19-27. doi: 10.1016/S0079-6123(06)59002-8

Pfurtscheller, G., Aranibar, A., and Wege, W. (1980). Changes in central EEG activity
in relation to voluntary movement. II. Hemiplegic patients. Prog. Brain Res. 54, 491-495.
doi: 10.1016/S0079-6123(08)61665-9

Pfurtscheller, G., and Lopes da Silva, E H. (1999). Event-related EEG/MEG
synchronization and desynchronization: basic principles. Clin. Neurophysiol. 110,
1842-1857. doi: 10.1016/S1388-2457(99)00141-8

Pichiorri, E, Petti, M., Caschera, S., Astolfi, L., Cincotti, F, and Mattia, D. (2018). An
EEG index of sensorimotor interhemispheric coupling after unilateral stroke: clinical
and neurophysiological study. Eur. J. Neurosci. 47, 158-163. doi: 10.1111/ejn.13797

Platz, T. (2000). Multimodal EEG analysis in man suggests impairment-specific
changes in movement-related electric brain activity after stroke. Brain 123, 2475-2490.
doi: 10.1093/brain/123.12.2475

Rathore, S. S., Hinn, A. R., Cooper, L. S., Tyroler, H. A., and Rosamond, W. D. (2002).
Characterization of incident stroke signs and symptoms: findings from the atherosclerosis
risk in communities study. Stroke 33, 2718-2721. doi: 10.1161/01.5tr.0000035286.87503.31

Ray, A. M., Lopez-Larraz, E., Figueiredo, T. C., Birbaumer, N., and
Ramos-Murguialday, A. (2017). “Movement-related brain oscillations vary with lesion
location in severely paralyzed chronic stroke patients” in 2017 39th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC) (Seogwipo: IEEE), 1664-1667.

Frontiers in Neuroscience

12

10.3389/fnins.2024.1415134

Rossiter, H. E., Davis, E. M., Clark, E. V., Boudrias, M.-H., and Ward, N. S. (2014).
Beta oscillations reflect changes in motor cortex inhibition in healthy ageing.
NeuroImage 91, 360-365. doi: 10.1016/j.neuroimage.2014.01.012

See, J., Dodakian, L., Chou, C., Chan, V., McKenzie, A., Reinkensmeyer, D. J., et al.
(2013). A standardized approach to the Fugl-Meyer assessment and its implications for
clinical trials. Neurorehabil. Neural Repair 27, 732-741. doi: 10.1177/1545968313491000

Shakeel, A., Navid, M. S., Anwar, M. N, Mazhar, S., Jochumsen, M., and Niazi, I. K. (2015).
A review of techniques for detection of movement intention using movement-related cortical
potentials. Comput. Math. Methods Med. 2015, 1-13. doi: 10.1155/2015/346217

Shibasaki, H., and Hallett, M. (2006). What is the Bereitschaftspotential? Clin.
Neurophysiol. 117, 2341-2356. doi: 10.1016/j.clinph.2006.04.025

Stepien, M., Conradi, J., Waterstraat, G., Hohlefeld, F. U., Curio, G., and Nikulin, V. V.
(2011). Event-related desynchronization of sensorimotor EEG rhythms in hemiparetic
patients with acute stroke. Neurosci. Lett. 488, 17-21. doi: 10.1016/j.neulet.2010.10.072

Steriade, M., and Llinas, R. R. (1988). The functional states of the thalamus and the
associated neuronal interplay. Physiol. Rev. 68, 649-742. doi: 10.1152/physrev.1988.68.3.649

Takemi, M., Masakado, Y., Liu, M., and Ushiba, J. (2013a). Event-related
desynchronization reflects downregulation of intracortical inhibition in human primary
motor cortex. J. Neurophysiol. 110, 1158-1166. doi: 10.1152/jn.01092.2012

Takemi, M., Masakado, Y., Liu, M., and Ushiba, J. (2013b). Is event-related
desynchronization a biomarker representing corticospinal excitability? Annual International
Conference of the IEEE Engineering in Medicine and Biology Society: IEEE Engineering in
Medicine and Biology Society: Annual International Conference, 281-284. doi: 10.1109/
EMBC.2013.6609492

Tang, C.-W,, Hsiao, E-J.,, Lee, P.-L., Tsai, Y.-A., Hsu, Y.-E, Chen, W.-T., et al. (2020).
B-Oscillations reflect recovery of the paretic upper limb in subacute stroke. Neurorehabil.
Neural Repair 34, 450-462. doi: 10.1177/1545968320913502

Tangwiriyasakul, C., Verhagen, R., Rutten, W. L. C., and Van Putten, M. J. A. M.
(2014). Temporal evolution of event-related desynchronization in acute stroke: a pilot
study. Clin. Neurophysiol. 125, 1112-1120. doi: 10.1016/j.clinph.2013.10.047

Valenchon, N., Bouteiller, Y., Jourde, H. R., CHeureux, X., Sobral, M., Coffey, E. B. ].,
et al. (2022). The Portiloop: a deep learning-based open science tool for closed-loop
brain stimulation. PLoS One 17:€0270696. doi: 10.1371/journal.pone.0270696

Williamson, J. N, Sikora, W. A., James, S. A., Parmar, N. ], Lepak, L. V., Cheema, C. E,
etal. (2022). Cortical reorganization of early somatosensory processing in hemiparetic
stroke. J. Clin. Med. 11:6449. doi: 10.3390/jcm11216449

Zheng, F, Sato, S, Mamada, K., Ozaki, N., Kubo, ], and Kakuda, W. (2022). EEG
correlation coefficient change with motor task activation can be a predictor of functional
recovery after hemiparetic stroke. Neurol. Int. 14, 738-747. doi: 10.3390/neurolint14030062

Zrenner, C., Belardinelli, P, Miiller-Dahlhaus, F,, and Ziemann, U. (2016). Closed-
loop neuroscience and non-invasive brain stimulation: a tale of two loops. Front. Cell.
Neurosci. 10:92. doi: 10.3389/fncel.2016.00092

frontiersin.org


https://doi.org/10.3389/fnins.2024.1415134
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1088/1741-2552/aad724
https://doi.org/10.1088/1741-2552/aad724
https://doi.org/10.1186/s12984-016-0120-2
https://doi.org/10.1016/j.neuroimage.2019.06.046
https://doi.org/10.1016/j.neuroimage.2019.06.046
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/0013-4694(92)90133-3
https://doi.org/10.1016/S0042-6989(00)00235-2
https://doi.org/10.1016/S0079-6123(06)59002-8
https://doi.org/10.1016/S0079-6123(08)61665-9
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.1111/ejn.13797
https://doi.org/10.1093/brain/123.12.2475
https://doi.org/10.1161/01.str.0000035286.87503.31
https://doi.org/10.1016/j.neuroimage.2014.01.012
https://doi.org/10.1177/1545968313491000
https://doi.org/10.1155/2015/346217
https://doi.org/10.1016/j.clinph.2006.04.025
https://doi.org/10.1016/j.neulet.2010.10.072
https://doi.org/10.1152/physrev.1988.68.3.649
https://doi.org/10.1152/jn.01092.2012
https://doi.org/10.1109/EMBC.2013.6609492
https://doi.org/10.1109/EMBC.2013.6609492
https://doi.org/10.1177/1545968320913502
https://doi.org/10.1016/j.clinph.2013.10.047
https://doi.org/10.1371/journal.pone.0270696
https://doi.org/10.3390/jcm11216449
https://doi.org/10.3390/neurolint14030062

	Altered brain function during movement programming is linked with motor deficits after stroke: a high temporal resolution study
	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 Behavioral testing and neuroimaging
	2.3 Standard protocol approvals, registrations, and subject consents
	2.4 EEG acquisition
	2.5 EEG experimental task
	2.6 EEG preprocessing
	2.7 Event-related desynchronization
	2.8 Cortical coherence
	2.9 Statistical analysis

	3 Results
	3.1 No difference in response time between groups
	3.2 Time window during which beta-ERD differs between patients and controls
	3.3 Time window during which the amplitude of beta-ERD is reduced in proportion to motor deficits after stroke
	3.4 Ipsilesional coherence after stroke

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

