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Objective: The objective of this study was to analyze the changes in connectivity
between motor imagery (MI) and motor execution (ME) in the premotor area
(PMA) and primary motor cortex (MA) of the brain, aiming to explore suitable
forms of treatment and potential therapeutic targets.

Methods: Twenty-three inpatients with stroke were selected, and 21 right-
handed healthy individuals were recruited. EEG signal during hand M| and
ME (synergy and isolated movements) was recorded. Correlations between
functional brain areas during Ml and ME were compared.

Results: PMA and MA were significantly and positively correlated during hand Ml
in all participants. The power spectral density (PSD) values of PMA EEG signals
were greater than those of MA during Ml and ME in both groups. The functional
connectivity correlation was higher in the stroke group than in healthy people
during M, especially during left-handed MI. During ME, functional connectivity
correlation in the brain was more enhanced during synergy movements than
during isolated movements. The regions with abnormal functional connectivity
were in the 18th lead of the left PMA area.

Conclusion: Left-handed MI may be crucial in Ml therapy, and the 18th lead may
serve as a target for non-invasive neuromodulation to promote further recovery
of limb function in patients with stroke. This may provide support for the EEG
theory of neuromodulation therapy for hemiplegic patients.

KEYWORDS

motor imagery, stroke, electroencephalography, motor execution, premotor area,
primary motor cortex

1 Introduction

Stroke has a high incidence and disability rate, usually with different degrees of motor
dysfunction, which places a great burden on the patient’s family and society (Saini et al., 2021;
Thayabaranathan et al., 2022). The recovery of motor function after stroke is characterized by
a transition from a phase of soft paralysis to a period of synergy movements involving multiple
muscles or muscle combinations (McPherson and Dewald, 2022), followed by a phase of
isolated movements of single muscles or muscle combinations (Kuptniratsaikul et al., 2017).
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Brain connectivity varies at different stages of motor recovery in
patients with hemiplegia (Bayrak et al., 2019).

Electroencephalography (EEG) can record functional connectivity
in motor-related brain areas and predict the likelihood of motor
recovery after a stroke (Hoshino et al., 2020). The PMA is located in
the anterior part of the cortical motor area, anterior to the precentral
gyrus. Its primary physiological function is the preparation and
planning of movement, a crucial motor control component (Park
etal, 2011; Wang et al., 2016). During ME, the MA receives signals
from the PMA and subsequently sends commands to the muscles of
the body to execute the movements, thereby controlling bodily motion
(Fleischmann et al., 2014). In addition, motor cortical connectivity
measured by EEG, particularly ipsilateral motor area and ipsilateral
premotor area (PMA) connectivity, is strongly associated with motor
deficits and improvement in post-stroke treatment; thus, it may be a
useful biomarker of cortical function and plasticity (Wu et al.,, 2015).
The reliability and spatial resolution of current source estimation are
limited compared with functional magnetic resonance imaging
(fMRI) or magnetoencephalography (MEG); however, EEG has the
advantage of being low-cost and portable (Xiaogang et al., 2021). It
can be used for bedside assessment of patients with stroke, and its
millisecond temporal resolution is advantageous for exploring
dynamic changes in neural activity (Warbrick, 2022).

However, the current literature on EEG studies is mostly centered
on the connectivity of brain functional areas during finger tapping
trials (Kim et al., 2018; Lee et al., 2021; Gyulai et al., 2023) without
correlation with the stage of motor function recovery after stroke, and
studies on brain motor functional areas during synergy and isolated
movements are lacking.

Motor imagery (MI) therapy is a commonly used rehabilitation
treatment that activates brain regions by imagining movements that
help improve the functional connectivity of the brain (Monteiro et al.,
2021; King et al, 2022). Currently, the majority of MI studies are
conducted on the affected limb (Dai et al., 2022). However, very few
studies have investigated whether left-or right-handed MI promotes
greater activation of functional brain regions and stronger correlations
between functional regions in patients with stroke hemiplegia. It
remains inconclusive which MI program is more effective for patient
recovery. Therefore, we aimed to quantify EEG signals during MI and
ME and to express the correlation between different brain regions as
connection strengths by calculation (Waninger et al., 2020) to explore
the changes in connectivity between functional brain regions during
left-and right-handed MI and different movement modes. This research
could provide neural theoretical support for choosing appropriate forms
of treatment and therapeutic targets for patients with stroke.

2 Materials and methods
2.1 General information

Twenty-three patients with stroke who were hospitalized in the
Department of Rehabilitation of Qilu Hospital of Shandong University
between March 2021 and January 2023 were selected, of whom 11
were left hemiplegic and 12 were right hemiplegic. Twenty-one
healthy people, all of whom were right-handed, were also recruited.
The differences between the patients with stroke and healthy controls
were not significant in terms of age and sex (Table 1).
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The inclusion criteria were: (1) conformance to the “Chinese
Stroke Association guidelines for clinical management of
cerebrovascular disorders” (Cao et al., 2020; Liu et al., 2020) confirmed
by cranial computed tomography or MRI; (2) stable vital signs,
without serious cardiac, hepatic, renal, and other important organ
insufficiencies; (3) the first occurrence of cerebral hemorrhage,
cerebral infarction, Brunnstrom staging >4, disease duration <1 year;
(4) clear mental state, with imaginative ability, no cognitive
dysfunction, and a simple Mental State Examination score > 25 points;
and (5) signed the informed consent for treatment by patients or
family members.

The exclusion criteria were: (1) unstable condition, in acute
progressive stage or complication of serious heart, liver, kidney
diseases, and infections; (2) severe cognitive dysfunction, mental
disorder, or uncooperative; (3) presence of unilateral neglect and
apraxia; (4) illiteracy, low vision, or blindness; and (5) metal implants
in the head. This study was approved by the Ethical Review Committee
of Qilu Hospital of Shandong University [Approval No. KLY-2020
(KS)-477].

2.2 Methods

2.2.1 EEG signal acquisition

EEG acquisition and positioning were performed according to the
international 10-20 standard, using 64-lead EEG electrodes for signal
acquisition. Two regions of interest were studied: the PMA and the
primary motor cortex (MA). Activation of the PMA (L-PMA/R-PMA)
consisted of leads 16 (FC5), 17 (FC3), 18 (FC1), 20 (FC2), 21 (FC4), and
22 (FCe), respectively, whereas activation of the MA region (L-MA/
R-MA) consisted of leads 25 (C5), 26 (C3), and 27 (C1) and 29 (C2), 30
(C4), and 31 (C6), respectively (Figure 1).

2.2.2 Recording paradigm

This experiment consisted of three parts. The first part was MI,
including three modules. Each module included 20 randomized
left-or right-handed MIs. Each trial was recorded for 65 with a 4-s
interval, and a 90-s rest was taken after the completion of each
module, for a total of 60 trials, including 30 left-handed MIs and 30
right-handed MIs. In the second part, the hemiplegic hand was
used to perform the movement: “touching your lower lip with the
thenar of your hand” (movement 1 [M1]), with a recording time of
15s for each movement, 15s apart, and a total of five repetitions.
The third part involved using the hemiplegic hand to perform
“grasping dowels” (movement 2 [M2]). Each movement was
repeated five times, with the same recording and interval time as
that of M1. Healthy individuals performed both movements using
their right hand. The entire experiment lasted for approximately
20 min. All electrodes were appropriately filled with conductive gel
throughout the experiment to ensure all impedances remained
below 10 KQ. Movements 1 and 2 represent typical synergy and
isolated motion patterns, respectively (Pan et al., 2018).

2.2.3 EEG data processing

The selection of a (8-12Hz) and p (13-30 Hz) bands has been
reported in previous studies (Choy et al., 2023; Lakshminarayanan
etal, 2023). The data were pre-processed by filtering (8-30Hz) and
down-sampling to 100 Hz, and an independent component analysis
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TABLE 1 General participant information.

10.3389/fnins.2024.1330280

Left hemiplegia Right hemiplegia Healthy people P
Sex Male 8 8 13 0.592
Female 3 4 8
Age 50+11.21 52.58+13.54 40.71+£17.39 0.051
Number of cases 11 12 21
Ischemic stroke 7 9
Hemorrhagic stroke 4 3
Underlying diseases (Hypertension or diabetes) 9 10 13 0.124
Heavy smoking or alcohol abuse 3 4 2 0.179
Sportsmen 2 1 5 0.594
Left PMA Right PMA
e [ ®OOCOD@ )\ [Rertma
PEOEDE
FIGURE 1
EEG acquisition process and lead composition of bilateral PMA and MA areas.

was performed to improve the EEG signal quality. Using the
modified S-Transform (MST), the Power Spectral Density (PSD; the
power of the EEG signal in one unit frequency band, indicating that
the signal power varies with frequency) was calculated, and the PSD
on each channel was normalized and summed. The formula was
as follows:

MST(e.f)= [ x(t)g (e ~1.0)el > a

X —min
Xn = -
max— min

In addition, we assessed the strength of the functional connectivity
between channels by comparing the magnitudes of the correlation
coeflicients between different channels (Lin et al., 2020; Zekun et al.,
2021; Shanshan et al, 2023) and presented them in the form
of heatmaps.

2.2.4 Statistical analysis

Analyses were performed using SPSS version 25 (IBM Corp.,
Armonk, NY, USA), and p<0.05 (two-tailed) was considered

Frontiers in Neuroscience

statistically significant. The measurement information was
expressed as mean *standard deviation. The various types of
measurement data satisfied the normal distribution and chi-square,
and the differences between and within groups were compared
using the paired sample ¢-test and independent sample t-test,
respectively. Chi-square test was used for categorical variables.
Using GraphPad Prism 8 Ink software (GraphPad, San Diego, CA,
USA), Pearson’s correlation analysis was used to compare the
correlation between the EEG signal characteristics of the PMA and
the corresponding MA areas.

3 Results

3.1 PMA and MA are significantly positively
correlated with the Ml hand

Pearson’s correlation analysis revealed that when healthy
individuals performed left-or right-handed MI, the MA EEG signals
increased with the increase in PMA EEG signals, and the two were
linearly correlated (Figures 2A,B). When patients with stroke
performed MI of the affected or unaffected hand, the results were the
same as in healthy individuals (Figures 2C,D), suggesting that hand
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FIGURE 2

Ml in patients with stroke.

Correlation analysis between PMA and MA

(A) Left hand Ml in healthy individuals; (B) Right hand Ml in healthy individuals; (C) the affected hand Ml in patients with stroke; (D) the unaffected hand
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MI promotes the increase of MA EEG signals in patients with stroke
and healthy individuals.

3.2 The correlation coefficient between
PMA and MA was higher in left-hand Ml
than in right-hand Ml in both healthy
people and patients with stroke

The PSD values of the EEG signals in the PMA were significantly
greater than those in the MA in both healthy individuals and patients with
stroke, regardless of the side (left or right) (p<0.01) (Figures 3A,B). When
healthy people and patients with stroke performed hand MI, each node
was correlated with the other 11 nodes, and the color change represents
the strength of the correlation coeflicient, with light yellow being the
weakest and dark red being the strongest. The brain functional
connectivity maps were plotted according to the magnitude of Pearson’s
correlation coefficient R-value (Figures 3C-F; Cao et al., 2022). In healthy
individuals, the strength of brain functional connectivity was higher in
left-handed MI than in right-handed MI, and the results were the same
in stroke patients regardless of right-sided or left-sided hemiparesis
(Figures 3G-]J, L-M). The functional connectivity correlation was higher
in the stroke group than in healthy people during MI, especially during
left-handed MI (Figure 3K).
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3.3 Correlation coefficients between PMA
and MA were higher in synergy movements
than in isolated movements in patients
with stroke

The PMA PSD values were also significantly greater than the MA
PSD values when patients with stroke performed both synergy and
isolated movements (p<0.01) (Figure 4A). Brain functional
connectivity maps were plotted when patients with stroke performed
synergy and isolated movements (Figures 4B-E), in which the light-
yellow color correlation was the weakest and the dark-green color was
the strongest. The results revealed that the connection strength
between the PMA and MA of the brain was higher during synergy
movements than during isolated movements, regardless of whether
the patient was right or left hemiplegic.

3.4 Functional connectivity strength was
highest in channel 18 (FC1) during action
execution between patients with right
hemiplegia and healthy individuals

Regardless of whether the action was a synergy movement
(Figure 5A) or isolated movement (Figure 5B), the PSD values of
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patients with right hemiplegia were higher than those of healthy
individuals in LPMA, RPMA, LMA, and RMA, especially in LPMA
and RPMA, and the differences were significant between the groups
(Figure 5A; LPMA, p<0.01; RPMA, p<0.05) (Figure 5B; LPMA,
RPMA, p<0.01), suggesting that the sensitivity of PMA was higher
than that of MA during ME in patients with stroke. Therefore, we only
compared the PSD values between each channel of the PMA and the
other channels. During synergy movement, nine channels were
significantly different from channel 18, and four channels were
significantly different from channels 17, 20, and 22, respectively
(Table 2). During isolated movements, ten channels were significantly
different from channel 18, and eight channels were significantly
different from channels 21 and 22, respectively (Table 3). Therefore,
channel 18 had the largest number of differences from the other

channels, suggesting that the main area of PMA functional

10.3389/fnins.2024.1330280

connectivity differences during synergy and isolated movements in
patients with stroke was the area distributed by channel 18. During
isolated movements, channels 21 and 22 also exhibited more
significant differences.

4 Discussion

In this study, we investigated the characteristics and differences
in brain functional connectivity in the PMA and MA during MI and
ME in patients with stroke and healthy individuals using EEG. The
results revealed that PMA activation was more evident during MI and
ME in both groups. The functional connectivity correlation was
higher in the stroke group than in healthy participants during MI and
was obvious during left-handed MI in both groups. The functional
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FIGURE 3
Comparison of PMA and MA in hand Ml and functional connection diagram between channels. Comparison between PMA and MA during left-and
right-handed Ml in healthy participants; (B) Comparison between PMA and MA during Ml in the affected and unaffected hands in patients with stroke;
(C-J) The correlation between 12 channels during right-handed M, left-handed M, affected-hand Ml in patients with stroke, unaffected-hand Ml in
patients with stroke, right-handed Ml in right patients with hemiplegia, left-handed Ml in patients with right hemiplegia, left-handed Ml in patients with
left hemiplegia, and right-handed Ml in patients with left hemiplegia. (C—J) Horizontal and vertical coordinates indicate the number of channels;
squares indicate correlation coefficients between channels; color change represents the strength of the correlation coefficients. PMA, premotor area;
MA, motor area; L-Ml, left-hand motor imagery; R-MI, right-hand motor imagery; A-Ml|, motor imagery of the affected hand; H-MI, motor imagery of
the unaffected hand. (K—=M) Comparison of the magnitude of correlation coefficients between channels during left-and right-handed Ml in stroke
patients and healthy individuals; right hemiplegic patients and left hemiplegic patients. H-RMI, right-handed Ml for healthy individuals; H-LM, left-
handed Ml for healthy individuals; P-LMI, left-handed Ml for stroke patients; P-RMI, right-handed M for stroke patients. *p<0.05.
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FIGURE 4

Comparison of PMA and MA in ME and functional connection diagram between channels. (A) Comparison between PMA and MA in patients with
stroke during synergy and isolated movements, respectively; (B) correlation between 12 channels in synergy movements in patients with right
hemiplegia; (C) correlation between 12 channels in isolated movements in patients with right hemiplegia; (D) correlation between 12 channels in
synergy movements in patients with left hemiplegia; (E) correlation between 12 channels in isolated movements in patients with left hemiplegia; (B—E)
horizontal and vertical coordinates indicate the number of channels; squares indicate the correlation coefficients between channels; color changes

represent the strength of the correlation coefficients. *p<0.05.
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connectivity correlation was enhanced in synergy movement
compared with isolated movement during ME, and all regions with
abnormal functional connectivity were in the 18th lead of the left
PMA region.

4.1 PMA plays a significant role in Ml and
ME

MI is a repetitive motion imagination based on motor memory
that activates a specific brain area for an activity (Chepurova et al.,
2022). The PMA of the brain sends signals to the MA to simulate
movement. This imagery process can help people better prepare for
the actual movement. Therefore, PMA is more obviously activated
than MA during MI (Matsuo et al., 2021; Ma et al., 2022; Zou et al,,
2022). The activity of the MA may be driven by the facilitating or
inhibiting effect of the PMA. With the enhancement of the EEG
signals of the PMA, the EEG signals of the MA increase, and the two
areas exhibit a significant positive correlation. This is consistent with
our findings. Some studies have revealed that the relationship between
the strength of the PMA-MA connections within the affected cortex
and motor performance is not invariable. In the subacute phase, the
connection strength is negatively correlated with motor function,
whereas in the chronic phase, these factors are positively correlated
(Lam et al.,, 2018; Paul et al., 2021). Zhe et al. (2020) chose high-
frequency repetitive transcranial magnetic stimulation (TMS) to act
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on the PMA of patients and improve the recovery of motor function
in the upper limbs and hands. A study combining fMRI revealed that
cortical plasticity in the MA area was relatively spatially limited after
TMS treatment, whereas cortical remodeling occurred in the PMA
(Tamura et al., 2019) suggesting that the PMA is partially involved in
functional recovery. In addition, the PMA continuously receives
feedback from the MA, such as muscle tension and the effects of
previously executed movements, which further influence and adjust
the execution of movements. Our study revealed that PMA activation
was greater in patients with stroke during the execution of synergy or
isolated movements. This implies that in patients with stroke
hemiparesis, when the brain’s normal motor control and coordination
are disrupted due to damage to the brain’s motor pathways, the PMA,
responsible for motor planning, preparation, and control, needs to
be more strongly activated to facilitate the MA in producing different
movements. Previous studies have also pointed out that the primary
function of the premotor cortex is to lay the groundwork for the motor
cortex by enhancing and expediting certain movements (Fine and
Hayden, 2022). Therefore, we can infer that the PMA plays a more
crucial role in motor execution in hemiplegic patients. In addition,
some studies have reported that activation during dominant hand
movements is relatively greater than that during non-dominant hand
movements (Wu et al., 2017). Therefore, in this study, we also
compared the EEG signals between brain regions during the execution
of right-handed movements in healthy participants and patients with
right hemiplegia and discovered that the activation of the
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FIGURE 5
Comparison between the same brain regions during action execution. (A) Comparison between the brain regions of healthy individuals and patients
with stroke during synergy movements; (B) comparison between the brain regions of healthy individuals and patients with stroke during isolated
movements. H, healthy individuals; P, patients with stroke. *p<0.05.

TABLE 2 Differences in PSD between the channels in the two groups
based on synergy movements.

Channel P H T P

17-21 9.28+3.13 6.96+1.37 2435 0.029
17-27 9.28+3.13 7.22+1.38 2.164 0.049
17-29 9.28+3.13 6.97+1.32 2435 0.030
17-30 9.28+3.13 7204155 2.150 0.049
18-16 9.28+2.23 7.36+1.49 2.970 0.006
18-17 9.28+223 7.12+1.87 2.968 0.006
18-21 9.28+2.23 6.96+1.37 3.713 0.001
18-22 9.28+2.23 7.47 +1.66 2.666 0.012
18-25 9.28+2.23 7.81+1.63 2173 0.038
18-27 9.28+2.23 7.22+1.38 3294 0.002
18-29 9.28+2.23 6.97+1.32 3.758 0.001
18-30 9.28+2.23 7204155 3.149 0.004
18-31 9.28+2.23 7.71+1.48 2436 0021
20-17 8.76+2.63 7.12+1.87 2.083 0.046
20-21 8.76+2.63 6.96+1.37 2207 0.044
20-29 8.76+2.63 6.97+1.32 2.207 0.044
20-30 8.76+2.63 7.20+1.55 2.149 0.040
22-17 8.81+2.77 7.12+1.87 2.086 0.045
22-21 8.81+2.77 6.96+1.37 2.166 0.048
22-29 8.81+2.77 6.97+1.32 2.166 0.048
22-30 8.81+2.77 7204155 2.145 0.040

movement-related brain regions was greater than that of healthy
participants during the execution of movements in patients with
hemiplegia and that the activation of the PMA was more evident,
similar to the findings of the study conducted by Chunyong et al.
(2023). PMA plays an important role in controlling synergy and
isolated movements. Finally, we compared the PSD values of EEG
signals between each channel in the PMA area and other channels.
We discovered that channel 18 had the largest number of differences
from the other channels, suggesting that the main area of PMA
functional connectivity differences during synergy and isolated
movements in patients with stroke was the area distributed by
channel 18.
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4.2 Correlations between functional brain
regions are stronger in left-handed Ml

The brain is a complex network system. Activities in the PMA
not only drive activities in the MA, but activities in the MA also
drive activities in the PMA, and they interact with each other
(D'Aleo et al., 2022). Therefore, we have conducted an analysis of
the functional connectivity of different channels in the brain’s
PMA and MA. Previous research (Bajaj et al., 2015; Park et al.,
2015; Mencel et al., 2022; Riahi et al., 2023) has demonstrated
that MI therapy can improve motor skills, promote brain
plasticity, and repair damaged neural connections. However, the
extent to which connectivity within the brain hemispheres is
associated with left-and right-handed MI, as reported in the
literature, is inconsistent. Liu et al. (2017) demonstrated that
differences exist in the activation of functional brain areas
between left-and right-handed MI. Leeuwis et al. (2021) found
that the right hemisphere’s alpha band connectivity was
significantly improved in MI tasks.

Our previous study revealed that MI activates both the PMA
and MA areas and that PMA activation is significantly higher
than MA activation during left-handed MI (Dongju et al., 2023).
In this study, the connectivity between the functional areas of the
brain was stronger in left-handed MI than in right-handed MI,
which may be related to the different divisions of labor between
the left and right hemispheres. The left hemisphere is responsible
for logic, comprehension, memory, analysis, and language,
whereas the right hemisphere is mainly responsible for spatial
imagery and plays a major role in the imagination of art or music.
Thus, left-handed MI may be more effective at promoting limb
function recovery.

4.3 Connections between functional areas
of the brain are more obvious in synergy
movement than in isolated movement in
patients with stroke

We compared the two phases of synergy and isolated movement
during the process of motor recovery in patients with stroke with
hemiplegia. In synergy movements, both the motor cortex and
various movement-related areas of the brain are activated to
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TABLE 3 Differences in PSD between channels in the two groups based
on isolated movements.

Channel P H T P

16-22 8.80+2.46 7.27+1.42 2282 0.030
16-26 8.80+2.46 7.2241.92 2.053 0.049
16-27 8.80+2.46 6.94+1.63 2.167 0.014
16-29 8.80+2.46 6.70+1.43 3.124 0.004
16-30 8.80+2.46 7.10+1.44 2514 0.017
17-26 8.78+3.03 6.94+1.63 2.286 0.029
17-27 8.78+3.03 6.70+1.43 2.696 0.011
17-29 8.78+3.03 7.10+1.44 2.167 0.038
18-16 9.63+2.76 7.25+2.00 2.865 0.007
18-20 9.63+2.76 7.45+1.67 2.849 0.008
18-21 9.63+2.76 7.27+1.42 2.762 0.015
18-22 9.63+2.76 7.47+2.14 2515 0.017
18-25 9.63+2.76 7.2241.92 2.952 0.006
18-26 9.63+2.76 6.94+1.63 3535 0.001
18-27 9.63+2.76 6.70+1.43 3.426 0.004
18-29 9.63+2.76 7.10+1.44 2.950 0.010
18-30 9.63+2.76 7.61+1.42 2363 0.033
18-31 9.63+2.76 732+ 1.61 2.657 0.018
20-27 8.91+3.05 6.70+1.43 2364 0.033
21-16 9.00+2.17 7.25+2.00 2.341 0.026
21-20 9.00£2.17 7.45+1.67 2300 0.028
21-25 9.00+2.17 7.2241.92 2433 0.021
21-26 9.00+2.17 6.94+1.63 3.082 0.004
21-27 9.00£2.17 6.70+1.43 3.670 0.001
21-29 9.00+2.17 7.10+1.44 3.011 0.005
21-30 9.00+2.17 7.61+1.42 2.217 0.034
21-31 9.00+2.17 732+ 1.61 2534 0.017
22-16 9.09+2.71 732+ 1.61 2.363 0.025
22-17 9.09+2.71 7.25+2.00 2231 0.033
22-21 9.09+2.71 7.45+1.67 2.162 0.038
22-26 9.09+2.71 7.22+1.92 2.307 0.028
22-27 9.09+2.71 6.94+1.63 2.851 0.008
22-29 9.09+2.71 6.70+1.43 3330 0.002
22-30 9.09+2.71 7.10+1.44 2.757 0.010
22-31 9.09+2.71 7.61+1.42 2.063 0.048

orchestrate the control of multiple joint and muscle groups. As the
transition occurs from synergy to isolated movements, specific joints
and muscles can be engaged for partial movement. In isolated
movements, only the region in the motor cortex responsible for that
particular action needs to be activated to execute the movement.
Therefore, the cerebral cortex regions activated during these two
exercise modes differ (Cheng et al., 2021). Synergy movement
involves more areas of the cortex and requires more complex neural
control and precise coordination (Maier et al., 2019). Our results
suggest that the connections between functional brain regions are
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stronger during synergy than during isolated movements. Hence,
during non-invasive neuromodulation, the choice of stimulation
range should align with the hemiplegic movement pattern. When a
patient is in the synergy movement phase, a larger stimulation range
is appropriate, whereas during the isolated movement period, a
smaller stimulation range is advisable.

4.4 Limitations

Our study had some limitations. Due to the small sample size, the
test site was limited to the PMA and MA of the brain. Therefore, in the
future, we should expand the sample size, increase the test range, and
conduct an in-depth study to provide a neuroelectrophysiological
basis for characterizing the recovery of motor function in patients
with stroke.

5 Conclusion

In conclusion, left-handed MI is preferred when providing MI
therapy to patients with stroke hemiplegia. Motor function recovery
may be enhanced when targeting the 18" lead of the left PMA area for
stimulation. Our results provide theoretical support for the choice of
parameters for stroke rehabilitation.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Shandong
University Qilu Hospital Research Ethics Committee. 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. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

Author contributions

DG: Writing - original draft, Writing - review & editing. JH:
Writing - original draft. DW: Formal analysis, Writing — review &
editing. CW: Data curation, Formal analysis, Writing - review & editing.
SY: Writing - review & editing. FX: Writing — review & editing. YZ:
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The authors
received the following financial support for the research, authorship,

frontiersin.org


https://doi.org/10.3389/fnins.2024.1330280
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Guo et al.

and/or publication of this article. The project was supported in part
by the Fundamental Research Funds for the Central Universities (No.
2022JC013), the Natural Science Foundation of Shandong Province
of China (No. ZR202102200383), the Program for Youth Innovative
Research Team in the University of Shandong Province in China (No.
2019KJN010), the National Natural Science Foundation of China
(No. 82172535), and Major Science and Technology Innovation
Project in Shandong Province (No. 2019]ZZY011112).

Acknowledgments

The authors would like to express their gratitude to all the
participants for their participation in the experiment.

References

Bajaj, S., Butler, A. ], Drake, D., and Dhamala, M. (2015). Brain effective connectivity
during motor-imagery and execution following stroke and rehabilitation. NeuroImage
Clin. 8, 572-582. doi: 10.1016/.nicl.2015.06.006

Bayrak, $., Khalil, A. A, Villringer, K., Fiebach, J. B., Villringer, A., Margulies, D. S.,
etal. (2019). The impact of ischemic stroke on connectivity gradients. NeuroImage. Clin.
24:101947. doi: 10.1016/j.nicl.2019.101947

Cao, Y, Yu, S., Zhang, Q., Yu, T, Liu, Y., Sun, Z, et al. (2020). Chinese Stroke
Association guidelines for clinical management of cerebrovascular disorders: executive
summary and 2019 update of clinical management of intracerebral haemorrhage. Stroke
Vascular Neurol. 5, 396-402. doi: 10.1136/svn-2020-000433

Cao, J., Zhao, Y., Shan, X., Wei, H. L., Guo, Y., Chen, L., et al. (2022). Brain functional
and effective connectivity based on electroencephalography recordings: a review. Hum.
Brain Mapp. 43, 860-879. doi: 10.1002/hbm.25683

Cheng, H. J., Ng, K. K., Qian, X,, Ji, E, Lu, Z. K, Teo, W. P, et al. (2021). Task-related
brain functional network reconfigurations relate to motor recovery in chronic
subcortical stroke. Sci. Rep. 11:8442. doi: 10.1038/541598-021-87789-5

Chepurova, A., Hramov, A., and Kurkin, S. (2022). Motor imagery: how to assess,
improve its performance, and apply it for psychosis diagnostics. Diagnostics 12:949. doi:
10.3390/diagnostics12040949

Choy, C. S., Fang, Q,, Neville, K., Ding, B., Kumar, A., Mahmoud, S. S., et al. (2023).
Virtual reality and motor imagery for early post-stroke rehabilitation. Biomed. Eng.
Online. 22:66. doi: 10.1186/s12938-023-01124-9

Chunyong, L., Yingkai, L., Fuda, L., Jiang, C., and Liu, Y. (2023). Longitudinal changes
of motor cortex function during motor recovery after stroke. Top. Stroke Rehabil. 30,
342-354. doi: 10.1080/10749357.2022.2051829

Dai, Y., Huang, F, and Zhu, Y. (2022). Clinical efficacy of motor imagery therapy based
on fNIRs technology in rehabilitation of upper limb function after acute cerebral
infarction. Pakistan J. Med. Sci. 38, 1980-1985. doi: 10.12669/pjms.38.7.5344

D'Aleo, R., Rouse, A. G., Schieber, M. H., and Sarma, S. V. (2022). Cortico-cortical
drive in a coupled premotor-primary motor cortex dynamical system. Cell Rep.
41:111849. doi: 10.1016/j.celrep.2022.111849

Dongju, G., Jinglu, H. U., Dezheng, W., Fangzhou, X., Yang, Z., and Shouwei, Y. (2023).
Effects of hand movement imagery on EEG signals in stroke patients. Chin. J. Rehabil.
Med. 38, 1044-1049.

Fine, J. M., and Hayden, B. Y. (2022). The whole prefrontal cortex is premotor cortex.
Philosophical transactions of the Royal Society of London. Series B Biol. Sci.
377:20200524. doi: 10.1098/rstb.2020.0524

Fleischmann, R., Schmidt, S., Bathe-Peters, R., Roennefarth, M., and Brandt, S. A.
(2014). P 1066: movement preparation requires early activation of the dorsal premotor
area. Clin. Neurophysiol. 125:5332. doi: 10.1016/S1388-2457(14)51095-4

Gyulai, A., Kérmendi, J., Issa, M. E, Juhasz, Z., and Nagy, Z. (2023). Event-related
spectral perturbation, inter trial coherence, and functional connectivity in motor
execution: a comparative EEG study of old and young subjects. Brain Behav. 13:¢3176.
doi: 10.1002/brb3.3176

Hoshino, T., Oguchi, K., Inoue, K., Hoshino, A., and Hoshiyama, M. (2020).
Relationship between upper limb function and functional neural connectivity among
motor related-areas during recovery stage after stroke. Top. Stroke Rehabil. 27, 57-66.
doi: 10.1080/10749357.2019.1658429

Kim, Y. K., Park, E., Lee, A., Im, C. H., and Kim, Y. H. (2018). Changes in network
connectivity during motor imagery and execution. PLoS One 13:e0190715. doi: 10.1371/
journal.pone.0190715

Frontiers in Neuroscience

10.3389/fnins.2024.1330280

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.

King, J. T, John, A. R., Wang, Y. K., Shih, C. K., Zhang, D., Huang, K. C,, et al. (2022).
Brain connectivity changes during bimanual and rotated motor imagery. IEEE J. Transl.
Engin. Health Med. 10:2100408. doi: 10.1109/JTEHM.2022.3167552

Kuptniratsaikul, V., Kovindha, A., Suethanapornkul, S., Massakulpan, P,
Permsirivanich, W., and Kuptniratsaikul, P. S. (2017). Motor recovery of stroke patients
after rehabilitation: one-year follow-up study. Int. J. Neurosci. 127, 37-43. doi:
10.3109/00207454.2016.1138474

Lam, T. K., Dawson, D. R, Honjo, K., Ross, B, Binns, M. A,, Stuss, D. T, et al. (2018).
Neural coupling between contralesional motor and frontoparietal networks correlates
with motor ability in individuals with chronic stroke. J. Neurol. Sci. 384, 21-29. doi:
10.1016/j.jns.2017.11.007

Lakshminarayanan, K., Shah, R., Daulat, S. R., Moodley, V., Yao, Y., and Madathil, D.
(2023). The effect of combining action observation in virtual reality with kinesthetic
motor imagery on cortical activity. Front. Neurol. 17:1201865. doi: 10.3389/
fnins.2023.1201865

Lee, M., Jeong, J. H., Kim, Y. H., and Lee, S. W. (2021). Decoding finger tapping
with the affected hand in chronic stroke patients during motor imagery and
execution. IEEE Trans. Neural. Syst. Rehabil. Eng. 29, 1099-1109. doi: 10.1109/
TNSRE.2021.3087506

Leeuwis, N., Yoon, S., and Alimardani, M. (2021). Functional connectivity analysis in
motor-imagery brain computer interfaces. Front. Hum. Neurosci. 15:732946. doi:
10.3389/fnhum.2021.732946

Lin, Y. C,, Baete, S. H., Wang, X, and Boada, F. E. (2020). Mapping brain-behavior
networks using functional and structural connectome fingerprinting in the HCP dataset.
Brain Behav. 10:e01647. doi: 10.1002/brb3.1647

Liu, L., Chen, W.,, Zhou, H., Duan, W,, Li, S., Huo, X., et al. (2020). Chinese Stroke
Association guidelines for clinical management of cerebrovascular disorders: executive
summary and 2019 update of clinical management of ischaemic cerebrovascular
diseases. Stroke Vascular Neurol. 5, 159-176. doi: 10.1136/svn-2020-000378

Liu, W,, Liu, X,, Dai, R., and Tang, X. (2017). Exploring differences between left and
right hand motor imagery via spatio-temporal EEG microstate. Comput. Assist. Surg. 22,
258-266. doi: 10.1080/24699322.2017.1389404

Ma, Z. Z., Wu, J. ], Hua, X. Y,, Zheng, M. X,, Xing, X. X., Ma, J,, et al. (2022). Brain
function and upper limb deficit in stroke with motor execution and imagery: a cross-
sectional functional magnetic resonance imaging study. Front. Neurosci. 16:806406. doi:
10.3389/fnins.2022.806406

Maier, M., Ballester, B. R., and Verschure, P. E M. J. (2019). Principles of
neurorehabilitation after stroke based on motor learning and brain plasticity
mechanisms. Front. Syst. Neurosci. 13:74. doi: 10.3389/fnsys.2019.00074

Matsuo, M., Iso, N., Fujiwara, K., Moriuchi, T., Matsuda, D., Mitsunaga, W., et al.
(2021). Comparison of cerebral activation between motor execution and motor imagery
of self-feeding activity. Neural Regen. Res. 16, 778-782. doi: 10.4103/1673-5374.295333

McPherson, L. M., and Dewald, J. P. A. (2022). Abnormal synergies and associated
reactions post-hemiparetic stroke reflect muscle activation patterns of brainstem motor
pathways. Front. Neurol. 13:934670. doi: 10.3389/fneur.2022.934670

Mencel, J., Marusiak, J., Jaskdlska, A., Kaminski, L., Kurzynski, M., Wolczowski, A.,
etal. (2022). Motor imagery training of goal-directed reaching in relation to imagery of
reaching and grasping in healthy people. Sci. Rep. 12:18610. doi: 10.1038/
541598-022-21890-1

Monteiro, K. B., Cardoso, M. D. S., Cabral, V. R. D. C,, Santos, A. O. B. D,, Silva, P. S.
D,, Castro, J. B. P, et al. (2021). Effects of motor imagery as a complementary resource

frontiersin.org


https://doi.org/10.3389/fnins.2024.1330280
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.nicl.2015.06.006
https://doi.org/10.1016/j.nicl.2019.101947
https://doi.org/10.1136/svn-2020-000433
https://doi.org/10.1002/hbm.25683
https://doi.org/10.1038/s41598-021-87789-5
https://doi.org/10.3390/diagnostics12040949
https://doi.org/10.1186/s12938-023-01124-9
https://doi.org/10.1080/10749357.2022.2051829
https://doi.org/10.12669/pjms.38.7.5344
https://doi.org/10.1016/j.celrep.2022.111849
https://doi.org/10.1098/rstb.2020.0524
https://doi.org/10.1016/S1388-2457(14)51095-4
https://doi.org/10.1002/brb3.3176
https://doi.org/10.1080/10749357.2019.1658429
https://doi.org/10.1371/journal.pone.0190715
https://doi.org/10.1371/journal.pone.0190715
https://doi.org/10.1109/JTEHM.2022.3167552
https://doi.org/10.3109/00207454.2016.1138474
https://doi.org/10.1016/j.jns.2017.11.007
https://doi.org/10.3389/fnins.2023.1201865
https://doi.org/10.3389/fnins.2023.1201865
https://doi.org/10.1109/TNSRE.2021.3087506
https://doi.org/10.1109/TNSRE.2021.3087506
https://doi.org/10.3389/fnhum.2021.732946
https://doi.org/10.1002/brb3.1647
https://doi.org/10.1136/svn-2020-000378
https://doi.org/10.1080/24699322.2017.1389404
https://doi.org/10.3389/fnins.2022.806406
https://doi.org/10.3389/fnsys.2019.00074
https://doi.org/10.4103/1673-5374.295333
https://doi.org/10.3389/fneur.2022.934670
https://doi.org/10.1038/s41598-022-21890-1
https://doi.org/10.1038/s41598-022-21890-1

Guo et al.

on the rehabilitation of stroke patients: a Meta-analysis of randomized trials. J. Stroke
Cerebrovasc. Diseases 30:105876. doi: 10.1016/j.jstrokecerebrovasdis.2021.105876

Pan, B, Sun, Y, Xie, B, Huang, Z., Wu, ], Hou, J,, et al. (2018). Alterations of muscle
synergies during voluntary arm reaching movement in subacute stroke survivors at different
levels of impairment. Front. Comput. Neurosci. 12:69. doi: 10.3389/fncom.2018.00069

Park, C. H., Chang, W. H,, Lee, M., Kwon, G. H., Kim, L., Kim, S. T, et al. (2015).
Predicting the performance of motor imagery in stroke patients: multivariate pattern
analysis of functional MRI data. Neurorehabil. Neural Repair 29, 247-254. doi:
10.1177/1545968314543308

Park, C. H., Chang, W. H., Ohn, S. H,, Kim, S. T., Bang, O. Y., Pascual-Leone, A., et al.
(2011). Longitudinal changes of resting-state functional connectivity during motor
recovery after stroke. Stroke 42, 1357-1362. doi: 10.1161/STROKEAHA.110.596155

Paul, T., Hensel, L., Rehme, A. K., Tscherpel, C., Eickhoff, S. B., Fink, G. R,, et al.
(2021). Early motor network connectivity after stroke: an interplay of general
reorganization and state-specific compensation. Hum. Brain Mapp. 42, 5230-5243. doi:
10.1002/hbm.25612

Riahi, N., Ruth, W,, D'Arcy, R. C. N, and Menon, C. (2023). A method for using
neurofeedback to guide mental imagery for improving motor skill. IEEE Transac. Neural
Syst. Rehabil. Engin. 31, 130-138. doi: 10.1109/TNSRE.2022.3218514

Saini, V., Guada, L., and Yavagal, D. R. (2021). Global epidemiology of stroke and
access to acute ischemic stroke interventions. Neurology 97, S6-S16. doi: 10.1212/
'WNL.0000000000012781

Shanshan, S., Wentao, Y., Yingpeng, W., and Shuyan, X. (2023). Functional
connectivity characteristics of the prefrontal lobe in children with autism spectrum
disorders in the resting state. Chin. J. Rehabil. Med. 38, 651-655.

Tamura, K., Osada, T., Ogawa, A., Tanaka, M., Suda, A., Shimo, Y., et al. (2019). MRI-
based visualization of rTMS-induced cortical plasticity in the primary motor cortex.
PloS One 14:¢0224175. doi: 10.1371/journal.pone.0224175

Thayabaranathan, T., Kim, J., Cadilhac, D. A, Thrift, A. G., and Olaiya, M. T. (2022).
Global stroke statistics 2022. Int. J. Stroke 17, 946-956. doi: 10.1177/17474930221123175

Frontiers in Neuroscience

11

10.3389/fnins.2024.1330280

Wang, L., Zhang, J., Zhang, Y., Yan, R, Liu, H., and Qiu, M. (2016). Conditional
granger causality analysis of effective connectivity during motor imagery and motor
execution in stroke patients. Bio Med Res. Int. 2016, 3870863-3870869. doi:
10.1155/2016/3870863

Waninger, S., Berka, C., Stevanovic Karic, M., Korszen, S., Mozley, P. D,
Henchdliffe, C., et al. (2020). Neurophysiological biomarkers of Parkinson's disease. J.
Parkinsons Dis. 10, 471-480. doi: 10.3233/JPD-191844

Warbrick, T. (2022). Simultaneous EEG-fMRI: what have we learned and what does
the future hold? Sensors 22:2262. doi: 10.3390/s22062262

Wu, Z., Cheng, L., Yang, G. Y., Tong, S., Sun, J., and Miao, E (2017). Functional
activation-informed structural changes during stroke recovery: a longitudinal MRI
study. Bio Med Res. Int. 2017, 4345205-4345213. doi: 10.1155/2017/4345205

‘Wu, J., Quinlan, E. B., Dodakian, L., McKenzie, A., Kathuria, N., Zhou, R. ], et al.
(2015). Connectivity measures are robust biomarkers of cortical function and plasticity
after stroke. Brain J. Neurol. 138, 2359-2369. doi: 10.1093/brain/awv156

Xiaogang, C., Jingjing, C., Bingchuan, L., and Gao, X. (2021). Application of EEG-
based brain-computer interface technology in medical field. Artif. Intell. 6, 6-14. doi:
10.16453/j.cnki.ISSN2096-5036.2021.06.001

Zekun, Y., Manling, G., Xiaoxuan, E, Shenghua, C., Fuyi, Z., Zhitong, G., et al. (2021).
Classification robustness of brain functional connectivity model in machine learning-an
example of resting-state functional magnetic resonance localization of epileptic seizure
side. Chin. J. Biomed. Eng. 5, 521-530.

Zhe, Z., Xiafeng, S., Li, X., Wen, Z., Hongyan, H., Ping, Z., et al. (2020). The efficacy
of high-frequency repetitive transcranial magnetic stimulation in premotor area on the
functional rehabilitation of upper limb in stroke. Chin. Rehabil. Theor. Pract. 26,
697-702.

Zou, Y., Li, ., Fan, Y., Zhang, C., and Kong, Y. (2022). Functional near-infrared
spectroscopy during motor imagery and motor execution in healthy adults. Zhong
nan da xue bao. J. Central South Univ. 47, 920-927. doi: 10.11817/j.
issn.1672-7347.2022.210689

frontiersin.org


https://doi.org/10.3389/fnins.2024.1330280
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105876
https://doi.org/10.3389/fncom.2018.00069
https://doi.org/10.1177/1545968314543308
https://doi.org/10.1161/STROKEAHA.110.596155
https://doi.org/10.1002/hbm.25612
https://doi.org/10.1109/TNSRE.2022.3218514
https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.1371/journal.pone.0224175
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1155/2016/3870863
https://doi.org/10.3233/JPD-191844
https://doi.org/10.3390/s22062262
https://doi.org/10.1155/2017/4345205
https://doi.org/10.1093/brain/awv156
https://doi.org/10.16453/j.cnki.ISSN2096-5036.2021.06.001
https://doi.org/10.11817/j.issn.1672-7347.2022.210689
https://doi.org/10.11817/j.issn.1672-7347.2022.210689

	Variation in brain connectivity during motor imagery and motor execution in stroke patients based on electroencephalography
	1 Introduction
	2 Materials and methods
	2.1 General information
	2.2 Methods
	2.2.1 EEG signal acquisition
	2.2.2 Recording paradigm
	2.2.3 EEG data processing
	2.2.4 Statistical analysis

	3 Results
	3.1 PMA and MA are significantly positively correlated with the MI hand
	3.2 The correlation coefficient between PMA and MA was higher in left-hand MI than in right-hand MI in both healthy people and patients with stroke
	3.3 Correlation coefficients between PMA and MA were higher in synergy movements than in isolated movements in patients with stroke
	3.4 Functional connectivity strength was highest in channel 18 (FC1) during action execution between patients with right hemiplegia and healthy individuals

	4 Discussion
	4.1 PMA plays a significant role in MI and ME
	4.2 Correlations between functional brain regions are stronger in left-handed MI
	4.3 Connections between functional areas of the brain are more obvious in synergy movement than in isolated movement in patients with stroke
	4.4 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

