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Abstract 

Background and aims:  Brain-computer interfaces (BCIs) are emerging as a promising 
tool for upper limb recovery after stroke, and motor tasks are an essential part of BCIs 
for patient training and control of rehabilitative/assistive BCIs. However, the correlation 
between brain activation with different levels of motor impairment and motor tasks in 
BCIs is still not so clear. Thus, we aim to compare the brain activation of different levels 
of motor impairment in performing the hand grasping and opening tasks in BCIs.

Methods:  We instructed stroke patients to perform motor attempts (MA) to grasp 
and open the affected hand for 30 trials, respectively. During this period, they under-
went EEG acquisition and BCIs accuracy recordings. They also received detailed history 
records and behavioral scale assessments (the Fugl-Meyer assessment of upper limb, 
FMA-UE).

Results:  The FMA-UE was negatively correlated with the event-related desynchroniza-
tion (ERD) of the affected hemisphere during open MA (R = − 0.423, P = 0.009) but not 
with grasp MA (R = − 0.058, P = 0.733). Then we divided the stroke patients into group 
1 (Brunnstrom recovery stages between I to II, n = 19) and group 2 (Brunnstrom recov-
ery stages between III to VI, n = 23). No difference during the grasping task (t = 0.091, 
P = 0.928), but a significant difference during the open task (t = 2.156, P = 0.037) was 
found between the two groups on the affected hemisphere. No significant difference 
was found in the unaffected hemisphere.

Conclusions:  The study indicated that brain activation is positively correlated with 
the hand function of stroke in open-hand tasks. In the grasping task, the patients in the 
different groups have a similar brain response, while in the open task, mildly injured 
patients have more brain activation in open the hand than the poor hand function 
patients.
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Background
Stroke causes the highest morbidity associated with disability-adjusted life years 
lost in China, with 2 million new cases annually [1]. Up to 66% of stroke survivors 
experience upper limb motor impairments, which result in functional limitations in 
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activities of daily living and decreased life quality [2, 3]. Hand function rehabilitation 
is a hotspot and challenge in the field of neurological rehabilitation. Brain-computer 
interfaces (BCIs) have been emerging for years, and they have been proven to be 
effective for hand recovery in different stages of stroke patients [4–6].

BCIs allow for device control without motor involvement as they translate brain 
activation into output signals for communication or environmental control [7], and 
the sensorimotor rhythm (SMR) based BCIs detect characteristic changes in SMR in 
response to the motor task. The SMR based on BCIs training was adopted in several 
studies [8–10]. SMRs can be measured over the sensorimotor cortex (SMC) and mod-
ulated by motor imagery (MI), motor attempt (MA), or motor execution (ME) tasks 
[11, 12]. Task-related modulation in EEG-based SMRs is usually manifested as event-
related desynchronization (ERD) or event-related synchronization (ERS) in low-fre-
quency components [mu rhythm (8–12  Hz) and beta rhythm (13–26  Hz)] [13]. MI, 
MA, or ME is associated with ERD of mu rhythm oscillations recordable over SMC 
(electrode sites C3 and C4 according to the 10/20 system) using EEG [14, 15]. ERD 
usually appears when SMR decreases, it happens in active motion, such as MI, while 
ERS means that SMR increases, which usually happens in the termination of move-
ment or MI [16]. MI is a mental activity, in which a specific movement is performed 
in the mind without actual movement [17]. MA is an attempt of the paralyzed limb to 
move while there is still no actual or little movement but the electromyography activ-
ity in the affected arm was several orders higher in the motion phase than in the rest 
phase [18]. They were both used extensively in the BCI experiment as an active way 
of neuromodulation. ME was mostly used in healthy subjects [19, 20]. Specifically, 
MA-based BCI is a better choice for stroke rehabilitation [21], and patients can easily 
understand the instruction and perform the MA tasks.

However, the type of motor tasks in BCIs experiments were not so abundant now-
adays, not only limited by the EEG recognition technology but also the various levels 
of motor impairments of stroke patients. Many of them in the acute stage undergo flac-
cid paralysis stage, and they can hardly move their hands, even to do an incomplete 
grasp. Lots of patients may go through the synergetic motion mode stage, where they 
can perform different levels of grasping activity. However, the segregation movement is 
a harder step, so the full extension of affected fingers means great progress in recov-
ery, and the process conforms to the recovery of the I–VI Brunnstrom recovery stages 
[22]. Imaging the grasp [23] or/and extension [24] of the affected hand were designed 
in many research and some movements were combined with the activity of daily liv-
ing. Ramos-Murguialday [25] trained patients to move the upper arm and reach forward 
with the help of arm orthosis. Patients were instructed to try to reach, grasp, and bring 
an imaginary apple to their lap, and finger extension is involved in reaching and grasping 
movement. Therefore, the motor tasks usually focused on the paretic limb. The common 
motor tasks adopted in the BCIs experiment included the movements of the upper joint, 
shoulder, elbow, wrist, and hand, especially the distal joint. The hand tasks consisted of 
many forms, both simple and complex, which include not only basic movements but also 
the movements of daily life. But few of them have applied the different motor tasks to 
BCIs experiments and explored the combined motor task to promote motor recovery 
after a stroke.
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Previous studies indicated that brain activation may correlate with motor recovery 
from stroke [16, 24, 26]. A higher magnitude of ERD activity is related to larger corti-
cal activation during motor tasks. ERD/ERS is triggered by the voluntary movement of 
the hemiparetic hand [27], movement-related beta ERD over the affected SMC has been 
investigated in many studies [28, 29]. ERD in the alpha band (α-ERD, frequencies rang-
ing from 8 to 13 Hz) has been hypothesized to reflect cortical activation or disinhibition. 
The α-ERD has been observed not only during the elaboration of stimuli belonging to 
different sensory modalities (i.e., sensory-related α-ERD) but also during various mental 
tasks (i.e., task-related a-ERD) [30]. We also found that there was a positive correlation 
between the Fugl-Meyer assessment of upper limb (FMA-UE) and ERS in the unaffected 
hemisphere in MI tasks, and there were negative correlations between FMA-UE scores 
and ERD in both hemispheres [31] in MA task. However, the relationship between the 
different motor tasks performed by the various hand function of a stroke patient and the 
brain activation is still unclear.

In practice, the Brunnstrom stage can describe the hand function from a qualitative 
aspect, while the FMA-UE was used more as a scale to quantify motor impairment, and 
it is of better reliability and validity [32]. Therefore, we hypothesized that brain activa-
tion is correlated with the FMA-UE and different motor tasks. In specific, a better func-
tional status may have more brain activations when performing hand extension than 
grasp. Thus, our research is focused on FMA-UE and explores brain activations when 
they perform the two different motor tasks.

Results
Forty-seven stroke patients were enrolled in the experiment, of which 5 were excluded 
because they didn’t finish the whole evaluation or the EEG data was ruined, and 42 were 
used for analysis. The characteristic of the patients from the two groups is shown in 
Table 1.

For all the patients, after gender, age, diagnosis, MMSE, and course of disease were 
set as covariables, the partial correlation between the ERD of the affected hemisphere 
during open MA with the FMA-UE was negatively (R = −  0.423, P = 0.009) while the 
ERD of the affected hemisphere during grasp MA with the FMA-UE was not statistically 
significant (R = − 0.058, P = 0.733) (Fig. 1). On the unaffected hemisphere, there was no 

Table 1  The characteristic of the patients from the two groups

The data conformed to Gaussian distribution were been demonstrated by MD ± SD, or they were demonstrated by M (P25-
P75). MMSE mini-mental state examination, FMA-UE the upper limb of the Fugl-Meyer assessment

Item Group 1 (n = 19) Group 2 (n = 23) t/χ2/Z P values

Age (MD ± SD) 59.21 ± 11.23 54.04 ± 12.06 1.425 0.162

Male/(%) 14 (73.7%) 17 (73.9%) 0.000  > 0.999

Type 0.505 0.477

 Infarction 13 (68.4%) 19 (82.6%)

 Hemorrhage 6 (31.6%) 4 (17.4%)

 Course/days 80.00 (42.00, 121.00) 68.00 (26.00, 174.00) − 0.531 0.596

MMSE 27.00 (24.00, 29.00) 28.00 (26.00, 30.00) − 1.357 0.175

FMA-UE 10.16 ± 3.82 33.35 ± 13.40 − 7.917  < 0.001
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significant correlation between the FMA-UE and ERD during grasp MA (R = − 0.083, 
P = 0.626) or open MA (R = − 0.257, P = 0.125).

As for the two tasks on the affected hemisphere, in the open task, the ERD of group 
1 was 0.0789 ± 0.2546, and the ERD of group 2 was −  0.0693 ± 0.1905, there was a 
significant difference between the two groups (t = 2.156, P = 0.037). As for the grasp-
ing task, the ERD of group 1 was −  0.0258 ± 0.2049, and the ERD of group 2 was 
−  0.0310 ± 0.1672, and there was no difference between the two groups (t = 0.091, 
P = 0.928) (Figs. 2, 3, 4). On the unaffected hemisphere, there is no significant difference 
between the two groups whether in the grasp MA (t = − 1.199, P = 0.237) or open MA 
(t = 1.297, P = 0.202).

In addition, patients over 65 years of age (10 patients) were excluded and the statisti-
cal analysis was re-performed. The correlation between ERD of the affected hemisphere 
during open MA with the FMA-UE was statistically significant (R = − 0.502, P = 0.003), 
while, they were not correlated with the FMA-UE on the affected hemisphere during 
grasp task (R = 0.024, P = 0.895). And on the unaffected hemisphere, there is still no sig-
nificant correlation between the ERD under grasp MA (R = 0.008, P = 0.967) or open 
task (R = − 0.265, P = 0.143) with FMA-UE. For the subgroup analysis, the ERD was a 
significant difference (t = 2.073, P = 0.047) between group 1 (n = 12) and group 2 (n = 20) 

Fig. 1  A The correlation between ERD in the affected hemisphere in grasp tasks and FMA-UE for all patients. 
B The correlation between ERD in open tasks and FMA-UE for all patients

Fig. 2  The comparison of ERD in the affected hemisphere for the different tasks and groups with a 
histogram. A The comparison of ERD between group 1 and group 2 in the grasping task. B The comparison of 
ERD between group 1 and group 2 in the open task
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during the open task on the affected hemisphere, while the rest task shows no significant 
results.

For all patients, the BCI accuracy during both grasp (R = 0.231, P = 0.168) or open 
MA (R = −  0.058, P = 0.733) was not correlated with the ERD of the affected hemi-
sphere, or with the FMA-UE. In addition, the BCI accuracy between the two groups was 
(t = − 0.982, P = 0.332) for the grasping task, and the BCI accuracy for the open task was 
(t = 0.607, P = 0.547), no significant difference was found for the two groups whether 
they perform the grasp or open task.

Discussion
This study compared the ERD in stroke patients when they performed the different 
motor tasks in the BCI system, as the motor tasks assigned were attempts to grasp and 
open the hand. And we found the ERD in the affected hemisphere during the open task 
was negatively correlated with the FMA-UE. The clinical recovery of paretic hand func-
tion is believed to occur via the affected corticospinal plasticity and vicarious recruit-
ment of widespread frontal and parietal synergistic regions [34], thus we mainly focus 
on the brain electrical activity of the affected hemisphere, and the C3/4 is used exten-
sively as the hand representation in the brain [4]. In our study, we focus on the ERD 
of the affected hemisphere from C3/4 and explored brain activation with the FMA-UE. 
The FMA-UE of the patients enrolled in our study varied from 4 to 64, some patients 
may have severe hand function impairment, thus some ERS appeared on the affected 

Fig. 3  Example of the one-stroke patient’s brain activation in different experimental conditions from group 
1 with poor hand function had a left brain injury. A, B Time–frequency graph of ERSP values in grasp tasks of 
C3/C4 channels; C, D Time–frequency graph of ERSP values in open tasks of C3/C4 channels. At 0 s, the voice 
instruction prompts the patient to prepare for the motor task, and at 3–5 s, the patient is performing the 
motor task
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hemisphere because the unaffected participated more than the affected hemisphere. 
Vera Kaiser et  al. classified the relationship between ERD and ERS patterns and the 
degree of stroke impairment. They found higher impairment was related to stronger 
ERD in the unaffected hemisphere and higher spasticity was related to stronger ERD 
in the affected hemisphere, and both were related to a relatively stronger ERS in the 
affected hemisphere [33]. In our study, the ERD of the unaffected hemisphere during 
open MA was negatively correlated with the FMA-UE (R = −  0.307, P = 0.048) before 
these covariates were set. Thus, some covariates can affect the results, especially mental 
stages, and age. Expect that, we reached similar results compared to previous study [31].

The activity of the SMR is indicative of the brain’s responsiveness to an excitatory 
drive and reflects the current excitatory state [35, 36], and some studies have testified 
the ERD magnitude corresponds to corticospinal excitability increases in healthy sub-
jects and patients with hemiplegic stroke [36]. Therefore, we chose the ERD to reflect 
the brain activation in the different motor tasks. We compared the FMA-UE with the 
ERD in 8–13  Hz and found the ERD of the open task is negatively correlated with 
FMA-UE, but not with the grasping task. Different EEG characteristics of different 
tasks have been explored by many researchers. Some scholars [37] have discriminated 
different reach-and-grasp actions through EEG parameters. As is knowing, grasp is 
the original movement of human beings. Whereafter, people learn how to open their 
fingers and drop an object as planned. Especially, hand opening is a necessary con-
dition for complete hand functionality. In our research, even though there was no 

Fig. 4  Example of the one-stroke patient’s brain activation in different experimental conditions from group 2 
with a relatively better hand function which had a left brain injury. A, B Time–frequency graph of ERSP values 
in grasp tasks of C3/C4 channels; C, D Time–frequency graph of ERSP values in open tasks of C3/C4 channels. 
At 0 s, the voice instruction prompts the patient to prepare for the motor task, and at 3–5 s, the patient is 
performing the motor task
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significant difference between the ERD during the grasping task with the FMA-UE or 
brain activation difference between group 1 and group 2, the ERD of group 2 was still 
lower than group 1, and it may need more research. Grasp is the most fundamental 
function of the hand. People may have a similar reaction to the basic movement, and 
this leads to the brain activation of severely injured patients being as strong as that of 
mildly to moderately injured patients. While in the open task, the ERD of group 2 was 
statistically significantly lower than that of group 1. It may reflect that the moderately 
to mildly injured brain may be more sensitive to open movement, and a relatively 
higher preserved brain function may be more suitable to be trained in the separation 
movement or complex movement.

One of the recovery mechanisms of BCIs related to motor tasks is motor learn-
ing. Not only Wadden. et  al. [40] found a faster rate of motor sequence acquisition 
from healthy people to stroke, but some researchers [41] also pointed out that some 
brain regions are related to motor control or motor learning, including the cerebel-
lum, parietal cortex, premotor cortex, motor cortex, and basal ganglia. Haar assumed 
that [42] posterior parietal cortex, somatosensory cortex, premotor cortex, and motor 
cortex represent task state, body state, task action, and body action, respectively. A 
brain is a general commander. The linkage of multiple brain regions is necessary to 
integrate multiple functions. Some severe injuries may damage the integrated brain 
systems, resulting in motor learning impaired. Some scholars [43] have demonstrated 
the affected hand has an execution ability impaired, and stroke patients have impaired 
anticipatory scaling of grip force and load force rate to the object weight in a grasp-
ing task. It turns out that the more brain region damaged, the more motor learning 
is damaged and the less hand function is preserved. Therefore, more motor tasks 
designed in BCI experiments, and brain reactions to different tasks, combined with 
their recovery process, are worth further research.

The recovery of the stroke patient obeys the rules talked about above. FMA-UE is 
used extensively and is of high reliability and validity when measuring the functional 
status of stroke patients [32]. We adopted the FMA-UE as a reflection of the brain 
injury and the functional status of the upper limb. Some research has shown that 
the recovery of motor function may be through activation of the motor cortex of the 
affected hemisphere [44–46], so with more activation of the brain, the task allocated 
to the patients may promote their recovery greatly. We choose the FMA-UE as the 
indicator for motor impairment, considering kinds of confounding factors that may 
influence the results, such as sex, age, diagnosis (infarction/hemorrhage), the disease 
of course, and MMSE, they were all set as covariates when calculating the correlation 
analysis.

Our studies show that BCI accuracy does not correlate with the activation of the 
affected hemisphere or the functional status of patients. BCI accuracy reflects the 
ability to interact between the human brain and the computer device. People can 
control the BCIs equipment mainly depending on its adaptation to the interaction. 
Though patients with better recovery showed relatively higher online BCI accuracy 
[47], some studies also didn’t prove a positive correlation between recovery with BCI 
accuracy [6]. However, some studies have shown that proprioceptive feedback (feel-
ing and seeing hand movements) improved BCI accuracy [48], so researchers may pay 
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more attention to the BCI accuracy with the motor impairment or the brain activa-
tion, and promote patients adapted to the interaction system may benefit their reha-
bilitation process.

Limitations and future work

First of all, a bigger sample size is needed. Then, the EEG acquisition equipment was 10 
channels. It has two-sided, so it is easier to record the electrical activity of a patient’s 
brain, but the 10 channels limit the study of more brain regions and make further EEG 
analysis, such as functional connectivity of the whole brain.

Our study is a basic concept motor task exploration of a BCI experiment. Based on the 
results, we can assign the motor task properly, and give them the task which can activate 
their brain as much as possible, to obtain a greater degree of functional recovery. And 
we have already set about the clinical experiment to observe how much BCIs will help 
patients recover.

Conclusion
The study indicated that brain activation is positively correlated with the hand function 
of stroke in open-hand tasks. In the grasping task, the patients in the different groups 
have a similar brain response, while in the open task, mildly injured patients have more 
brain activation in open the hand than the poor hand function patients. It may be indi-
cated a related preserved motor function may be more suitable to be trained in the 
separation movement. Therefore, it may evoke us to notice what kind of BCI paradigms 
should be designed and what kind of motor task should be assigned to the patients.

Materials and methods
Research patients/subject recruitment

We conducted a cross-sectional study, and by one-time evaluation of stroke patients. 
Patients in the subacute or chronic stage of stroke were recruited from the Department 
of Rehabilitation Medicine, Huashan Hospital from Feb.2021 to Dec.2021.

The inclusion criteria for patients following stroke were (1) ischemic or hemor-
rhagic stroke diagnosed through computed tomography or MRI; (2) age in the range of 
18–80 years; (3) at least 2 weeks since stroke onset and less than one year; (4) mini-men-
tal state examination ≥ 20 scores, ability to obey the basic command; and (5) ability to sit 
on a chair independently for at least 1 h. The exclusion criteria were (1) having a cardiac 
pacemaker; (2) pregnancy; (3) allergy to EEG electrode cream; (4) any osteoarthrosis 
(including joint deformity) that could cause joint contracture in the hand or upper limb; 
and (5) unstable fracture in the paretic upper limb. Written informed consent was pro-
vided by all participants. This study was approved by the ethical committee of Huashan 
Hospital [(2021) Provisional Examination No. (039)] and was performed according to 
the Declaration of Helsinki, and the data came from an RCT(ChiCTR2100044492).

An experienced therapist performed all clinical measures. FMA-UE with a score of 
0–66, was used to assess the severity of motor dysfunction. The patient information, 
such as name, gender, course of the disease, brain damage, et  al. were all recorded in 
detail.
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EEG acquisition

Participants were asked to sit in a chair in front of a computer screen. An EEG cap was 
used to record EEG signals. Ten channels of Ag/AgCl electrodes were distributed accord-
ing to the 10–20 system. The reference channel and the ground channel were placed on 
the right mastoid process and the forehead,  respectively. The impedance of electrodes 
was kept < 5 kΩ. EEG signals were amplified with the CommercialAmp (iRecorder W16, 
Niantong Intelligence Ltd., China) and recorded at a sampling rate of 500 Hz.

Feature extraction and classification

In this study, a Common spatial pattern [49] was used for feature extraction, and two 
pairs of feature patterns were selected for classification [50]. Then the method of linear 
discriminative analysis was employed for discriminating different tasks (MA vs. Rest). 
The pattern classifications were conducted online with 10 channels of EEG signals. EEG 
features were extracted from the time segment of [3 5] s and frequency band of [8 30] 
Hz.

Motor task evaluation

Patients were instructed to undergo two kinds of MA evaluation, hand grasping, and 
opening. During grasp evaluation, the voice instructions are’attempt to grasp, rest’, and 
‘relax, rest’ each was ten times but appears in random order. After twenty trials for cali-
bration, there was thirty times evaluation for ‘attempt to grasp, rest’; the open evaluation 
was the same process, the only difference is the instruction: ‘attempt to open, rest’, ‘relax, 
rest’. The patients were wearing a robot, so the rhythms in the sensorimotor area of the 
brain were detected to control the opening and grasping of a robotic hand in the thirty 
times evaluation for each task, therefore, the feedback can be considered as BCIs accu-
racy (Fig. 5).

EEG processing

The EEGLAB v2021.1 and MATLAB R2021a were used in the EEG analysis. EEG data 
from 10 channels were used in processing. The left hemisphere was covered with FC3, 
CP3, C1, C3, and C5 (5 channels) while the right hemisphere was covered with FC4, CP4, 
C2, C4, and C6 (5 channels) (Fig. 6). The preprocessed EEG data consisted of high-pass 

Fig. 5  Study setup and experimental protocol. A The patient was seated in a chair in front of a desk. B 
Timeline of a single trial during the grasping task. C Timeline of a single trial during the open task
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filtering at 8 Hz and low-pass filtering at 40 Hz. Band-pass filtering was 48–52 Hz. Man-
ual checking was performed in the EEG data of all 10 channels and all trials.

The power spectrum of all 10 channels was computed at the frequency of alpha 
(8–13  Hz) to identify ERD on grasp and open tasks. Time–frequency distributions of 
EEG trials were estimated using a windowed Fourier transform (WFT) with a fixed 
400 ms Hanning window. WFT yielded, for each trial, a complex time–frequency esti-
mate F(t, f) at each time–frequency point (t, f), extending from − 1500 to 8500 ms (in 
steps of 2 ms) in the time domain, and from 8 to 40 Hz (in steps of 1 Hz) in the fre-
quency domain. Power spectrum (P), P(t, f) =|F(t, f)|2, was obtained. The percentage of 
relative power change was calculated to obtain the ERD concerning a resting-state base-
line ([− 1.3, − 0.2] s). The interest time was set both at [3, 5] s after the cue[0, 2]s of the 
event. During the [3, 5] s, the patient was performing the MA tasks. The power spec-
trum of interest in the period after the event is given by A whereas that of the preceding 
baseline period is given by R. ERD or ERS was calculated according to the equation:

Under this definition, ERD was usually expressed as a negative value, while ERS was 
expressed as a positive value.  The time–frequency maps were drawn with the above-
mentioned calculation, representing the signal magnitude as a joint function of time and 
frequency at each time–frequency point. The topographies were drawn with an interest-
ing time of 3–5 s, concerning a resting state baseline ([− 1.3, − 0.2] s). We calculate the 
ERD from the affected hemisphere (C3/C4) of the brain and obtain the average power 
spectrum for every 30 trials.

Statistical analysis

The statistical analysis was performed with SPSS version 26.0 (SPSS Inc.) and fig-
ures were drawn with GraphPad Prism 8 (GraphPad Software, Inc.). Time–frequency 

ERD or ERS = (A−R)/R.

Fig. 6  10 of 10 electrode locations shown, the left hemisphere was covered with FC3, CP3, C1, C3, and C5 
while the right hemisphere was covered with FC4, CP4, C2, C4, and C6
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graph was drawn by EEGLAB v2021.1. Data conforming to a normal distribution were 
expressed as mean ± standard deviation, and median (P25–P75) was used for data that 
did not conform to normal distribution. The chi-square test was used for binary vari-
ables; the t-test was used for data conforming to normal distribution; otherwise, a non-
parametric test was used for basic feature descriptions. Gender (male/female), age, 
diagnosis (infarction/hemorrhage), MMSE, and course of disease were set as covariables, 
calculating the partial correlation between the ERD in grasp task and open task with 
FMA-UE, respectively. In addition, the partial correlation between FMA-UE scores and 
BCI accuracy was also calculated. According to the Brunnstrom recovery stages, and the 
hand functional characteristics, the patients were divided into two groups, with group 1 
defined with relatively poorer hand function (Brunnstrom recovery stages between I to 
II) (n = 19) which they cannot move or slightly flex fingers, and group 2 with a relatively 
better hand function (Brunnstrom recovery stages between III to VI) (n = 23) which they 
can grasp or open their hand. Independent-sample t-tests were used in the same task for 
each group, and the results were drawn with a histogram. Statistical significance was set 
at P < 0.05, two-tailed.
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