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Abstract
To promote the rehabilitation of motor function in children with cerebral palsy (CP), we developed motor imagery (MI)

based training system to assist their motor rehabilitation. Eighteen CP children, ten in short- and eight in long-term

rehabilitation, participated in our study. In short-term rehabilitation, every 2 days, the MI datasets were collected; whereas

the duration of two adjacency MI experiments was ten days in the long-term protocol. Meanwhile, within two adjacency

experiments, CP children were requested to daily rehabilitate the motor function based on our system for 30 min. In both

strategies, the promoted motor information processing was observed. In terms of the relative signal power spectra, a main

effect of time was revealed, as the promoted power spectra were found for the last time of MI recording, compared to that

of the first one, which first validated the effectiveness of our intervention. Moreover, as for network efficiency related to the

motor information processing, compared to the first MI, the increased network properties were found for the last MI,

especially in long-term rehabilitation in which CP children experienced a more obvious efficiency promotion. These

findings did validate that our MI-based rehabilitation system has the potential for CP children to assist their motor

rehabilitation.

Keywords Cerebral palsy � EEG network � MI-BCI � Motor rehabilitation

Jiaxin Xie, Lin Jiang, Yanan Li are contributed equally to this

work.

& Gang Yin

cxqyguestc@163.com

& Dezhong Yao

dyao@uestc.edu.cn

& Peng Xu

xupeng@uestc.edu.cn

1 School of Life Science and Technology, Center for

Information in Medicine, University of Electronic Science

and Technology of China, Chengdu 611731, China

2 The Clinical Hospital of Chengdu Brain Science Institute,

MOE Key Lab for Neuroinformation, University of

Electronic Science and Technology of China,

Chengdu 611731, China

3 School of Computer Science, Chengdu University of

Information Technology, Chengdu 611731, China

4 Sichuan Rehabilitation Hospital, Chengdu, China

5 School of Medicine, Sichuan Cancer Hospital, University of

Electronic Science and Technology of China, Chengdu,

China

6 Radiation Oncology Key Laboratory of Sichuan Province,

Chengdu, China

7 No. 2006, Xiyuan Ave, West Hi-Tech Zone,

Chengdu 611731, Sichuan, China

123

Cognitive Neurodynamics (2021) 15:939–948
https://doi.org/10.1007/s11571-021-09672-3(0123456789().,-volV)(0123456789().,- volV)

http://orcid.org/0000-0002-7892-118X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11571-021-09672-3&amp;domain=pdf
https://doi.org/10.1007/s11571-021-09672-3


Introduction

Cerebral palsy (CP) induces motor dysfunction, behavioral

abnormality, and intellectual delay in patients (Aisen et al.

2011). As reported, CP is the most common cause of

childhood-onset and lifelong physical disability and affects

about 1 in 500 neonates (Graham et al. 2016). Currently,

most of the used therapies depend on the physical execu-

tion of designed motor movements. Specifically, similar to

motor execution (ME) (Chong and Stinear 2017), motor

imagery (MI) relies on the mental simulation of actions and

involves the motor representations in the brain in a similar

way (i.e., neural structures and processes) with the actual

physical movements (Hétu et al. 2013; Munzert et al.

2009). MI helps to extend the ability of normal people (Li

et al. 2010), to provide compensative assistance to the

disabled (Li et al. 2016), and to benefit the rehabilitation of

motor function (Sharma et al. 2006).

The MI-based brain-computer interface (MI-BCI) has

been considered as a promising way that benefits motor

rehabilitation (Daly and Wolpaw 2008), and the MI-based

therapy helps to promote the capacity of motor planning

(Craje et al. 2010; Steenbergen et al. 2009) which is also

found to avail the motor rehabilitation. Compared to con-

trol subjects, 6-week training with actual practice (i.e., ME)

and mental imagery (i.e., MI) of trampolining improved the

skill of actual movements of the training subjects, as

assessed by five nationally qualified judges (Isaac 1992).

Moreover, previous MI-based studies have reported cor-

responding changes in both central and peripheral systems.

In this regard, a previous study manifested that MI training

improved motor performance, which was attributed to the

existence of a top-down mechanism based on the activation

of a central representation of the movements (Papadelis

et al. 2007). Meanwhile, individuals with lower visual MI

abilities involved cognitive effort with greater cerebral

activation, and those with poor kinaesthetic MI ability

needed a continuous update of information to support MI-

related executive functions (Menicucci et al. 2020).

The child patients have a higher possibility of brain

neuroplasticity, when compared to the adults, the effective

therapy may, therefore, achieve a satisfying rehabilitation

quality in child patients (Page et al. 2001; Yan et al. 2013).

During physical rehabilitation, patients perform motor

training with assistance from clinicians, which cannot

guarantee them to participate in this progress voluntarily,

especially CP children. By contrast, MI emphasizes the

active and voluntary participation of patients themselves. A

vivid presentation of instruction (also feedback) has the

potential to attract their attention, which then encourages

them to voluntarily participate in motor rehabilitation.

Herein, in this study, we developed an MI-based

rehabilitation system to assist CP children with their motor

rehabilitation.

Recently, remarkable evidence underlying the mecha-

nism of CP has been uncovered (Bakhtiari et al. 2017;

Papadelis et al. 2014). The disturbance of motor function

occurs in distributed networks, such as the sensorimotor

network (Bakhtiari et al. 2017). By using the network

biomarkers, the individual motor capacity can be quanti-

tatively evaluated (Hanakawa et al. 2003; Zhang et al.

2015), as well as the rehabilitation efficacy after motor

rehabilitation. Actually, previous studies have manifested

the involvement of somatosensory and motor cortex in the

functional deficits observed in CP children (Papadelis et al.

2019; Wittenberg 2009). For example, abnormal cortical

somatosensory evoked potentials were detected in CP

children, which indicated that the disturbance of the central

perception related to the sensory stimulus was due to the

damage in the sensory cortex or subcortical areas of the

central nervous system (Teflioudi et al. 2011). Addition-

ally, the bilateral maladaptive functional changes in the

ipsilesional primary somatosensory cortex of CP children,

which were expressed as suppressed gamma responses and

alterations in the cortical body representation, were also

found to be correlated with the severity of axonal damage

in the ascending sensory tracts projecting to the more

affected hemisphere (Papadelis et al. 2018).

Overall, CP has raised extensive concern for its high

pathogenic rate, whereas effective therapy improving the

motor neuroplasticity of CP children is still lacking. Con-

trary to traditional physical rehabilitation, MI-BCI

emphasizes patients’ voluntary participation in the reha-

bilitation training, which might be more helpful to promote

motor function. To validate the effectiveness of our MI-

based rehabilitation system, hence, in the current study, we

firstly designed two rehabilitation strategies (i.e., short- and

long-term rehabilitation). Particularly, every two days in

short- and ten days in long-term progress, we collected

related MI datasets; between two adjacency MI recording,

CP children were requested to perform motor training

based on our system. Then, we further combined signal

power spectra, brain network, and graph theory analyses to

investigate the capacity of our system that benefits the

motor rehabilitation in CP children, and to which extend,

their motor function could be promoted.

Materials and methods

Participants

The study was approved by the Ethics Committee of

Sichuan Rehabilitation Hospital. A total of 10 CP children

(5 girls, age range of 8–12 years) were recruited to take
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part in short-term rehabilitation, and 8 CP children (1 girl,

age range of 8–12 years) participated in the long-term

strategy. All of these children were diagnosed with a well-

defined type of CP as determined by a clinical examination

by an experienced child neurologist at the Sichuan Reha-

bilitation Hospital. Patients suffered from acquired lower

limb deformity, but can stand and sit independently, which

enabled them to perform MI tasks feasibly. No severe

behavioral disorder, neurodegenerative disease, and other

concomitant neurologic disorders could interfere with the

rehabilitation tasks. Before the experiment, the therapists,

CP children, and their guardians were told about the

research purpose, potential benefits, and rehabilitation

procedures. And thus, they could understand the purpose

and process of our experiments, as well as cooperating with

the therapists, to accomplish designed rehabilitation pro-

tocols. Moreover, the written informed consent was also

given to the CP children and their guardians, they then

signed their names on it.

Rehabilitation system

As described in the framework (Fig. 1a), CP children were

instructed to perform the motor rehabilitation based on our

MI system; meanwhile, based on the real-time feedback,

they would dynamically adjust their MI strategies to

achieve a better BCI control. In this study, to encourage

them to voluntarily participate in the rehabilitation, we

thereby developed different feedback modules that could

provide a vivid scenario of MI task (Fig. 1b), which was

further depicted as follows.

Rehabilitation protocol

Given the validation of the MI-based rehabilitation system

needed a relatively long duration, following previous

studies (Chowdhury et al. 2018; Foong et al. 2019) which

adopted pre-post single-group designs to evaluate the

effects of BCI therapy on the improvement of motor

function, in this study, a strategy of self-control was

applied by investigating any potential difference between

their first and last time of MI recordings to measure the

effect of our MI training. Moreover, to further testify the

capacity of the MI-based motor rehabilitation for CP

children, two different strategies were also designed, i.e.,

the short- and long-term rehabilitation protocols as dis-

played in Fig. 2, and the differences between both strate-

gies were the duration of two adjacency

electroencephalogram (EEG) MI recording sessions and

the total rehabilitation period, as well.

In detail, for the short-term strategy (Exp. 1), the dura-

tion of two adjacency sessions was set as 2 days and the

total period was 12 days; while for the long-term strategy

(Exp. 2), both parameters were set as 10 and 60 days,

respectively. Moreover, between two adjacency recording

sessions, CP children were requested to perform the MI-

based motor rehabilitation each day and to encourage them

to voluntarily participate in the rehabilitation progress, the

vivid feedback modules were developed, as displayed in

Fig. 1b. Taking the floor blossom as an example, during

their daily MI-based motor training, CP children would try

to control the floor blossom. As predefined, the blossom

was the effective indicator of successful MI-based training.

When the floor bloomed, CP children would continue their

imaged motor behaviors, if not they would be asked to

dynamically adjust their MI strategies to achieve better

control of the floor blossom. Then, on the last day of each

rehabilitation session, the corresponding EEG datasets of

MI tasks were collected and analyzed to validate the

capacity of the daily MI-based motor training during this

session.

Meanwhile, during daily training, four MI runs were

carried out, and between two adjacency runs, a 10-min

break was set. In each run, CP patients were requested to

mentally imagine the left- or right-limb movement

according to the instruction presented on the computer

screen, and 40 trials, i.e., 20 trials of left-limb MI (lMIs)

and 20 trials of right-limb MI (rMIs) were included. In each

trial, a 3-s preparation was first set; thereafter, CP children

were given 6 s to perform the required MI task (e.g.,

raising the left or right limb), and during the 6-s-length MI,

the appearance of instruction on the computer screen

implied the onset of the lMIs or rMIs. Finally, a 3-s rest

was given to children after the MI task. As illustrated in

Fig. 2c, during each time of MI-based motor rehabilitation,

the first two runs were taken as offline training sets, and the

remaining runs were used as online testing sets. Based on

the training datasets, the corresponding classifier was

accordingly trained, which would be further applied in two

testing sets to achieve MI-BCI control.

EEG data recording

Sparse electrodes were selected around the primary sen-

sorimotor cortex, premotor and supplementary motor cor-

tices, as well as the parietal cortex, which were reported to

have neuroplastic potential and were extensively activated

in CP children during MI tasks (Ehrsson et al. 2003;

Neuper et al. 2005; Shin et al. 2012; Stippich et al. 2002).

Additionally, the visual cortex area in the occipital lobe

that is responsible for visual-motor control during MI was

also selected (Kerr et al. 2011; Solodkin et al. 2004).

Therefore, sparse 16 Ag/AgCl electrodes (BrainMaster,

Inc., Shenzhen, China) locating at the posterior area (i.e.,

Cp1, Cp2, C3, C4, Po3, Po4, P3, P4, O1, O2, Cp3, Cp4, T3,

T4, T5, and T6) were used to record related MI EEG data
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by the Symtop amplifier (Symtop Instrument, Beijing,

China), and the scalp distribution of these electrodes was

displayed in Fig. 3. The default parameters of the amplifier

are that the online band-pass filtering is set within a narrow

band of 0.5–45 Hz, the online sampling rate is set as

1000 Hz, and the electrode AFz is set as the reference.

Meanwhile, during the whole experiment, the impedance

for each electrode was kept below 5 kX.

EEG data analysis

To acquire artifact-free trials, task MI-EEG was first pre-

processed with procedures including the averaging refer-

encing, 0.5–30 Hz offline bandpass filtering, 6-s data

segmentation, and artifact trial removal. As depicted, the

first two MI runs were taken as offline training sets, and the

remaining runs were used as online testing sets. And when

recording related MI EEG datasets, only the first two runs

were collected, including 40 lMIs and 40 rMIs. Therefore,

in this study, relying on the onsets of lMIs or rMIs, we

extracted a 6-s length of MI segments, resulting in 40 trials

for lMIs or rMIs. Unfortunately, few trials were left for the

last time of the MI experiment in short-term rehabilitation,

in this study, we thereby analyzed the first five times of MI

tasks.

In the current work, we mainly focused on the brain’s

sensorimotor activity since MI corresponded to the situa-

tion when a person imaging movement. Hence, brain

activities of 8–15 Hz were considered in the following

analysis since numerous studies have implied a functional

Fig. 1 The developed MI

rehabilitation system.

a Systematic framework.

b Feedback modules. Different

feedback modules, i.e., floor

blossom, plane war, and virtual

human, were designed
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relation between cerebral processes such as movement or

primary sensory processing and 8–15 Hz oscillations

(Başar-Eroğlu et al. 2013; Ishii et al. 2009; Olson et al.

2006). In particular, EEG recordings over the sensorimotor

cortex show a distinctive oscillatory pattern (Cheyne et al.

2003; Gunji et al. 2007; Howe and Sterman 1972) and is

associated with inhibition of motor activity (Sterman 1977)

in a frequency range of 8–15 Hz, which plays an essential

role for biofeedback therapy (Egner and Gruzelier 2001)

and appears to be dominant during imagination of body

movements (Neuper et al. 2006; Pfurtscheller et al. 2006).

Cortical oscillations have been validated to play an

important role in a wide range of neural activities. In

particular, task-related changes in spectral power within

and between neuronal assemblies in specific frequency

bands have been reported (Niemarkt et al. 2011). As the

relative power spectral density (rPSD) emphasizes relative

power magnitude alterations over a range of frequencies

(Cohen 2014), the rPSD within 8–15 Hz was evaluated for

each measurement of the short- and long-term rehabilita-

tion, respectively. Specifically, using Welch’s method, the

absolute power spectral density (aPSD) of each frequency

bin f was first computed, the rPSD was then defined and

Fig. 2 The daily MI-based motor rehabilitation (a), the predefined MI experiments for both short- and long-term rehabilitation (b), and the

protocols of both rehabilitation strategies (c)

Cognitive Neurodynamics (2021) 15:939–948 943

123



calculated as the ratio of the aPSD in 8–15 Hz to that of the

entire band. Finally, the whole brain rPSD was formulated

as,

rPSDnð8� 15HzÞ ¼
P15

f¼8 aPSDuðf Þ
P30

f¼0:5 aPSDuðf Þ
ð1Þ

where n denotes the types of short- or long-term

rehabilitation.

The coherence is then used to measure the couplings

between each pair of electrodes. Considering two time

series, x(t) and y(t), in each MI trial, a high coherence value

denotes a great synchronization of neuronal oscillations

between two electrodes, while a low coherence implies

functional segregation. The coherence is formulated as,

Cxyðf Þ ¼
Pxyðf Þ
�
�

�
�

Pxx fð ÞPyy fð Þ ð2Þ

where Pxy(f) is the cross-spectral density between x(t) and

y(t) at frequency f, Pxx(f) and Pyy(f) are the auto-spectral

densities of x(t) and y(t) at frequency f, respectively, and

Cxy(f) is the frequency-dependent coherence.

In this study, the sixteen electrodes were set as network

nodes, and the network edge was estimated by averaging

the Cxy within the concerned frequency range, which

resulted in a 16 9 16 weighted adjacency matrix for each

MI trial. For each CP child, the final EEG network was

obtained by averaging the adjacency matrices across all

artifact-free trials.

Brain connectivity toolbox (BCT, http://www.nitrc.org/

projects/bct/) (Rubinov and Sporns 2010) was finally used

to calculate the weighted network properties, such as the

clustering coefficient (CC) and characteristic path length

(CPL). Thereafter, we analyzed the fluctuations of the

network properties for both rehabilitation strategies.

Results

Figure 4 displays the varied rPSD in short- and long-term

rehabilitation protocols, and an obvious increased rPSD

from first to last lMI/rMI could be found. Meanwhile, one-

way repeated measures analysis of variance (ANOVA)

identified that, CP children experienced the promoted rPSD

during both rehabilitation protocols, as reveled by a main

effect of timing. In particular, in short-term rehabilitation,

the significantly or marginally enhanced rPSD of the last

rMIs (F(4, 36) = 7.04, p = 0.00) and lMIs (F(4, 36) = 2.44,

p = 0.06) were found, when compared to that of the first

MI; in the meantime, for long-term strategy, the rPSD of

both lMIs (F(5, 35) = 31.15, p = 0.00) and rMIs

(F(5, 35) = 24.02, p = 0.00) corresponding to the last MI

recording were also found to be significantly promoted.

Besides, post hoc tests further uncovered that the last MI

recording (lMIs: 0.83 ± 0.03, rMIs: 0.84 ± 0.02) pre-

sented a significant lager rPSD compared to that of the first

one (lMIs: 0.80 ± 0.01, rMIs: 0.80 ± 0.03) for short-term

rehabilitation (lMIs: p = 0.01, rMIs: p = 0.00). As for the

long-term rehabilitation, compared to the first MI (lMIs:

0.66 ± 0.04, rMIs: 0.70 ± 0.03), the last MI (lMIs:

0.84 ± 0.04, rMIs: 0.83 ± 0.06) also exhibited the sig-

nificant higher rPSD (lMIs: p = 0.00, rMIs: p = 0.00).

Figure 5 displays the varied weighted network proper-

ties of the short- and long-term rehabilitation strategies, in

which the increased CC and decreased CPL from first to

last MI are illustrated for both strategies. Besides, to

investigate the effect of training duration on rehabilitation

efficacy in CP children, we then analyzed the dynamic

fluctuations of related brain networks. However, in terms of

the ANOVA results, we found no significant main effect of

time in network properties for both rehabilitation processes

due to the relatively small sample size. The Wilcoxon

signed-rank test (McCrum-Gardner 2008; Rosner et al.

2006) was then utilized to statistically quantify the poten-

tial differences in related network properties between the

first and last MI-based rehabilitation session.

Particularly, in short-term rehabilitation (Fig. 6a), the

CC of lMIs (p = 0.03) and rMIs (p = 0.02) were identified

to be significantly larger for the last MI task, while the CPL

of lMIs (p = 0.04) and rMIs (p = 0.06) of the last MI were

found to be significantly and marginally significantly

shorter than that of the first MI. Meanwhile, similar to

short-term rehabilitation, Fig. 6b further demonstrates that

the CC (lMIs: p = 0.03; rMIs: p = 0.01) of the last MI is

significantly larger than that of the first MI, whereas the

Fig. 3 The spatial position distribution of 16 electrodes in the MI task
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CPL (lMIs: p = 0.03; rMIs: p = 0.01) of last MI is signif-

icantly shorter than that of first MI.

Eventually, the promoted relative change ratio (RCR)

from the first to the last MI recording was calculated for

both strategies, which was defined as a ratio of the rPSD or

property difference between last and first MI versus that of

the first MI. Table 1 then illustrates a similar tendency

between both strategies. Specifically, a larger RCR was

found for long-term rehabilitation, when compared to the

short-term training.

Discussion

The MI is regarded as a potential strategy during motor

rehabilitation (Stevens and Stoykov 2003) and has the

potential to evaluate the rehabilitation efficacy in patients

(Zimmermann-Schlatter et al. 2008). In the current study,

we developed an MI-based rehabilitation system to ‘‘tell’’

CP children how to voluntarily participate in motor reha-

bilitation. Thereafter, two strategies, i.e., the short- and

long-term rehabilitation, were probed to validate the

potential application of our system.

MI requires participants to voluntarily mentally imagine

motor manners. Compared to traditional MI that used

words or arrows as instructions, a vivid presentation seems

to be more attractive in CP children. In our present study,

we thereby presented the instruction (also feedback) in

different ways that were illustrated in Fig. 1 when devel-

oping this system. Concretely, by presenting MI instruc-

tions in such a way, we intended to make it easier for the

CP children, which then tutored them to implement the

same motion according to the instruction; and presenting

the feedback in such different ways aimed to remind CP

children to dynamically adjust their imagery after they

noticed the feedback of their last imagery.

The rPSD which represents the relative power distri-

bution of EEG series in the frequency domain (Wang et al.

Fig. 4 The varied rPSD of lMIs

and rMIs in short- (a) and long-

term rehabilitation (b). In each

subfigure, the blue and red solid

lines denote the lMIs and rMIs,

respectively. Values are the

means and standard deviations

(Mean ± STD) of rPSD

Fig. 5 The varied weighted network properties of lMIs and rMIs in short- (a) and long-term rehabilitation (b). In each subfigure, the blue and red

solid lines denote the lMIs and rMIs, respectively. Values are the means and standard deviations (Mean ± STD) of network properties
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2015) was used to evaluate the dynamic fluctuations of the

brain activity related to MI. As for both lMIs and rMIs after

the short- and long-term MI rehabilitation, a significantly

promoted brain power related to the motor information

processing in CP children was verified in Fig. 4, in which a

main effect of time was found to further support the

effectiveness of the intervention. As reported previously,

the power spectrum changes of CP children during power

mobility training found the alpha power increased during

intervention phases, suggesting that the mobility training

could induce enhancement of cognitive processing (Ken-

yon et al. 2018). Moreover, a distinctive oscillatory pattern

over the sensorimotor cortex within 8–15 Hz (Cheyne et al.

2003; Gunji et al. 2007; Howe and Sterman 1972) plays an

essential role for biofeedback therapy (Egner and Gruzelier

2001) and appears to be dominant during imagination of

body movements (Neuper et al. 2006; Pfurtscheller et al.

2006). And the rPSD of 8–15 Hz has been regarded as a

better EEG biomarker (Elgendi et al. 2011) in classification

performance than the traditional frequency bands. This is

consistent with our findings as the rPSD across 8–15 Hz

did stably capture the promoted power in CP children,

which verified the enhanced cognitive functions during the

rehabilitation training and further manifested the potential

role of the MI system for CP children’s motor

rehabilitation.

Considering the topological features shared by structural

and functional networks in the brain, the human brain is

organized in a way with a highly efficient small-world

manner (Bullmore and Sporns 2009; Iturria-Medina et al.

2008; Stam and Van Straaten 2012). A large CC ensures

the information to be processed by the brain efficiently, a

short CPL supports a high level of global communication

efficiency across distributed areas (Li et al. 2015; Rubinov

and Sporns 2010). Our present study demonstrated a pro-

moted brain efficiency related to the motor information

processing in CP children (Fig. 5), after the short- and

long-term MI rehabilitation. For both lMIs and rMIs, after

MI training, a significantly larger CC of MI network was

found in Exp. 1, along with a shorter CPL, compared to

that before MI training (Fig. 6a). Besides, the long-term

rehabilitation aimed to investigate the effect of MI training

Fig. 6 The network properties

for the first and last time of MI

in short- (a) and long-term

rehabilitation (b). The blue and

red filled bars denote the

network properties

corresponding to the first and

last time of the MI recording,

respectively. The black solid

lines and asterisks denote the

statistical difference of network

property (p\ 0.05) between the

two conditions. Values are the

means and standard deviations

(Mean ± STD) of network

properties

Table 1 RCR of rPSD and network properties from first to last time

of MI task for both strategies

rPSD CC CPL

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

lMIs 4.39% 27.35% 8.55% 43.91% -1.42% -8.00%

rMIs 5.59% 19.72% 10.54% 24.57% -1.32% -5.19%
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duration on rehabilitation efficacy in another CP group. As

displayed in Fig. 5, the promoted network efficiency rela-

ted to motor information processing was also found in

long-term rehabilitation. Particularly, the obvious differ-

ence between the two strategies was that from Table 1, a

larger RCR of efficiency (i.e., larger rates of increased CC

and shorter CPL) could be found for the long-term condi-

tion, and the significant promotion (p\ 0.05) of last MI

that deviated from first MI were further demonstrated in

Fig. 6b.

One possible limitation was that although a pre-post

single-group design was used to validate the capacity of

our MI-based rehabilitation system, a matched control

group is still necessary. For example, a controlled-group

design regarding the use of traditional physical rehabilita-

tion in combination with the application of our MI-BCI

should be considered to manifest that MI training is more

effective than using other devices. Hence, in the future, a

control group will be recruited and investigated. Another

would be the relatively small patient size that reduced the

statistical power, this was apparent when quantitatively

investigating the promotion of motor networks for both

strategies, therefore, more patients will be recruited in our

future study to further validate these findings.

Conclusion

This study demonstrated the potential application of our

MI-based system in the motor rehabilitation for CP chil-

dren, by investigating the EEG power and brain networks

related to MI recording sessions. As demonstrated, motor

rehabilitation based on our system significantly promoted

brain efficiency when processing motor-related informa-

tion, which was accomplished by promoting the efficient

reallocation of brain resources, as well as enhancing the

inter-regional activity, during motor imagery.
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