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Motor Imagery-Related Changes of Neural Oscillation in Unilateral Lower Limb Amputation
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An amputation is known to seriously affect patient quality of life. This study aimed to investigate changes in neural activity in amputees during the postoperative period using neural electrophysiological techniques. In total, 14 patients with left lower limb amputation and 18 healthy participants were included in our study. All participants were required to perform motor imagery paradigm tasks while electroencephalogram (EEG) data were recorded. Data analysis results indicated that the beta frequency band showed significantly decreased oscillatory activity in motor imaging-related brain regions such as the frontal lobe and the precentral and postcentral gyri in amputees. Furthermore, the functional independent component analysis (fICA) value of neural oscillation negatively correlated with the C4 electrode power value of the motor imagery task in amputees (p < 0.05). Therefore, changes in neural oscillations and beta frequency band in motor imagery regions may be related to brain remodeling in amputees.
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INTRODUCTION

With the rise in natural disasters, motor vehicle accidents, and malignant diseases, an increased number of patients with traumatic limb injuries have undergone amputation surgery. There will be phantom limb pain after amputation, which is known to seriously affect patient quality of life. Compared with non-amputees, most amputees have poor physical and mental health and encounter more obstacles in their daily lives (World Health Organization, 2011). Amputation is an irreversible process. Limb loss leads to changes in sensory input to the central nervous system, resulting in a series of maladjustment challenges such as limitations in self-care ability, and frequent mental health issues (Waight et al., 2015).

Partial severance of the peripheral nervous system due to amputation results in remodeling of the entire nervous system (Williams et al., 2016). In the early postoperative period, many amputees experience phantom limb sensations (Kelle et al., 2017), and a series of dynamic changes in brain neural activity subsequently occurs (Molina-Rueda et al., 2013). For example, one resting-state electroencephalogram (EEG) study showed that changes in the neural network of patients with right-sided amputations weakened the inhibitory effect of the sensorimotor area, and that connectivity of the right parietal lobe area increased (Lyu et al., 2016). Moreover, recent studies have shown that amputees have structural and functional changes to multiple brain areas, such as the premotor cortex, and the supplementary motor area (Molina-Rueda et al., 2019). These structural and functional changes can be interpreted as non-adaptive brain remodeling due to sensory deprivation and loss or decreased autonomous control ability (MacIver et al., 2008; Raffin et al., 2016). Therefore, a study of brain remodeling after amputation is likely to facilitate understanding of the neural mechanisms of amputation-related abnormal sensation and may help to guide patient rehabilitation through promoting benign brain remodeling, as well as provide a theoretical basis for the development of new prostheses, thereby improving patient quality of life.

Among available non-invasive electrophysiological techniques, multi-channel EEG is widely used. However, to understand brain plasticity in amputees and provide more precise results, advanced technologies are needed in the future to identify the mechanisms involved in sensorimotor cortex neural activity following amputation. Functional independent component analysis (fICA), which has been widely used to compare the changes in resting state networks among individuals in functional magnetic resonance imaging (fMRI) technology (Lv et al., 2018), provides an opportunity to investigate the mechanisms involved in post-amputation neural activity. In addition to fMRI technology that can only indirectly measure neural activity, EEG has also been used to study neural oscillations in resting-state networks (Liu et al., 2017; Samogin et al., 2019). Ye et al. (2019) indicated that patients with somatoform pain disorder showed greater resting alpha oscillations in the parietal areas. However, few studies have used resting-state EEG to explore neural oscillations in amputees. By analyzing neural activity in the resting-state, it is possible to investigate changes in the neural oscillations of the sensorimotor area of amputees at different frequencies; this can be beneficial in providing neurophysiological indicators for future rehabilitation and intervention of amputees. Therefore, fICA method allows for a potentially more accurate determination of the effect of amputation on brain plasticity from an electrophysiological perspective.

Brain remodeling is considered to be related to abnormal motor imagery after amputation (Anderson and Lenz, 2011). One potential cause of impaired motor imagery is the change in body schema due to the phantom limb. Event-related spectral perturbation is often used to describe the neural characteristics (e.g., brain oscillation) of motor imagery tasks (Cebolla et al., 2015). In amputees with phantom limb perception, event-related desynchronization of EEG in the beta band (beta-ERD) in central and parietal areas showed angular disparity (i.e., the beta-ERD weakened monotonically with orientation from 0° to 180°) (Lyu et al., 2016), which suggested that phantom limb perception during the task might be an important confounder for motor imagery in amputees. Additionally, motor imagery technology has been widely used in many areas, including in the treatment of phantom limb pain (PLP) (Moseley, 2006), motor rehabilitation (Priganc and Stralka, 2011), and the development of the brain–computer interface (BCI) technology for the control of prostheses (Thomas et al., 2013). Moreover, when performing lower limb movement/motor imagery tasks, many researchers mainly focused on C3, Cz, and C4 electrodes (Pfurtscheller et al., 2013; Yi et al., 2013). Therefore, our study combined EEG with the motor imagery paradigm to analyze the dynamic changes in the cerebral cortex following an amputation, and explore the effect of PLP on this change. This provided a preliminary theoretical basis for the development of non-invasive BCI, based on EEG and the popularization of prosthesis in the future.

This study is the first to analyze the changes of neural oscillation and EEG power in patients with lower limb amputation by combining resting state and motor imagery induced EEG, so as to reveal brain plasticity and its effect on motor imagery function after amputation. We aimed to investigate the changes of neural oscillation in resting state network in patients with lower limb amputation by using fICA method, and to study the effect of PLP on EEG power during motor imagery to provide a neurophysiological and psychological basis for the study of BCI based on EEG. Based on previous studies, we hypothesized that amputation would lead to remodeling of sensorimotor regions, especially in terms of decrease in the contralateral frontal lobe and central gyrus. Moreover, the motor imagery ability of patients would decrease after amputation, and this may be related to PLP.



MATERIALS AND METHODS


Participants

Fourteen participants with left lower limb amputations (mean age, 51.93 ± 11.54 years; females, n = 2) were selected through the Affiliated Hospital of the National Research Center for Rehabilitation Technical Aids and 18 healthy participants were also recruited (mean age, 44.89 ± 10.34 years; females, n = 3). All participants grew with a common geographic background (Beijing, China) and had the same ethnic identification (the Han Chinese), while they were people from different socioeconomic and education backgrounds. Independent sample t-test results indicated no significant difference in age between the two groups (p = 0.09). The average number of months having lived with an amputation was 11.64 ± 7.59 months in the amputation group, and PLP grades of the 14 amputees were calculated using a visual analog scale (VAS) with a six-point score (from 0 to 5; average PLP grade, 1.79 ± 1.57) (Table 1). All the amputations had been due to accidental trauma, none of the participants had any motor sensory dysfunction or other pathophysiological diseases, and there was no history of any neurological or psychiatric disorders. This study was approved by the Ethics Committee of the National Research Center for Rehabilitation Technical Aids, and the participants provided written informed consent prior to participation in the study.


TABLE 1. Detailed clinical characteristics of amputees.
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Resting-State and Task-State Electroencephalogram

Resting- and task-state EEG data acquisition was performed for all 32 participants (14 amputees) in this study. The setup of EEG headset took 18 min, including soaking in KCl Solution for 15 min and wearing the headset for 3 min. After being comfortably seated, participants were asked to remain quiet for 2 min, and to relax. They were then asked to maintain an open eye state, during which EEG data acquisition was undertaken for 5 min.

After resting-state EEG acquisition was completed, task-state EEG data acquisition was undertaken based on a foot motor imagery paradigm, which is an experimental paradigm based on left lower limb motor imagery and designed using E-Prime 2.0. There were 32 trials in our study (the duration was 8 min), and each trial with a “+” in the center of the screen for the first 2 s was used to draw the participant’s attention and then prompted the appearance of an icon to the left, at which point the participant engaged in 10 s of left lower limb motor imagery, that is, imagining up and down movement of the toe on the left foot. Subsequently, there was a 3-s resting-state.



Electroencephalogram Recording

High-density EEG was recorded using an electrode net (Geodesic Sensor Net, Electrical Geodesics Inc., Eugene, OR, United States) comprising 256 electrodes interconnected with thin rubber bands, and containing small sponges soaked with saline water, which were in direct contact with each participant’s scalp surface.

EEG data were acquired with a 256-channel HydroCel Geodesic Sensor Net (EGI, Eugene, OR) using Net Station 4.5 software (Figure 1). All electrode impedances were below 50 kΩ before the recording was started, and the band filters were applied between 0.1 and 30 Hz during continuous recording, which included a 50 Hz notch filter to remove power supply noise. EEG recordings were sampled at 1,000 Hz.
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FIGURE 1. Experimental setup. (A) Data acquisition; during EEG recording, this device maintained a black screen. (B) EEG Amplifier. (C) Monitor. (D) 256-electrode cap.




Data Analysis

The summary of the entire procedure of data processing is presented in Figure 2.


[image: image]

FIGURE 2. Experimental design, preprocessing, and analysis pipeline. (A) Experimental design. (B) Preprocessing pipeline. (C) Functional independent component analysis: resting-state EEG. (D) ERD and Spectral analysis: task-state EEC.



Electroencephalogram Data Preprocessing

Preprocessing of EEG data was performed using the toolbox EEGLAB with MATLAB 2015b software, as follows: (i) nineteen electrods (FP1/2, F3/4, F7/8, Fz, C3/4, Cz, T3/4, T5/6, P3/4, Pz, O1/2) of the international 10–20 system were selected, (ii) the sampling rate was downsampled to 500 Hz, (iii) filter impulse response (FIR) band-pass filtering was performed and set to 1–30 Hz (transition bandwidth = 1 Hz; order = 7,420), (iv) the whole brain average reference was used for re-reference, (v) data were analyzed using independent component analysis (ICA) to remove components that presented significant artifacts, (vi) ADJUST1.1.1 plug-in within EEGLAB was used to semi-automatically remove independent components with obvious artifacts, and (vii) data containing obvious drift or artifacts were removed manually, and less than 10% of each data segment was removed. Artifact-free EEG data were then filtered out.



Functional Independent Component Analysis: Resting-State Electroencephalogram

Functional independent component analysis using exact low resolution brain electromagnetic tomography (eLORETA) was undertaken to compare changes in brain neural oscillations in healthy participants and amputees at rest, within the same brain network (Glahn et al., 2005; Aoki et al., 2015). During fICA, each distinct pair of scalp electrodes was analyzed and the “similarity” between the signals was computed. If two signals were very similar, i.e., highly correlated-coherent-synchronized, they were assigned to the same network. Here, the results of the cortical electrical distributions of networks were rather different from those of known functional networks (Chen et al., 2013). Finally, all distinct pairs of intracranial signals were scanned. The Montreal Neurological Institute (MNI) brain volume was scanned at 5 mm resolution by eLORETA software. This produced 6,239 cortical gray matter voxels at 5 mm resolution. The technical details can be found in Aoki et al. (2015).

Briefly, we calculated the electrocortical activity of the brain network in terms of the following frequency bands: delta, 1.5–6 Hz; theta, 6.5–8 Hz; alpha-1, 8.5–10 Hz; alpha-2, 10.5–12 Hz; beta-1, 12.5–18 Hz; beta-2, 18.5–21 Hz; and beta-3, 21.5–30 Hz (Pascual-Marqui, 2002; Katayama et al., 2018). With this initial procedure, each participant contributed seven eLORETA images of cortical spectral density (one for each frequency band). In addition, the brain network automatically divided into 7 networks (i.e., 7 components of interest), and each participant could generate 7 coefficients (one coefficient for each network, expressing how that participant uses that network). Each network image would display areas whose activities are tightly linked (i.e., they work together as a network). From the point of view of mathematics, these data correspond to a “function” of space (cortical voxel) and frequency. In the next step, the data from each participant were concatenated, thus producing a matrix where one dimension corresponds to different participants and the other jointly corresponds to space-frequency. Neural activity was then calculated as the global field power value (Pascual-Marqui, 2002) under each condition (network).

Subsequently, statistical analysis was performed on these seven coefficients, comparing the amputation and healthy groups, in search of how the amputees’ brain used the resting state networks differently from the healthy brain. Subsequently, an independent sample t-test was used to compare the coefficients of the healthy and amputation groups. During the t-test, the randomization Statistical non-Parametric Mapping (SnPM) was performed, which was suitable for multiple comparisons, and no other correction method was needed; meanwhile, the corrected critical thresholds and p-values were computed automatically (Painold et al., 2020). Finally, the brain networks with significant differences were found, and the coefficient of the significant network was derived, which was called fICA value (i.e., the global field power value with significant difference between the amputation and healthy groups).



Event-Related Desynchronization Analysis and Spectral Analysis: Task-State Electroencephalogram

Time–frequency representations of power were computed using wavelet analysis. This was performed by convolving the complex Morlet wavelets with the single-trial EEG data (Pfurtscheller et al., 2006). We used wavelets with frequencies ranging from 1 to 30 Hz in steps of 1 Hz. In this study, the C4 and Cz electrodes were associated with left lower limb movement; we extracted the average value of the alpha frequency band (7–12 Hz) and the low beta frequency band (13–20 Hz) on the C4 and Cz electrodes to plot the waveform. Power was calculated as the squared norm of the resulted frequency-specific time courses of complex numbers. Power was averaged across trials and then normalized as change relative to the mean power in a baseline interval from −1 to 0 s, using the following method. Relatively long epochs (−2 to 5 s) were used for time-frequency decomposition to allow edge artifacts to subside outside the time window of interest (−1 to 4 s); thereafter, data outside this time window were trimmed off. The detailed calculation method of ERD can be found in Graimann and Pfurtscheller (2006).

Spectral analysis of the preprocessed task-state EEG data was performed using the toolbox STEP 1 [Single Trial detection toolbox for Epilepsy (Version 1.0)] (Hu et al., 2011) with MATLAB 2015b software. First, the epoch time range was set to 0–10 s, and the zero of an epoch is the start of motor imagery, and the frequency range was set to 1–30 Hz. Then, we selected the channel C3, Cz, and C4, respectively, and calculated EEG power values at 1–30 Hz [four frequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz)]. The EEG spectrum is estimated using Fast Fourier Transform.



Statistical Analyses

SPSS 25.0 software was used to perform the independent sample t-test on the power values of the healthy group and the amputation group in delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz) and beta (13–30 Hz) frequency band under the C3, Cz, and C4 electrodes, respectively. Subsequently, the correlations of the fICA values and power values with significant differences in the two groups were compared using Pearson’s correlation analysis.

Pearson’s correlation analysis was also used to explore the relationship between the level of PLP and the power value of amputees in delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz) frequency band under nineteen electrods of the international 10–20 system.





RESULTS


Neural Oscillation During Resting-State Electroencephalogram

Only one network difference between the amputation group and healthy group was found in this study [threshold (t) = 1.70, p = 0.02] (Figure 3). In this network, no significant alterations in neural activity were detected in the delta, theta, or alpha frequency segments according to the fICA results. The results showed that contralateral frontal beta-3 oscillations were significantly enhanced in the amputation group compared with the healthy group, especially in the middle and superior frontal gyri [Brodmann area (BA) 8, t = 3.55]. Furthermore, we also observed significantly reduced beta oscillations in the ipsilateral frontal, temporal, and parietal lobes of the amputees, with the most significant difference observed in the inferior temporal gyrus (BA20, t = −6.18). In addition, brain regions showing reduced beta-3 oscillations in amputees included the postcentral (BA43, t = −4.66), precentral (BA6, t = −4.48), middle occipital (BA37, t = −3.86), and fusiform gyri (BA37, t = −4.47). Since only one significant difference network was found in our study, the fICA value of each participant was the coefficient of the network.
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FIGURE 3. Functional independent component analysis (fICA): Neural oscillation changes in resting state. Changes in right frontal lobe and left temporal lobe information transmission between amputation group and healthy group in beta-3 band (21.5—30 Hz); The bright yellow indicates increased beta oscillation in amputee group, while blue color denotes the beta oscillation was weakened in amputee group relative with healthy group. L, left; A, anterior; R, right; P, posterior; S, superior; I, inferior.




Electroencephalogram Analysis During Motor Imagery

Through the time-frequency analysis of motor imagery in patients with left lower limb amputation and healthy controls (Figure 4), it was found that at the Cz electrode and contralateral C4 electrode, neural oscillation activity significantly decreased in the alpha frequency band and low beta frequency band (ERD). Therefore, motor imagery of healthy people and amputees was both successfully evoked in this study.


[image: image]

FIGURE 4. The time-frequency diagrams of the primary motor cortex (C4, Cz) of amputees and healthy controls during the motor imagery task. A significant mu rhythm (7–12 Hz) and low beta frequency (13–20 Hz) after stimulation can be observed in both amputees and healthy controls.


The results of spectral analysis showed the average and the standard deviation of power values at each frequency segment between amputees and healthy participants in this study (Table 2). We compared the difference in power values between amputee and healthy participants at C3, Cz, and C4 electrodes when performing motion imagery in four frequency bands, namely, delta, theta, alpha, and beta. After a Bonferroni correction for multiple comparisons, p would need to be < 0.017 to be significant. The independent sample t-test results showed significant differences in power values at Cz (t = 2.519, p = 0.017) in the beta frequency band, and the difference at C4 (t = 2.130, p = 0.042) in the beta frequency band is significant at edge. Therefore, the follow-up analysis of this study only focuses on Cz-beta and C4-beta power values.


TABLE 2. Difference in power values (mean ± SD) and the changes in power values of task-state EEG between healthy group and amputation group.
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Correlation Between Changes in Functional Independent Component Analysis Value and Changes in Power Value

This study calculated the relationship between fICA values and power values (Cz-beta and C4-beta) in the amputation and healthy groups separately using Pearson’s correlation analysis, and found that in the amputation group, there was a significant positive correlation between fICA value and Cz-beta power value (r = 0.727, p = 0.011), while the fICA value negatively correlated with C4-beta power value (r = −0.652, p = 0.021) (Figures 5A,C). In the healthy group, the fICA value positively correlated with the Cz-beta power value (r = 0.530, p = 0.042) and the C4-beta power value (r = 0.551, p = 0.041) (Figures 5B,D).


[image: image]

FIGURE 5. Pearson correlation coefficient between changes in power values of beta band (13–30 Hz) and changes in functional independent component analysis (fICA) values. (A) A positive correlation was found between Cz power values and fICA values in amputee group (r = 0.727, p = 0.011). (B) A positive correlation was found between Cz power values and fICA values in healthy group (r = 0.530, p = 0.042). (C) A negative correlation was found between C4 power values and fICA values in amputee group (r = −0.652, p = 0.021). (D) A positive correlation was found between C4 power values and fICA values in healthy group (r = 0.551, p = 0.041).




Correlation Between Changes in Power Value and Phantom Limb Pain Level

In this study, the PLP level of amputees was positively correlated with the power value of right frontal cortex in the alpha band (Figure 6), especially at F4 (r = 0.686, p = 0.020) and F8 (r = 0.607, p = 0.047).
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FIGURE 6. Pearson correlation coefficient between changes in power values of alpha band (8–13 Hz) and the phantom limb pain (PLP) levels. (A) A positive correlation was found between F4 power values and PLP levels in amputees (r = 0.686, p = 0.020. (B) F8 power values and PLP levels were positively correlated (r = 0.607, p = 0.047).





DISCUSSION

This study aimed to investigate the changes in neural activity and function in brain regions related to motor imagery in left lower limb amputees from the perspective of resting state network and functional density changes through combining resting-state and task-state EEG. The results showed that at the Cz and C4 electrode, which is related to motor function, there was significant difference in the power of beta frequency between amputation group and healthy group, whereas the neural oscillation activity of brain areas related to motor imagery such as the frontal lobe, and the anterior and posterior central gyri, were significantly decreased. In addition, in the amputation group, the fICA value of neural oscillation positively correlated with the Cz electrode power value in relation to the motor imagery task, while, the opposite results were observed at C4 electrode. Previous studies have shown a series of adaptive changes in the brain post-amputation, which may be related to functional remodeling of the brain.

In this study, resting-state EEG data were collected with participants’ eyes open to compare changes in cerebral neural oscillation activity between amputees and healthy participants. In contrast with the healthy participants, we observed that the contralateral frontal lobe beta neural oscillation activity of amputees was significantly enhanced, especially in the middle frontal and superior frontal gyri. However, neural oscillation activity in the ipsilateral occipitotemporal region, related to visual processing, and the central anterior posterior gyrus and supplementary motor area, related to motor imagery, had weakened. Oscillatory activity in the beta frequency band is considered a unique function of attention and sensorimotor control (Chung et al., 2016). After amputation, to achieve effective control of the stump, regions of an amputee’s brain undergo dynamic changes simultaneously. These regions involve the area of visual sensory input, the sensory area, and the motor area of sensory output. Furthermore, we found that participants’ brain activity in the temporal lobe changed significantly, which may have been be due to the use of a prosthesis in daily life or due to the process of rehabilitation, resulting in the remodeling of visual sensorimotor areas related to prosthesis use. For example, van den Heiligenberg et al. (2018) found that the greater the use of the prosthesis in daily life, the stronger the activity of the visual motor sensory selection area in the lateral occipitotemporal cortex, which indicated that the change in daily motor behavior had contributed to the shape formation of the motor areas related to prosthesis use. However, due to the lack of actual movement in an amputee’s residual limb, individual motion feedback becomes increasingly more incomplete, which increasingly promotes the generation of individual illusions, leading to more significant functional remodeling of the brain. Our major finding was that, in the beta frequency band, there was a weakening of neural oscillations in the precentral and postcentral gyri. We presume that this change may be due to the joint effect of amputation on the sensory input and output pathways. However, it is not clear how the sensorimotor area and the neural oscillation of the visual network coordinate to process visual and sensorimotor information and control movement after brain remodeling.

We investigated the EEG spectral analysis density of amputees during motor imagery of the amputated limb to show energy changes in electrodes related to motor imagery (C3, Cz, and C4) after amputation. We found that there was a significant difference between amputees and healthy participants at the power value of the Cz/C4 electrode in the beta frequency range (13–30 Hz). Our results showed that although amputees could not perform the same exercises as the healthy participants, they still retained the ability to imagine the residual limb. Moreover, the reuse of motor imagery has been shown to promote motor recovery and reduce PLP (Saruco et al., 2019). However, after amputation, motor imagery is regulated through phantom limb sensations (Lyu et al., 2016), which reflects the adaptation process of the brain post-amputation. MRI studies have shown that in patients with lower limb amputation, hemispheric pathways that contribute to motor coordination and imagination are reorganized, especially in the anterior motor area and the supplementary motor area (Li et al., 2017). Motor imagery is the same as real movement and can play a rehabilitation role in the motor ability of amputees. To regain control of the residual limb and ensure the high-frequency use of healthy limbs, the neural activity of the cerebral cortex changes adaptively, which is mainly reflected in remodeling of the sensorimotor area. However, in the early stages of amputation, brain remodeling can lead to decreased motor control or inhibition. When motion planning and execution occurs following an amputation, traditional contralateral motor area activation is reconstructed and occurs in the posterior parietal lobe area, which may reflect the adaptation of visual spatial feedback to motion control after amputation (Lyu et al., 2016). Our results indicate that beta energy enhancement of the Cz/C4 electrode is an important factor affecting motor imagery after amputation, which we consider is related to adaptive remodeling of the brain.

Pearson’s correlation analysis was used to explore the relationship between the fICA and power values in the healthy and amputation groups. We found a significant correlation between the two in the amputation group at Cz and C4 electrode. These results indicated that the activity of neural oscillations in the relevant brain regions of amputees was closely related to the energy changes triggered through motor imagery tasks. Brookes et al. (2011) have found that neural oscillations mediate neural activity in functional networks. EEG spectral analysis can reflect the functional status of each brain region, and changes in power values represent energy changes in this brain region. In amputees, the activity of neural oscillations in the frontal lobe, precentral gyrus, and postcentral gyrus decreased significantly, and the beta power value of the central area increased during the motor imagery task. We consider that the neural activity of the functional network of brain regions related to motor imagery in amputees was impaired, which is consistent with other studies reporting that brain structure and function in amputees were impaired in areas of the brain related to motor imagery, such as the premotor and supplementary motor areas (Molina-Rueda et al., 2019). In the motor imagery task, the beta power of the amputees was significantly enhanced in the central area of the brain. Therefore, the amputees improved the energy of the beta band in the motor imagery task to compensate for the deficiency of the functional network of the sensorimotor area of the brain due to amputation, which reflects the compensatory function of the brain when the amputees imagine movement of the left lower limb. In addition, Jiang et al. (2015) have found that the connectivity of the contralateral sensorimotor cortex in amputees decreased significantly. However, in this study, decreased beta neural oscillations were observed in the ipsilateral motor imagery related areas of the amputees, which also indicated that the ipsilateral related areas of the brain were reorganized to compensate for the motor imagery of the amputees.

This study had some limitations. First, the number of participants was small, and we only studied participants with left lower limb amputation; therefore, our study findings cannot be representative of all amputees. Second, a small number of trials in the motor imagery paradigm were performed in this study. Third, since there were many noisy channels among the 256 channels, only 19 electrodes were selected for fICA analysis in our study. In addition, we focused only on the C3, Cz, and C4 electrodes for the spectral analysis. However, the use of more electrodes may provide more useful information to explore the changes in sensorimotor networks. It will be beneficial to investigate the effects of PLP and motor imagery ability on neural activity of the sensorimotor brain regions for different limbs in future studies based on a larger sample size in combination with fMRI technology; thereafter, the number of trials in the paradigm should be increased to improve the accuracy of subsequent experiments.



CONCLUSION

In this study, resting-state EEG data were collected in relation to a motor imagery task, and the correlation between neural oscillation and brain energy was explored using fICA and spectral analysis. In the amputee group, neural oscillations in the ipsilateral sensorimotor area were associated with functional reorganization in the cerebral cortex, and a decrease in neural oscillation negatively correlated with a change in energy in beta frequency during motor imagery. Consequently, there were adaptive changes in neural activity in the cerebral cortex in each amputee, along with certain compensatory activities, especially a decrease of neural oscillations in the beta frequency of the precentral and postcentral gyri.



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 human participants were reviewed and approved by the National Research Center for Rehabilitation Technical Aids. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

MY and YS designed the study. XS and JL produced the results and wrote the manuscript. LZ, HW, and TY contributed data collection and analysis. YS, XS, and MY were the guarantors of this study. All authors listed have read and approved the final manuscript.



FUNDING

This research was supported by the National Key R&D Program of China (grant no. 2020YFC2005801).



ACKNOWLEDGMENTS

We acknowledge the contributions of specific colleagues, institutions, or agencies that aided the efforts of the authors.



REFERENCES

Anderson, W. S., and Lenz, F. A. (2011). Review of motor and phantom-related imagery. Neuroreport 22, 939–942. doi: 10.1097/WNR.0b013e32834ca58d

Aoki, Y., Ishii, R., Pascual-Marqui, R. D., Canuet, L., Ikeda, S., Hata, M., et al. (2015). Detection of EEG-resting state independent networks by eLORETA-ICA method. Front. Hum. Neurosci. 9:31. doi: 10.3389/fnhum.2015.00031

Brookes, M. J., Wood, J. R., Stevenson, C. M., Zumer, J. M., White, T. P., Liddle, P. F., et al. (2011). Changes in brain network activity during working memory tasks: a magnetoencephalography study. NeuroImage 55, 1804–1815.

Cebolla, A. M., Petieau, M., Cevallos, C., Leroy, A., Dan, B., and Cheron, G. (2015). Long-lasting cortical reorganization as the result of motor imagery of throwing a ball in a virtual tennis court. Front. Psychol. 6:1869. doi: 10.3389/fpsyg.2015.01869

Chen, J. L., Ros, T., and Gruzelier, J. H. (2013). Dynamic changes of ICA-derived EEG functional connectivity in the resting state. Hum. Brain. Mapp. 34, 852–868. doi: 10.1002/hbm.21475

Chung, J. W., Ofori, E., Misra, G., Hess, C. W., and Vaillancourt, D. E. (2016). Beta-band activity and connectivity in sensorimotor and parietal cortex are important for accurate motor performance. NeuroImage 144(Pt A), 164–173. doi: 10.1016/j.neuroimage.2016.10.008

Glahn, D. C., Ragland, J. D., Abramoff, A., Barrett, J., Laird, A. R., Bearden, C. E., et al. (2005). Beyond hypofrontality: a quantitative meta-analysis of functional neuroimaging studies of working memory in schizophrenia. Hum. Brain Mapp. 25, 60–69. doi: 10.1002/hbm.20138

Graimann, B., and Pfurtscheller, G. (2006). Quantification and visualization of event-related changes in oscillatory brain activity in the time-frequency domain. Prog. Brain Res. 159, 79–97. doi: 10.1016/S0079-6123(06)59006-5

Hu, L., Liang, M., Mouraux, A., Wise, R. G., Hu, Y., and Iannetti, G. D. (2011). Taking into account latency, amplitude, and morphology: improved estimation of single-trial ERPs by wavelet filtering and multiple linear regression. J. Neurophysiol. 106, 3216–3229. doi: 10.1152/jn.00220.2011

Jiang, G., Yin, X., Li, C., Zhao, L., Evans, A. C., Jiang, T., et al. (2015). The plasticity of brain gray matter and white matter following lower limb amputation. Neural. Plast. 2015:823185. doi: 10.1155/2015/823185

Katayama, O., Tsukamoto, T., Osumi, M., Kodama, T., and Morioka, S. (2018). Neural mechanism of altered limb perceptions caused by temporal sensorimotor incongruence. Front. Behav. Neurosci. 12:282. doi: 10.3389/fnbeh.2018.00282

Kelle, B., Kozanoǧlu, E., Biçer, ÖS., and Tan, İ (2017). Association between phantom limb complex and the level of amputation in lower limb amputee. Acta Orthop. Traumatol. Turc. 51, 142–145. doi: 10.1016/j.aott.2017.02.007

Li, Z., Li, C., Fan, L., Jiang, G., Wu, J., Jiang, T., et al. (2017). Altered microstructure rather than morphology in the corpus callosum after lower limb amputation. Sci. Rep. 7:44780. doi: 10.1038/srep44780

Liu, Q., Farahibozorg, S., Porcaro, C., Wenderoth, N., and Mantini, D. (2017). Detecting large-scale networks in the human brain using high-density electroencephalography. Hum. Brain Mapp. 38, 4631–4643. doi: 10.1002/hbm.23688

Lv, H., Wang, Z., Tong, E., Williams, L. M., Zaharchuk, G., Zeineh, M., et al. (2018). Resting-state functional MRI: everything that nonexperts have always wanted to know. AJNR Am. J. Neuroradiol. 39, 1390–1399. doi: 10.3174/ajnr.A5527

Lyu, Y., Guo, X., Bekrater-Bodmann, R., Flor, H., and Tong, S. (2016). Phantom limb perception interferes with motor imagery after unilateral upper-limb amputation. Sci. Rep. 6:21100. doi: 10.1038/srep21100

MacIver, K., Lloyd, D. M., Kelly, S., Roberts, N., and Nurmikko, T. (2008). Phantom limb pain, cortical reorganization and the therapeutic effect of mental imagery. Brain 131(Pt 8), 2181–2191. doi: 10.1093/brain/awn124

Molina-Rueda, F., Alguacil-Diego, I. M., Molero-Sánchez, A., Carratalá-Tejada, M., Rivas-Montero, F. M., and Miangolarra-Page, J. C. (2013). Knee and hip internal moments and upper-body kinematics in the frontal plane in unilateral transtibial amputees. Gait. Posture 37, 436–439. doi: 10.1016/j.gaitpost.2012.08.019

Molina-Rueda, F., Navarro-Fernández, C., Cuesta-Gómez, A., Alguacil-Diego, I. M., Molero-Sánchez, A., and Carratalá-Tejada, M. (2019). Neuroplasticity modifications following a lower-limb amputation: a systematic review. PM. R 11, 1326–1334. doi: 10.1002/pmrj.12167

Moseley, G. L. (2006). Graded motor imagery for pathologic pain: a randomized controlled trial. Neurology 67, 2129–2134. doi: 10.1212/01.wnl.0000249112.56935.32

Painold, A., Faber, P. L., Reininghaus, E. Z., Mörkl, S., Holl, A. K., Achermann, P., et al. (2020). Reduced brain electric activity and functional connectivity in bipolar euthymia: an sLORETA source localization study. Clin. EEG Neurosci. 51, 155–166. doi: 10.1177/1550059419893472

Pascual-Marqui, R. D. (2002). Standardized low-resolution brain electromagnetic tomography (sLORETA): technical details. Methods. Find. Exp. Clin. Pharmacol. 24(Suppl. D) 5–12.

Pfurtscheller, G., Brunner, C., Schlögl, A., and Lopes da Silva, F. H. (2006). Mu rhythm (de)synchronization and EEG single-trial classification of different motor imagery tasks. NeuroImage 31, 153–159. doi: 10.1016/j.neuroimage.2005.12.003

Pfurtscheller, G., Solis-Escalante, T., Barry, R. J., Klobassa, D. S., Neuper, C., and Müller-Putz, G. R. (2013). Brisk heart rate and EEG changes during execution and withholding of cue-paced foot motor imagery. Front. Hum. Neurosci. 7:379. doi: 10.3389/fnhum.2013.00379

Priganc, V. W., and Stralka, S. W. (2011). Graded motor imagery. J. Hand Ther. 24, 164–169. doi: 10.1016/j.jht.2010.11.002

Raffin, E., Richard, N., Giraux, P., and Reilly, K. T. (2016). Primary motor cortex changes after amputation correlate with phantom limb pain and the ability to move the phantom limb. NeuroImage 130, 134–144. doi: 10.1016/j.neuroimage.2016.01.063

Samogin, J., Liu, Q., Marino, M., Wenderoth, N., and Mantini, D. (2019). Shared and connection-specific intrinsic interactions in the default mode network. NeuroImage 200, 474–481. doi: 10.1016/j.neuroimage.2019.07.007

Saruco, E., Guillot, A., Saimpont, A., Di-Rienzo, F., Durand, A., Mercier, C., et al. (2019). Motor imagery ability of patients with lower-limb amputation: exploring the course of rehabilitation effects. Eur. J. Phys. Rehabil. Med. 55, 634–645. doi: 10.23736/S1973-9087.17.04776-1

Thomas, E., Dyson, M., and Clerc, M. (2013). An analysis of performance evaluation for motor-imagery based BCI. J. Neural. Eng. 10:031001. doi: 10.1088/1741-2560/10/3/031001

van den Heiligenberg, F. M. Z., Orlov, T., Macdonald, S. N., Duff, E. P., Henderson, S. D., Beckmann, C. F., et al. (2018). Artificial limb representation in amputees. Brain 141, 1422–1433. doi: 10.1093/brain/awy054

Waight, C. A., Strodl, E., Sheridan, J., and Tesar, P. (2015). Posttraumatic growth in post-surgical coronary artery bypass graft patients. Health Psychol. Open 2:2055102915571370. doi: 10.1177/2055102915571370

Williams, L., Pirouz, N., Mizelle, J. C., Cusack, W., Kistenberg, R., and Wheaton, L. A. (2016). Remodeling of cortical activity for motor control following upper limb loss. Clin. Neurophysiol. 127, 3128–3134. doi: 10.1016/j.clinph.2016.07.004

World Health Organization (2011). World Report on Disability 2011. Geneva: World Health Organization.

Ye, Q., Yan, D., Yao, M., Lou, W., and Peng, W. (2019). Hyperexcitability of cortical oscillations in patients with somatoform pain disorder: a resting-state EEG study. Neural. Plast. 2019:2687150. doi: 10.1155/2019/2687150

Yi, W., Qiu, S., Qi, H., Zhang, L., Wan, B., and Ming, D. (2013). EEG feature comparison and classification of simple and compound limb motor imagery. J. Neuroeng. Rehabil. 10:106. doi: 10.1186/1743-0003-10-106


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.

Copyright © 2022 Shan, Li, Zeng, Wang, Yang, Shao and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-16-799995-t002.jpg
Frequency band Electrode Amputation group Healthy group T p
Delta C3 0.14 +£0.57 0.16 £ 0.11 —0.873 0.389
Cz 0.18 +£0.10 0.22+£0.25 —0.550 0.586
C4 0.14 4+ 0.06 0.16 +£0.10 —0.572 0.571
Theta C3 0.08 &+ 0.02 0.08 +0.04 —0.1563 0.879
Cz 0.11 +£0.05 0.10 4+ 0.06 0.277 0.784
C4 0.07 £ 0.02 0.07 +£0.05 -0.327 0.746
Alpha C3 0.10 £ 0.04 0.08 &+ 0.05 1.086 0.286
Cz 0.13 4+ 0.08 0.11 +£0.07 0.550 0.587
C4 0.08 &+ 0.03 0.08 +0.04 0.577 0.568
Beta C3 0.06 &+ 0.07 0.04 +0.02 1.320 0.197
Cz 0.06 &+ 0.02 0.04 + 0.01 2.519 0.017*
C4 0.06 &+ 0.04 0.04 + 0.01 2.130 0.042*

Delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz); “p < 0.05.





OPS/images/fnins-16-799995-t001.jpg
Participants

0 N O O~ 0N =

©

Gender

Male
Male
Male
Female
Male
Female
Male
Male
Male
Male
Male
Male
Male
Male

Age

66
58
49
57
51
70
63
57
54
51
45
29
48
29
51.93
11.54

Level of amputation

Transtibial
Transtibial
Transtibial
Transtibial
Transtibial
Transfemoral
Transfemoral
Transfemoral
Transfemoral
Transfemoral
Transfemoral
Transtibial
Transtibial
Transfemoral

Side

Left
Left
Left
Left
Left
Left
Left
Left
Left
Left
Left
Left
Left
Left

Time since amputation (month)

16
16
16
20
30
5
15

Phantom limb pain (level)

o =+ 0o W s~ =4 NDO WO N O W

-

1.79
1.67





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Motor Imagery-Related Changes of Neural Oscillation in Unilateral Lower Limb Amputation



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Resting-State and Task-State Electroencephalogram



		Electroencephalogram Recording



		Data Analysis



		Electroencephalogram Data Preprocessing



		Functional Independent Component Analysis: Resting-State Electroencephalogram



		Event-Related Desynchronization Analysis and Spectral Analysis: Task-State Electroencephalogram



		Statistical Analyses











		RESULTS



		Neural Oscillation During Resting-State Electroencephalogram



		Electroencephalogram Analysis During Motor Imagery



		Correlation Between Changes in Functional Independent Component Analysis Value and Changes in Power Value



		Correlation Between Changes in Power Value and Phantom Limb Pain Level







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Motor Imagery-Related Changes
of Neural Oscillation in Unilateral
Lower Limb Amputation









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-799995-g006.jpg
The phantom limb pain levels of amputees >

6r r=0.686, p = 0.020
@
4 @&
-~
-~
-~
® ® /p’
-
-
2} e - ®
-
-
-~
" ®
-
P
0OF an ®
4 1 4 1 M 1 2 ] 2 | |
0.02 0.03 0.04 0.05 0.06 0.07

The power values of F4 electrode in alpha band of amputees

The phantom limb pain levels of amputees W

6r r=0.607, p = 0.047
B
4F ® P
,/
® ® o/”
2F ® /,, ®
’/
-
- (=3
-
’/
0p @ ®
[l » || N 1 2 1 " 1 N || 2 1 2 |

003 004 005 006 0.07 008 0.09 010 0.11

The power values of F8 electrode in alpha band of amputees





OPS/images/fnins-16-799995-g005.jpg
A 10000
I r=0.727, p = 0.011
= 7500 |
e -,
Y ] P &
s 5000 . -
L L 7’ @
S @
2 2500 -
N, -
g r o’
§ P
2 -2500 |- : o
- - @
5 -5000 | *
= : e
= -7500 |
3" " L 1 1 - ]
0.02 0.04 0.06 0.08 0.10
The power values of Cz electrode in beta band in amputation group
C -
10000 ' =-0.652, p = 0.021
= 7500 | .
= o
Y
s 5000 f e
L= ~
g - ° ~ o ®
3 2500 |- "
§ - ~ -
g OF b
g [ ~
= -2500 | bl ™
S . ¢ .
<
O -5000 -
= : ®
2 7500 |-
b 2 1 1 1 2 ||
0.03 0.04 0.05 0.06 0.07

The power values of C4 clectrode in beta band in amputation group

The fICA values in healthy group

The fICA values in healthy group

e r=0.530, p = 0.042
. "
2500 - ®
°
0k
@ - -
- - e aunal - &
2500 | UL L *
- : iS) °
®
-5000 - %
@
-7500 -
A L i 1 A 1 i J
0.02 0.03 0.04 0.05 0.06
The power values of Cz electrode in beta band in healthy group
5000 - r = 0.551, p = 0.041
2500 °
OF
B
® -
-2500 |- * _
b .2 -
- <
-5000 | - a "
' 'Y
-7500
| A A A L A 1 A ]
0.02 0.03 0.04 0.05 0.06

The power values of C4 electrode in beta band in healthy group





OPS/images/fnins-16-799995-g004.jpg
Amputee group

Healthy group

Fre/Hz

Fre/Hz

Fre/Hz

<1000 0 1000 2000 3000 4000
Time/ms

-1000 0 1000 2000 3000 4000
Time/ms

o
Fre/Hz

] i ." j i
= ' b g 9 . . ’h Vg 4
X a2 e" _— L ¥y = | L.J 6 - TNy $TST'ZW s
<1000 0 1000 2000 3000 4000

Time/ms Time/ms





OPS/images/fnins-16-799995-g003.jpg
L A R L S R A S P
A
P 0P ] Dack i et
- By L - S 8 P S B
1 font : nont
the middle frontal gyrus (BA 8)
AR A A A A A Akl ' Ad B A P, N
A P L -
(2) || (2)
:-S : b +5
b0 | L 0
: 4
b 5 - b 5
(Y) 5 0 «Sem (X)
the inferior temporal gyrus (BA 20)
a a s W, L o a b, P —l a
A P L -
(2) (2)
1 ;
: :05 : y +5
: ; 0 ; y ()
< S ¢ .
: : 5 : B
"g""(')'"'.g('m'l:(l (Y) .‘3 va '5' -;Ocr E) "0 'gcmll-\']

£.035 -4.527

-3.018

1.508 0.000 3

1.503
Current density

018 4527 6.03%






OPS/images/fnins-16-799995-g002.jpg
A EXPERIMENTAL DESIGN

B PREPROCESSING

) ldata selection

<

@ [downsampling (500 Hz)

<

©) ‘FIR band-pass filtering (1-30 Hz)

<

<

@I ICA and removed artifacts
V4

l filtered out artifact-free EEG data

@ [re-reference (the whole brain average) ‘

"
~

C FUNCTIONAL INDENPENT COMPONENT ANALYSIS:

RESTING-STATE EEG

Using eLORETA

Compare changes 1n resting state
networks between healthy participants and
amputees, 1.e. the difference of brain neural

oscillations within the same brain network.

D ERD AND SPECTRAL ANALYSIS: TASK-STATE EEG

—

Spectral analysis:

Calculate EEG power at 1-30Hz and estimate the EEG

spectrum by Fast Fourier Transform.
L






OPS/images/fnins-16-799995-g001.jpg





